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A winged spark doth soar about —
I never met it near

For Lightning it is oft mistook
When nights are hot and sere —

It’s twinkling Travels it pursues
Above the Haunts of men —

A speck of Rapture — first perceived
By feeling it is gone —

Emily Dickinson

Roto el después, el antes, el tal vez mafiana, el mundo

se encabrita, y las cigarras, los cascarudos, los bichitos

de luz, debajo de las ramas, se dan cita en el estio galopante,
con pasmosa impertinencia.

No se puede pedir mas.

La finitud cabalga como puede.

Maria Negroni
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Abstract

Nature presents a wide variety of bioluminescent systems resulting from a
substrate/enzyme interaction, luciferin/luciferase, leading to a derivative of
the substrate in an electronically excited state that is able to emit light in
the visible region (350-750 nm) during the relaxation process. Nowadays, nine
natural luciferines have been documented together with their complementary
luciferases giving rise to more than thirty bioluminescent systems. The rst
one of them to be discovered was D-luciferin, present in some species of insects,
as reies, and rst described in 1957 by Bitler and McElroy.

D-luciferin bioluminescent system is present in di erent species of animals.
For each of them, the luciferase enzyme that catalyses the bioluminescence
reaction presents some structural di erences that induce shifts in the emission
wavelength. In this line, understanding the factors that lead to the colour mod-
ulation can allow for the development of more specialized tools for research,
medicine and analytic chemistry. For this reason, the present thesis focuses on
modelling at an atomistic scale this bioluminiscent system, formed by rey's
oxyluciferin/luciferase complex. Firstly, classical molecular dynamics based
on parameters already present in literature were tested against simulations
employing quantum mechanics/molecular mechanics (QM/MM) potentials in
order to determine whether or not these parameters are suitable for the sam-
pling of the system based on structural features and electronic properties.
Attending to these results, the OxyLUciferin Force Field (OLUFF) has been
parametrised to generate samplings that reproduce the QM properties of the
system in two electronic states, the ground and rst excited states, of the four
possible oxyluciferin tautomers.

Then, the OLUFF was employed to generate samplings of the system in
di erent media by means of molecular dynamics simulations. These trajec-
tories were analysed and compared to each other and to experimental results
taken from literature. The four emitting oxyluciferin species were studied in
aqueous media and inside the active site of the wild-type luciferase enzyme
in order to characterise the structural di erences between them in the ground
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and rst excited electronic states. Moreover, for each of them, the oxylu-
ciferin/luciferase interaction energy was computed and characterised at both
classical and QM/MM level in the excited state. Furthermore, the phenolate-
keto emitter, which is considered to be the red-emitting chromophore, was
employed to characterise the nuclear motion that leads to a red-shifted emis-
sion. In addition, it was also used to study the structural di erences of the
oxyluciferin complexed with wild-type luciferase and the SER286ASN mutant,
a mutation that has been reported to emit in the red region of the electromag-
netic spectrum. Upon the analysis of these calculations, it can be concluded
that the torsion around the single C-C' bond of the chromophore plays a
crucial role in the red-shift mechanism of D-luciferin bioluminescent system.
Although typically disregarded, twisted conformations of this degree of free-
dom can be sampled in the electronically excited state and, therefore, they
should be considered as plausible emitting states of the oxyluciferin. More-
over, the oxyluciferine/luciferase interaction in the electronically excited state
is governed by the electrostatic term. Nonetheless, non-electrostatic contri-
butions are not negligible due to the presence of amino acids withsystems
inside the luciferase pocket. Suggesting protein mutations depending on the
nature of the lateral chain of the amino acids is a challenging task, as it would
introduce changes in the oxyluciferin binding but also in the structure and size
of the active site and in the number of water molecules participating in the
stabilization of the pocket.

To summarise, this PhD thesis employs a dynamical approach to provide
a thorough computational characterization of the oxyluciferin/luciferase com-
plex in the electronically excited state, describing not only the structure of
the complex but also characterising the electronic properties of the emission
phenomena and the interaction energy. Moreover, the OLUFF has been pro-
posed, which can be used to sample both the ground and the rst electronically
excited state of the chromophore in order to further investigate D-luciferin bi-
oluminescent system from a dynamical perspective, which has been shown to
play a crucial role on the behaviour of the system.

Keywords: bioluminescence, oxyluciferine, computational modelling, molec-
ular dynamics, density functional theory, structure, energy decomposition anal-
ysis, force elds and photochemistry.
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Resumen

La naturaleza presenta una gran variedad de sistemas bioluminiscentes. Estos
resultan de la interaccion enzima-sustrato, luciferasa/luciferina, que da como
resultado la oxidacion del sustrato a la molécula de oxiluciferina en estado
electrénico excitado que, al relajarse al estado fundamental, emite luz en la
region del visible (350-750 nm). Hasta la fecha, se han documentado 9 lu-
ciferinas naturales y decenas de luciferasas complementarias, cuyas diferentes
combinaciones dan lugar a mas de 30 sistemas bioluminiscentes. La primera
luciferina, la D-luciferina, fue descrita por McElroy en 1957.

Concretamente, el sistema bioluminiscente de la D-luciferina esta presente
en diferentes especies animales. En cada una de ellas, la enzima luciferasa que
cataliza la reaccion bioluminiscente presenta algunas diferencias estructurales
gue provocan cambios en la longitud de onda de emisién. En este sentido,
comprender los factores que provocan la modulacién del color puede permi-
tir el desarrollo de herramientas mas especializadas para la investigacion, la
medicina y la quimica analitica. Por esta razon, la presente tesis se centra
en modelar a escala atomistica este sistema bioluminiscente, formado por el
complejo oxiluciferina/luciferasa de las luciérnagas. En primer lugar, se com-
pararon las dinamicas moleculares clasicas basadas en parametros ya presentes
en la literatura con simulaciones que empleaban potenciales de mecéanica cuan-
tica/mecanica molecular (QM/MM) con el n de determinar si estos paramet-
ros son adecuados para el muestreo del sistema basandose en caracteristicas
estructurales y propiedades electronicas. Atendiendo a estos resultados, se
parametrizé un campo de fuerzas para la oxiluciferina (OLUFF, por sus siglas
en inglés) para generar muestreos que reprodujeran las propiedades cuanti-
cas del sistema en dos estados electrénicos, el fundamental y el primer estado
excitado, de los cuatro tautomeros posibles de la oxiluciferina.

A continuacion, se utilizé el OLUFF para generar muestreos del sistema
en diferentes medios mediante simulaciones de dinamica molecular, que se
analizaron y compararon entre si y con los resultados experimentales obtenidos
de la bibliografia. Las cuatro especies emisoras de oxiluciferina se estudiaron
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tanto en medio acuoso como dentro del sitio activo de la enzima luciferasa
natural con el n de caracterizar las diferencias estructurales entre ellas en los
estados electrénicos fundamental y primer estado excitado. Ademas, para cada
una de ellas, se estudio la interaccion oxiluciferina/luciferasa tanto en el estado
excitado tanto a nivel clasico como QM/MM. Finalmente, se empled el emisor
fenolato-ceto, considerado el cromoforo emisor de la luz roja, para caracteri-
zar el movimiento nuclear que conduce a una emision desplazada hacia el rojo.
Este croméforo también se utilizé para estudiar las diferencias estructurales de
la oxiluciferina complejada con la luciferasa natural y el mutante SER286ASN
que, segun se ha descrito en la literatura, emite en la region del rojo del es-
pectro electromagnético. Tras analizar estos calculos, se pudo concluir que la
torsion alrededor del enlace C-C' del croméforo desempefia un papel crucial
en el mecanismo de desplazamiento al rojo del sistema bioluminiscente de la
D-luciferina. Las conformaciones deformadas de este grado de libertad pueden
muestrearse en el estado electronico excitado y, por lo tanto, deben consider-
arse como estados emisores plausibles de la oxiluciferina. Ademas, la interac-
cion entre la oxiluciferina y la luciferasa en el estado de electrénico excitado
estd gobernada por el término electrostatico. No obstante, las interacciones
no electrostéaticas también representan una contribucién relevante debido a la
presencia de aminoéacidos con sistemaslentro del sitio activo de la luciferasa.
Sugerir mutaciones proteicas en funcién de la naturaleza de la cadena lateral
de los aminoacidos es una tarea dificil, ya que no solo se introducen cambios
en la union de la oxiluciferina sino que también se alteraran la estructura y el
tamafo del sitio activo y en el nimero de moléculas de agua que participan en
la estabilizacion del centro activo.

En resumen, esta tesis doctoral proporciona, mediante un enfoque dinamico,
una caracterizacion computacional exhaustiva del complejo oxiluciferina/lu-
ciferasa en el estado de electronico excitado, describiendo no solo la estructura
del complejo, sino también caracterizando las propiedades electrénicas de los
fendmenos de emision y la energia de interaccién. Ademas, se ha propuesto
el OLUFF, que puede utilizarse para muestrear tanto el estado fundamental
como el primer estado electronico excitado del cromoforo con el n de inves-
tigar mas en profundidad el sistema bioluminiscente D-luciferina desde una
perspectiva dinamica, que ha demostrado desempefiar un papel crucial en el
comportamiento del sistema.

Palabras clave: bioluminiscencia, oxiluciferina, modelizacion computa-
cional, dinamica molecular y teoria del funcional de la densidad, estructura,
analisis de descomposicién de la energia, campos de fuerza y fotoquimica
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1.1 Bioluminescence

It is no secret that human beings have always been fascinated by shining phys-
ical processes. Even thought the most clear example of this is the fast control
of re, it is not the only light-emitting process that has dazzled humanity from

its very beginning. Bioluminescence (BL) is a spectacular phenomenon involv-
ing light emission produced by living organisms as a result of a biochemical
reaction. This process is generally caused by interactions between an enzyme
protein called luciferase and its substrate, luciferin, (Figure 1.1). The former
catalyses the oxidation of luciferin by molecular oxygen, leading to the trans-
formation of the luciferase into an Oxyluciferin (OLU) molecule in an excited
state which, upon radiative relaxation, emits light in the visible region.[1, 2]

Figure 1.1: Schematic representation of complex formation from the luciferin
chromophore (pink) and the luciferase (orange).

Already in the 15" century Before Common Era (BCE), BL phenomena
were reported in Chinese literature.[3] This phenomenon did not only impress
this speci c oriental civilization but also many di erent cultures around the
globe, as re ected by many folklore-based and artistic works like poems and
paintings from the people of ancient Japan, India, Africa as well as Central and
South America. Nonetheless, there is no mention of any e ort being directed
at understanding or applying the knowledge of such phenomena until thé'3
century BCE, when Aristotle not only described up to 180 BL animals, but
also rstidenti ed the so-called cold light after realizing that, unlike the light
from a ame, the self-luminosity of BL organisms was not accompanied by the
heat of combustion or incandescence.

During the following centuries, more and more BL creatures were reported,
but a real desire of understanding BL only appeared when a more scientic
approach was promulgated by 17 century philosophers.[1] Most probably,
the scienti c understanding of this dazzling phenomenon began in 1668, when
Robert Boyle[4] identi ed that the BL of wood and glow-worms required air
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to take place (oxygen was yet to be identi ed as an element and a signi cant
component of air).[5] Furthermore, only after the invention of the microscope,
Marcello Malpighi was able to rst associate the light emitting material in
re ies with particular granules in the cell in 1688.[6] In the following two
centuries and thanks to the development of more sophisticated equipment and
techniques, BL processes began to be studied in a rational and enlightened way,
leading to the corroboration in 1885 by Raphael Dubois of the idea that BL
was the result of a chemical reaction.[7] This scientist also coined the current
luciferin and luciferase generic terminology, elucidating that the heat stable
part was probably an organic molecule, which he namddciferine, while the
active ingredient was heat labile since it had to be kept cool for an e ective
reaction. This last part was labelleduciferase upon the discovery of enzymes.

In 1888, Eilhard Wiedemann proposed the use of the term luminescence
to designate light emission that was more intense than would be expected from
the source's temperature.[7] Moreover, he proposed a classi cation depending
on the source of excitation, which was quickly adopted by other scientists.
In this classi cation, light emission was divided into (i) uorescence, which
is the fast spin-allowed emission from an electronically excited state to the
ground state; (i) phosphorescence, the slow spin-forbidden emission from an
electronically excited state to the ground state; (iii) electroluminescence, in
which the electronic excitation is produced by an electric current; (iv) chem-
ical luminescence, in which the excitation is due to a chemical reaction; (v)
thermoluminescence, which is produced by heating but whose characteristics
are not temperature dependent; (vi) triboluminescence, produced by friction;
and (vii) crystal luminescence, a type of luminescence that accompanies crys-
tallization processes.

Finally, during the last century, a scienti ¢ explanation was provided for
the biochemical mechanisms of BL systems, together with the identi cation
of numerous chemical partners involved in BL systems and the elucidation of
the three-dimensional structure of the luciferase protein. Most of the contri-
butions that were achieved during the rst 20 years of the 20 century were
almost exclusively those of Edmond N. Harvey at Princeton University, who
is considered to be the father of the modern BL.[7 9] During the second half
of the 20" century, the research on BL was carried out mainly, but not ex-
clusively, by his students Frank H. Johnson, who began his activity in 1949;
William D. McElroy and Marlene DeLuca in 1951 and Milton J. Cormier and
Frederick 1. Tsuji in 1954 and his collaborator Emil H. White.[3] Further-
more, from that moment on, a tremendous outburst in the understanding of
BL systems has taken place. Among many others, it has been possible to
synthesize and characterize the structure[10, 11] and properties[12] of di er-
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ent luciferines; to extract, purify and isolate the three-dimensional crystalline
structures of several BL enzymes;[13 17] to gain deeper insights on the BL
reaction mechanisms[12, 18 22] and the essential requirement of di erent co-
factors like adenosine triphosphate (ATP);[23] to determine luciferin analogues
with the aim of switching the light emission colours[24, 25] and to clone and
express di erent luciferases.[26 30]

1.1.1 Emitting Species

It is clear that the 180 animals described by Aristotle in the IV century BCE
only represents a very small fragment of the known BL species. Specially
because he focused mostly on marine species and some insects. In fact, in
2019 about 10,000 species from 800 genera with the ability to emit light were
already described, although this number might be as well an underestima-
tion.[31] Furthermore, despite their wide range of applications, which will be
further discussed in Section 1.2.4 for reies' BL system, most of these BL
systems are largely understudied since neither the molecular components of
the light-emitting reactions nor the full biochemical pathway leading to light
emission is understood.

Nowadays, nine natural luciferines have been documented together with
their complementary luciferases leading to more than forty di erent BL sys-
tems.[2] As luciferin chromophores are the principal determinants of colour and
properties of light-emitting reactions, BL systems are typically categorized by
them, as shown in Figure 1.2.

The coelenterazine chromophore,[32] represented in Figure 1.2(A), is a
modi ed tripeptide formed by one PHE and two Tyrosine (TYR) amino acids
with an unknown biosynthetic route. This luciferin is the substrate for a large
amount of luciferases found in marine ecosystems. However, most of these
organisms do not synthesise coelenterazine themselves. Instead, they obtain it
from their diet. This factor leads to the convergence of independently evolved
luciferases in groups of organisms coming from very distant branches of the
phylogenetic tree, resulting on very diverse organisms with system-dependant
characteristics such as molecular weight, pH-sensitivity, thermostability and
catalysis rate. Nonetheless, all natural systems based on the coelenterazine
chromophore emit blue light between 450 500 nm, which lies within the vis-
ible region of the electromagnetic spectrum. Furthermore, they do not typ-
ically require any cofactors for the BL process to occur. In addition, some
systems present a uorescent protein that interacts with the luciferase, alter-
ing the colour of BL.[31] Coelenterazine-based BL systems are very popular for
biomedical applications such as bioimaging and drug-screening[33, 34], mon-
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itoring tumour progression[35] and drug response and BL imaging vivo of
either single-cell or whole-body.[36]

Like in the case of the coelenterazine, the cypridina chromophore shown
in Figure 1.2(B), a blue-emitting (445 465 nm)[2] modi ed tripeptide formed
by Tryptophan (TRP), Isoleucine (ILE) and Arginine (ARG),[37] is a marine

Figure 1.2: Representation of the nine natural luciferines with a representa-
tive BL organism: (A) coelenterazine, (B) cypridina luciferine, (C) bacterial lu-
ciferin (D) tetrapyrrole-based luciferine with X=H (dino agellates) and X=0OH
(krill), (E) fungal luciferin, (F) Latia luciferin, (G) Diplocardia luciferin, (H)
Fridericia luciferin and (I) D-luciferin.
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luciferin found in the ostracod Cypridina and BL midshipman sh,Porichthys
genera. This BL system has been widely used in studies of circadian rhythms
[38 40] and in immunoassays.[41 43]

In the case of the bacterial BL system, the light source comes from a avin
mono-nucleotide (FMN) derivative. Nonetheless, the luciferin, represented in
Figure 1.2(C), is considered to be the myristic aldehyde, which is oxidised
during the BL reaction catalysed by a luciferase formed by complex of two
polypeptide chains. In most cases, the colour of the emitted light is blue
(around 490 nm). However, it is possible to nd natural BL with red-shifted
wavelengths.[44] The study of antimicrobial drugs, bacterial infections and
environmental monitoring are among the main applications of bacterial BL
system, which employ living bacteria as a light source.[45]

Dino agellates, a group of single-celled eukaryotes considered protists (term
which refers to all eukaryotes that do not belong to the three traditional eu-
karyotic kingdoms: animals, land plants or fungi), andEuphausiids marine
crustaceans of the ordeEuphausiaceagenerally know as krill, present a BL
system based on two very similar tetrapyrrole luciferines (Figure 1.2(D)),[46
51] whose mechanism have not been fully studied.[2] In the former, BL occurs
inside speci c cytoplasmic organelles, the scintillons,[52] as localised ashes of
light triggered by electrical or mechanical stimulation while, in the latter, the
light emission takes place in complex and specialized organs with lenses and
the ability to focus. This particular BL system is rarely employed in research
due to the unavailability of a synthetic luciferin.[31]

Fungi utilise the simple -pyrone 3-hydroxyhispidin[53] shown in Figure
1.2(E), that is oxidised by an insoluble luciferase in a reaction that results in the
emission of green light (around 530 nm). This BL system, which is preserved
for all the 70 fungal BL species distributed across 9 genera,[54] still presents
a signi cant amount of unknowns like the luciferase cellular localizatiorn
vivo. However, the protein has a predicted N-terminal transmembrane helix,
consistent with its insolubility.[55, 56] Furthermore, very recently, it was found
that ca eic acid is the starting substrate in fungal luciferin synthesis,[56] thus,
broadening the range of possible applications since it is naturally found in all
plants.

A least spread BL system is that of the New Zealand limpéiatia neritoides
represented in Figure 1.2(F). The Latia luciferin is a formate of the terpene
aldehyde in the enolic form that emits yellow-green light (536 nm) during the
BL process.[57, 58] Although it is known that the presence of both oxygen and
the so-called purple protein, a red uorescent protein acting as a cofactor, is
required for the Latia BL to take place, there are still many unknowns about
this system. For instance, the Latia luciferin only acts as an energy source for
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the BL reaction. However, the actual component responsible for light emission
has not yet been detected. This fact, in addition to the unresolved structure
of the purple protein, limits the development of methods for its application.[2]

Another atypical BL system can be found in the annelidiplocardia longa
whose luciferin structure consists on a N-isovaleryl-3-aminopropanal, as shown
in Figure 1.2(G). This BL system is also present in other 13 earthworm species
belonging to six genera with emission wavelengths between 500 and 570 nm.[59]
Interestingly, the BL reaction includes hydrogen peroxide as a reactant[60] and,
therefore, it can be used as an analytical method to detect it.[61, 62] However,
its utilization is challenging due to the limited availability and low stability
of the luciferase and the inhibition produced by strong chelating agents and
organic bu ers.[2]

A luciferin from another worm, the Fridericia heliota,[63, 64] has an unusual
peptide consisting of a -aminobutyric acid, a modied TYR amino acid, a
LYS amino acid and oxalic acid residues (Figure 1.2(H)). This luciferin, which
produces a bright and constant emission at 478 nm, is non-toxic and very
stable. Furthermore, and similarly to rey luciferin as will be discussed in
Section 1.2, it requires ATP for its BL reaction. Therefore, it could be a
suitable candidate for a wide range applications, once theidericia luciferase
is puri ed, sequenced and cloned.

Ultimately, the most thoroughly studied BL system, and the one to which
this thesis is dedicated, is that based on (S)-2-(6'-hydroxy-2'-benzothiazolyl)-2-
thiazoline-4-carboxylic acid, in Figure 1.2(1). This chromophore, usually called
D-luciferin, consists on a benzothiazole (btz) moiety with a hydroxy group at
the 6' position covalently bonded to a thiazole (tz) group with a carboxylic
acid at position 4, analogously to its emitter shown in Scheme 1.9. This
structure was reported by E. H. White, F. McCapra, G. Field, and W. D.
McElroy in 1961.[3, 10] D-luciferin BL system is present in several lineages
of beetles, including reies, click beetles and railroad worms. The chain
of BL reactions starting from this stable and non-toxic chromophore leads
to the emission of yellow, orange and in some cases red light, depending on
the structure of the luciferase and pH. Attending to this, it is possible to
distinguish three big groups of natural luciferases:[31] (i) the one present in
re ies ( Lampyridae family), which is the most known luciferase and emits
between 540 and 570 nm; (ii) luciferases produced by click beetl&aferidae
family), whose emission lies between 540 and 600 nm, and (iii) luciferases
expressed by railroad worms of th&hengodidaefamily, characterised by the
expression of two di erent luciferases in di erent areas of their bodies allowing
them to emit in two dierent colours: red (630 nm) and green-yellow (540
nm).[2] The existing dependence of light emission on the concentration of ATP
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has allowed to use the system for a wide variety of applications that will be
further discussed in Section 1.2.4.

1.1.2 Light Generation in Bioluminescent Systems

As mentioned before, the BL emission is the nal process of a multistep chem-
ical reaction, in which the last three steps consists on (i) the formation of a
High-Energy Intermediate (HEI), (ii) the generation of a molecule in an elec-

tronically excited state with a lifetime in the range of nanoseconds and (iii)

the emission of a photon in the visible region.

A very important and interesting step of this biochemical reaction is, pre-
cisely, the generation of the electronically excited intermediate. It happens
upon the decomposition of the HEI four-membered ring dioxetanone to form
CO, and an excited carbonyl compound,[52] as represented in Scheme 1.1.
During the so-called chemiexcitation process, the cleavage of the O O bond
of this strained and energy-rich peroxide releases a large chemical reaction en-
ergy, which leads to the generation of the carbonyl compound in an excited
state as consequence of a fast cascade of processes.

*

o)
o= 0 COz h o
2 0 —= |
R H /\ /\
R H R H

Dioxietanone

Scheme 1.1: Decomposition of a four-membered ring dioxetanone.

Originally, it was believed that this process followed a Chemically Induced
Electron-Exchange Luminescence (CIEEL) mechanism,[65 70] which is initi-
ated by the electron transfer from an electron donor to the O O bond of the
cyclic peroxide, forming a neutral radical/anionic radical pair (Scheme 1.2).
Then, a subsequent back electron transfer between the radicals would release
enough energy to promote the chromophore to its rst electronically excited
state (S;). This mechanism, which was proposed in the 1970's, is, however, in
doubt since it is not clear whether or not the back electron transfer can take
place.[71 75] Moreover, the e ciency of this process between the radicals in a
solvent cage is highly questioned.[73, 75]

To overcome this problem, the Charge Transfer-Induced Luminescence
(CTIL) mechanism was proposed as a variation of the CIEEL.[71, 72] As
shown in Scheme 1.2, this newer mechanism consists on the rate-determining
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Scheme 1.2: Di erence between the CIEEL and the CTIL mechanisms.

endothermic formation of a Transition State (TS) with Charge Transfer (CT)
characteristics leading to the excited-state product via a conical intersection.[65]
The main two di erences between these two mechanisms are: (i) the emphasis
on the partial inter- or intra-CT of the CTIL mechanism rather than complete
electron transfer to O O leading to its cleavage and (ii) the formation of a
molecular CT complex in the CTIL mechanism,[71] while the CIEEL mecha-
nism assumes the generation of cation and anion radical fragments. Hence, the
CIEEL requires a back electron transfer, which results in the annihilation of
the generated radical ions and, simultaneously, an excited-state product. How-
ever, in the CTIL mechanism, the back CT process is not absolutely needed
and the extent of the back CT occurrence depends on the micro-environment
of the O O bond.[76]

More recent studies employing theoretical chemistry calculations have de-
termined that the decomposition mechanism is neither the CIEEL nor the
CTIL.[5, 65, 77] In fact, depending on the nature of the chromophore and
its protonation state, it can take place via an entropic trap or the Gradually
Reversible Charge Transfer Induced Luminescence (GRCTIL) mechanism.[77
80] The former consists on the vibrational energy redistribution leading to a
change in the momentum of the molecule from the O C C O dihedral angle
twist to a dissociative C C stretch. As a result, the cleavage of the C C bond
only happens after the complete breakage of the O O bond, thus involving
two TSs separated by a biradical intermediate.[5, 81] During the decomposi-
tion process, the Potential Energy Surface (PES) of both the ground electronic
state () and the S state become close in energy, intersecting twice along the
reaction path. As a result, the excited-state intermediates and the correspond-
ing BL products are formed. On the ip side, in the GRCTIL mechanism the
CT and back CT occur gradually and in a concerted manner with the ruptures
of the O O and C C bonds, respectively, leading to a cross of between the
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PESs of the § and the S electronic states.[78]

1.2 Fireies Bioluminescence

Each of the BL systems discussed in the previous sections present their own
speci ¢ characteristics and, although they are all interesting and worth study-
ing, the present thesis focusses on D-luciferin BL in the Wild-Type (WT)
luciferase of re ies. Hence, in this section more speci ¢ details about this sys-
tem will be discussed. Speci cally, Section 1.2.1 focusses on rey's life cycle
and the biological processes that controls its BL, while Section 1.2.2 describes
the biochemical cycle of D-luciferin from itsin vivo biosynthesis and storage
to the BL reaction and its regeneration. Moreover, Section 1.2.3 addresses
the factors that in uence the colour of emission and Section 1.2.4 presents the
main biomedical applications of D-luciferin based BL systems.

1.2.1 Firey's Life Cycle and Bioluminescent Phenotype

Nearly 2000 lampyrid species of re ies are distributed across all continents
except Antarctica, half of them occurring in tropical America and Asia.[82]
However, it is possible that new undescribed species might be encountered due
to the extreme geographical localization of some of them. Nonetheless, it is
also possible that they become extinct before they are even discovered because
of the large amount of industries and human settlements poisoning rey's
habitats. Sadly, the human presence is not only risking this insect's survival,
but also that of many other species around the globe.

As represented in Figure 1.3(A), re ies are holometabolous insects, mean-
ing that they undergo a complete metamorphosis and, therefore, present four
life stages: egg, larva, pupa, and adult. Eggs are deposited either a few at
a time over several days or weeks or together at one time, depending on the
species. In some cases, eggs present a dim ability to emit light. At the be-
ginning, the glow comes from luminous material smeared in the mother's egg
canal. As the light organs of the embryos develop, the glow can also come
from within the eggs. Once the eggs hatch, rey larvae start to explore their
surroundings. During this stage, characterized by the specialization on hunt-
ing and eating soft-bodied preys, all re ies are presumed to be luminescent,
though this phenomenon has only been observed for a a few species. The bio-
logical function of egg and larval luminescence is believed to be a warning of
unpleasant taste, with sometimes emetic or lethal consequences to prospective
predators. When ready to pupate, larvae seek or make sheltered places, where
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they transform into the adult form and breeding specialist. This pupae stage
is a period of phenotype reconstruction, resulting in a body form adapted to
a completely di erent lifestyle and range of activities. Adult re ies are con-
cerned only with reproduction. In nocturnal species, mating rituals involve
light emission with controlled ash pattern speci city.

(A) (B)

(®)

Figure 1.3: (A) Photinus pyralislife cycle. (B) Phenotypical di erentiation be-
tween female (B.i) and male (B.ii) lanterns ofPhotinus pyralis (C) Schematic
representation of lampyrid lantern. (C).i-iv are described in text.

Fire y's BL is completely localized within their anatomy.[83] Though they
present phenotypical di erentiation between female and male sexes as shown in
Figure 1.3(B), for both of them the light emission is produced at the lanterns,
localized at the nal abdominal segments. The physiology of the lanterns, rep-
resented in Figure 1.3(C), consists on rosettes of photocytes (Figure 1.3(C).i
in grey), the specialized cells responsible for the BL surrounding a special-
ized tracheal system (Figure 1.3(C).ii)). This tracheal system is part of the
insect respiratory system and is in charge of the oxygen supply necessary for
the oxidation step of the BL reaction, which is controlled by nerves (Figure
1.3(C).iii), thus leading to light ashes.

From a biological perspective, rey's lanterns behave in the following sum-
marized way.[83] In a rst step, the lantern would receive the neural signal,
switching the lantern on leading to the clearing o the tracheae and trache-
oles of the tissue uid that lls them during the inactive stage. This slow
change in the media allows for a faster di usion of oxygen to the photocytes.
Nonetheless, this step along is not enough for the oxygen to e ciently reach
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the luciferase enzyme. The photocytes present an unique structure in which,
as represented in Figure 1.3(C), the mitochondria (Figure 1.3(C).iv) are de-
ployed at the interface with the tracheal system thus acting as gatekeepers
by absorbing and using up any incoming oxygen to synthesise ATP via ox-
idative phosphorylation. It is not until gaseous nitric oxide (NO) is quickly
produced by the enzyme nitric oxide synthetase in response to calcium gradi-
ents at the cell surface that oxygen can actually overcome this mitochondrial
barrier.[84, 85] NO is able to complex and inactivate the mitochondrial enzyme
cytochrome c oxidase, responsible of the oxygen consumption; thus inhibiting
the whole mitochondrial function. Therefore, the NO release allows oxygen to
di use into the photocyte and reach the peroxisomes, in which the luciferase
is located[86] and, therefore, where the BL reaction takes place. Apart from
NO being labile and easily degraded, it has been observed that the inhibitory
e ect of NO on respiration can be reversed by competition with oxygen and
by shining a bright light, thus the light emission itself could lead to the reac-
tivation of the mitochondrial barrier and so to the production of short ashes
of light.

1.2.2 D-Luciferin Biochemical Cycle

As mentioned before, thein vivo BL reaction takes place inside the perox-
iIsomes of the photocytes situated in the insect's lantern. However, each of
the individual components required for the biochemical reaction is synthesised
elsewhere. For example, the luciferase enzyme, which is folded into a large
N-terminal domain and a small C-terminal domain joined by a exible linker
peptide, is synthesized by free polysomes, groups of ribosomes bound to a
messenger ribonucleic acid (MRNA) molecule, in the cytoplasm and, later, it
Is transported and fused into peroxisomes. This transport process is directed
by the tripeptide motif SER-LYS-LEU, that is usually responsible for peroxi-
some targeting.[87 89]

Biosynthesis

Although little is known of the biosynthetic pathways in Elateridae and Phen-
godidae lineages, at least for the Lampyridae family thorough investigations
have shed some light on the metabolic biochemistry of re y's BL.[90]
Originally, it was suggested that thein vivo biosynthesis might proceed
via condensation of 2-cyano-6-hydroxybenzothiazole (structure ¢ in Scheme
1.8) with D-CYS.[10] Nonetheless, more recent studies[90] suggest that the
biosynthetic pathway starts with the hydrolysis of arbutin (structure i.a in
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Scheme 1.3) catalysed by a-glucosidase.[91] The resulting 1,4-hydroquinone
(structure i.b) is then oxidized to para-benzoquinone (structure i.c). These
two reactions take place in the cytoplasm of the photocytes. [92] Then, para-
benzoquinone is transported into the peroxisomes through the Peroxisomal
Membrane Protein 2 (Pxmp2) channel, which may also contribute to the dif-
fusion of L-CYS (structure i.d) inside the peroxisome.[93] Inside the photocyte
organelle, a 1,4-addition of L-CYS to the benzoquinone moiety, followed by
decarboxylation and carbon-sulphur rearrangement of CYS, leads to the for-
mation of 2-S-cysteinylhydroquinone (structure i.e)[94, 95] which, upon the
addition of a second L-CYS, yields L-luciferin (structure i.f). At the nal step
of the biosynthetic route, L-luciferin undergoes Coenzyme A (CoA) esteri ca-
tion followed by epimerization and thioester hydrolysis catalysed, respectively,
by the luciferase and Acyl-CoA Thioesterase (ACOT) enzymes, thus generat-
ing the D-form (structure a in Scheme 1.4).[91, 96, 97]

Other possible D-luciferin precursor is TYR (structure ii.a in Scheme 1.3),[92]
that is present in large amounts in the photogenic layer of re y's lantern.[98]
This amino acid can undergo a series of three oxidative steps followed by
a chemical transformation and another oxidation step leading to the forma-
tion of 2-S-cysteinylhydroquinone (structure i.e), thus converging into the
previously mentioned mechanism. In the rst step, TYR is oxidized to 4-
hydroxyphenylpyruvate (structure ii.b) by means of the Tyrosine Aminotrans-
ferase (TAT) enzyme. Then, the enzyme 4-Hydroxyphenylpyruvate Dioxyge-
nase (HPPD) oxidizes it into homogentisic acid (structure ii.c) which, upon
binding to a Phenoloxidase (PO), is further oxidized to benzoquinone acetic
acid (structure ii.d).[99 101] Consecutively, this molecule can react with acetyl-
CoA to form benozoquinone acetyl-CoA (structure ii.e), possibly catalysed by
the 4-Coumarate-CoA Ligase (4CL). Then, after the consumption of an ATP
molecule and the consequent release of adenosine diphosphate (ADP), the
benozoquinone acetyl-CoA is actively transported into the peroxisome by a
protein of the ATP-Binding Cassette protein D subfamily (ABC-D). Once
inside the peroxisome, the acetyl group can be removed via the thiolase re-
action mechanism of -oxidation catalysed by thiolase activity of Sterol car-
rier protein-X (ScpX).[102, 103] After removing an acetyl group, the group-
sulfhydryl (SH) of a L-CYS (instead of that of acetyl-CoA in usual -oxidations)
might again react with the terminal carbon of the benzoquinone derivative to
form 2-S-cysteinylhydroquinone (structure i.e).[102]
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Scheme 1.3: Proposed biosynthetic route of D-luciferin.
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As a nal remark on D-luciferin biosynthesis, it has been suggested[92] that
it can be stored inside the peroxisomes in the form of sulfo-D-luciferin (struc-
ture b in Scheme 1.4), which is inactive for luciferase. This derivative can
be obtained from the luciferin sulfotransferase (LST) catalysed reaction of D-
luciferin with the sulfo-donor 3'-phosphoadenosine 5'-phosphosulfate (PAPS),
produced from ATP and inorganic sulfates under the catalysis of PAPS Syn-
thase (PAPSS).[104] This reaction can be reversed by means of a Sulfatase
(SULF) enzyme, thus making the D-luciferin available again for the BL reac-
tion.

N S N S
LI~ o I L=<

v
COOH SULF HO~ \b

a) D-luciferin b) Sulfo-D-luciferin

Scheme 1.4: Proposed storage mechanism of D-luciferin.

Bioluminescent Reaction

Once inside the peroxisome, D-luciferin can di use into the active site of the
open conformation of the luciferase enzyme to undergo the BL reaction with
a quantum vyield of 41% in aqueous solution.[105] This reaction presents a
two steps mechanism consisting on a reversible adenylation followed by an
oxydation.

The mechanism starts with the adenylation reaction of D-luciferin with
ATP, which is an essential requirement for thein vitro reaction,[23] lead-
ing to the formation of luciferyl adenylate (structure b in Scheme 1.5), fa-
cilitated by a magnesium dication via a bimolecular nucleophilic substitu-
tion (Sy2) nucleophilic displacement. The nucleophilic oxygen atom in the
carboxyl group at the G, carbon of the tz ring is able to attack to the elec-
trophilic phosphorus at the -phosphoryl group of ATP, thus displacing the
inorganic Pyrophosphate (PPi), an excellent leaving group, and transferring
the 5'-adenosine monophosphate (AMP) to D-luciferin.[106 109] The presence
of the AMP moiety, instead of acting as an energy donor,[106] increases the
acidity of the C4 carbon,[110, 111] favouring the consecutive oxidation step
through the formation of a G, carbanion.[112] This proton loss is the rate
determining step of the Single Electron Transfer (SET) of the oxidation mech-
anism in which the carbanion undergoes a nucleophilic attack of molecular
oxygen, resulting in a linear hydroperoxide (structure c).[110, 113] After the
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SET, the -hydroperoxy group undergoes an intramolecular nucleophilic at-
tack displacing the AMP towards the formation of a strained four-membered
cyclic intermediate, the luciferin dioxetanone (structure d).[52, 114, 115] As
previously mentioned in Section 1.1.2, this HEI spontaneously decomposes
into OLU (structure e) in the S; state, generating CQ. In the case of rey's
luciferin, this step follows the already explained entropic trap mechanism. Fi-
nally, the resulting OLU molecule in the excited state decays to the ground
state releasing a photon.

N S N S
@[ Y j ATP,Mg?*  ppj J@[ — ]4 o
HO S N~ "cooH ~ 7 Ho S N %%

Luciferase
OAMP
a) D-luciferin b) Luciferyl adenilate
O,
SET(
N S N S (@)
\ .
HO s N // SEN HO S NTNO
@] OAMP
d) Luciferin dioxietanone c) Hydroperoxide

l\ COy

N S
=<
HO S N"So

e) Oxyluciferin (OLU)

Scheme 1.5: D-luciferin BL reaction.

Although it is well known that OLU is the emitting chromophore of the
BL reaction, and due to its chemical instability, the structure of the nal
product of the BL reaction remained unsolved until 2009 when it was nally
crystallized.[116] This instability is explained by accounting for the coexis-
tence of the enol and keto tautomers, which can undergo an autodimerization
by a Mannich-type reaction.[117] Nonetheless, it is still unclear which of its
Six possible tautomeric forms, represented in Scheme 1.6, is the real emitter
or whether the measured spectra is obtained from combination of di erent
OLU species since they can be easily interconverted. For instance, the OLU
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phenol-keto (structure e in Scheme 1.5 and structure a in Scheme 1.6), di-
rectly obtained from the dioxietanone decomposition, can rapidly lose a proton
via Excited State Proton Transfer (ESPT) to form the phenolate-keto OLU
(structure b in Scheme 1.6).[118] Furthermore, it is also possible that both
OLU phenol-keto and phenolate-keto species undergo a keto-enol tautomer-
ization, leading to the formation of the OLU phenol-enol and phenolate-enol
chromophores (structures ¢ and d), respectively. Nonetheless, it is known that
none of these enol forms are responsible for the emission of the system.[119]
In the case of the phenol-enol OLU, this is due to the fact that not only

it emits in the blue region (445 nm),[120] which is not observed in nature,
but also because it can undergo a very fast ESPT to its monoanionic forms,
namely, phenol-enolate (structure e) and phenolate-enol, which, at the same
time, present a very fast relaxation to the OLU phenolate-enolate (structure
f). The species phenol-enolate and phenolate-enolate are also likely emitters
of the process. Therefore, when studying the OLU emission it is important to
consider the four possible emitters instead of just one of them.

N S N S
T T~ T I~
HO S N \O — [ S N \O

a) OLU phenol-keto b) OLU phenolate-keto

[ [

u - u
S, —

e) OLU phenol-enolate f) OLU phenolate-enolate

Scheme 1.6: Chemical structure of all the possible OLU tautomers. Those
structures that are not possible emitters appear in orange.

Besides the light-producing pathway, the luciferase enzyme also catalyses

44



CHAPTER |

the so called dark reaction pathway with a 20% vyield (in contrast to the 80%
yield of the bright reaction path). In a rst step, the luciferyl adenylate (struc-
ture b in Scheme 1.5 and structure a in Scheme 1.7), produced after the adeny-
lation of D-luciferin, reacts with molecular oxygen to produce dehydroluciferyl
adenilate (structure b in Scheme 1.7), a very powerful tight-binding inhibitor
of the BL reaction, and hydrogen peroxide.[121] In a consecutive step, the
inhibitor reacts with the previously released PPi producing dehydroluciferin
(structure c) and regenerating ATP, favouring the BL path since it is not as
strong inhibitor as dehydroluciferyl adenilate and thus, can be more easily re-
moved from the active site of luciferase. Therefore, the catalysing activity of
the protein is recovered.[87]

N S N S
@E Y j o 02 H0; @[ an N
HO S N "'/( < / HO S N _

OAMP OAMP

a) Luciferyl adenilate b) Dehydroluciferyl adenilate
K PPi
ATP

N s
T~
HO S N™ >cooH

c) Dehydroluciferin

Scheme 1.7: D-luciferin dark reaction pathway.

During the BL reaction, it has been observed that native luciferase under-
goes several conformational changes.[88] After the adenylation step, a rotation
of around 140 of the C-terminal domain takes place to facilitate the di usion
of the oxygen molecule inside the active site.[122, 123] In this new structure,
GLY446 opens a tunnel to the active site while HIS245 further expands it for
access to ¢ via side chain rotation.[112] This conformational change could
explain the di erence in yield between the two reaction paths since the rst
step for the bright reaction, the deprotonation, does not require the presence
of O, and, therefore, the intermediate should already be present when oxygen
reaches the active site, while the dark reaction path can only take place after
the conformational change is completed and oxygen di uses into the active
site. Moreover, luciferase adopts a closed form during the formation of the
HEI, thus creating a hydrophobic pocket around the active site, and an open
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form in complex with the reactants and products.[124]

Recovery of D-Luciferin

After the light emission, the last step in the luciferin metabolic pathway is
the recycling of the OLU (structure b in Scheme 1.8). It has been reported
that the regeneration mechanism of D-luciferin, catalysed by the Luciferin
Regenerating Enzyme (LRE),[87, 91, 96, 125 130] takes place via the formation
of the 2-cyano-6-hydrobenzothiazole (structure c) which, upon reacting (non-
enzymatically) with both L- and D-CYS, results into either L- or D-luciferin
(structure a), respectively. Then, L-luciferin (structure i.f in Scheme 1.3) can
be interconverted to D-luciferin, as shown in Scheme 1.3. In contrast to this
ndings, it has also been reported[130] that the regeneration of D-luciferin can
also be achieved in the absence of the LRE.

AMP, PPi

CO,
N S Oz, ATP N S
¢, >T 2 33
HO s N HO S N3

“COOH Luciferase
a) D-luciferin b) OLU

ANH2 _0O Thyoglycolic
D-CYS Hs~ YCOOH N HS OH acid
\>7:N
HO S

c) 2-cyano-6-hydrobenzothiazole

Scheme 1.8: Proposed recycling mechanism of D-luciferin.

1.2.3 Colour Modulation

A very interesting, and yet unsolved, property of the D-luciferin BL system

is the wide range of colours in which it can emit light. This range, which

in nature lies between 540 (green-yellow) and 630 nm (red), but can be ar-
ti cially widened,[2] is known to be correlated to several environmental fac-
tors, such as pH, and the microenvironment surrounding the chromophore.
Over the years many colour-tuning mechanisms have been proposed.[119, 129,
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131] Nonetheless, the exact mechanism of the colour tuning is still unclear.
These mechanisms are typically divided into: i) single-emitter mechanisms, ii)
emitter-protein modulation mechanisms and iii) the multiple-emitter mecha-
nism.

Initially and until 1991, it was believed that the relationship between the
light emitter of OLU and the colour of BL could be explained by the keto enol
tautomerism, which could explain the red shift observed upon acidi cation
(from 565 nm at pH 7.6 to 620 nm pH 5.4).[132] Within this mechanism,
red and green-yellow colours of emission would correspond, respectively, to
the keto and the enol forms of OLU that are present in the media in di erent
concentrations depending on their acid-base equilibrium.[133 136] However, on
the light of new evidence this mechanism was abandoned. This was due to the
fact that experiments showed red emission upon: (i) luciferase mutation[137]
and (ii) blocking the keto-enol tautomerization in the keto form by means of
a 5,5-dimethylation on the tz moiety of the OLU with two WT luciferases
naturally emitting in green-yellow and red colours.[138]

Consecutively, it was suggested that the colour modulation corresponded
to the presence of a twisted structure around of the £C ' bond that con-
nects both the btz and the tz moieties (see Scheme 1.9).[139, 140] The so-called
Twisted Intramolecular Charge Transfer (TICT) mechanism is usually disre-
garded attending to both experimental[88, 116, 123, 124, 141 153] and com-
putational evidence.[154, 155] Nonetheless, all these results only o er an static
perspective of the problem by looking at either PESs or crystalline structures
without accounting for the dynamic nature of the system. Along this thesis,
speci cally in Chapters Ill, VI and VI, the feasibility of this mechanism has
been further analysed from a dynamic perspective leading to the conclusion
that the red emission can only be reached in the twisted region of the SCCS
dihedral. Within this conformation, the brightness of the electronic transition
is reduced due to an increase of its CT character but it is not quenched as a

Benzothiazole /@EN\ \Sj Thiazole
(btz) 5 S> <N N, ®@
OLU phenolate-keto

Scheme 1.9: Schematic representation of the btz and tz fragments, respectively
in blue and in pink, on the structure of the phenolate-keto OLU. The SCCS
dihedral angle is highlighted in orange.
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consequence of the vibrational motion.

Relying exclusively on the emission of the phenolate-keto OLU, the reso-
nance structure mechanism[156] proposes that there exists a resonance-stabilized
structure so that the resulting charge distribution dictates the colour of emit-
ted light. However, it is still unclear how a CT can result in di erences in
colour emission upon the interaction with a speci ¢ amino acid or a water
molecule.

The second category of mechanisms, can be subdivided into ii.a) the micro-
environment mechanism[105, 157 161] and ii.b) the open-closed mechanism.[124,
162] The former initially explained the colour shift in terms of proton trans-
fer between the phenolate group or keto enol enolate equilibrium.[163 167]
However, it was later generalized to include the e ect of the polarity of the
pocket.[142, 168] The main drawback to this model is that it is unclear which
are the relevant interactions from the micro-environment referred to in the re-
lated literature. On the ip side, the later mechanism states that the colour of
the emitted light depends on the conformation of the luciferase enzyme which,
at the same time, in uences the active pocket. On the one hand, the motion
of the OLU chromophore in the overall closed conformation is restricted by
the pocket, which holds it more tightly thus restricting the energy transfer to
the environment leading to a yellow-green emission. On the other hand, the
open conformation allows a larger freedom of movement on the OLU emit-
ting specie, which, at the same time, leads to a larger energy transfer to the
environment and a lower energy of emission. These two mechanisms can be
considered complementary as both of them explain the colour di erences in
terms of the structural con gurations of the active site of the dierent en-
zymes and the changes on the interactions of the emitter with the surrounding
amino acid residues and/or water molecules. Based on this criteria, Chapter
V aims to give a full description of the movement of the four possible emitting
OLU tautomers inside the active pocket of the WT luciferase in order to gain a
deeper understanding on the micro-environment of the system. Furthermore,
these results have been compared in Chapter VIII to those of the mutation of
a SER by a ASN amino acid in position 286 (SER286ASN), that has been re-
ported to yield red colour of emission (605 nm), in order to better understand
the di erences on the emitted colour.[124]

The last of the proposed mechanism, the multiple-emitter mechanism,[105,
157 161] accounts for the possibility of having di erent emitting species at the
same time, whose intrinsic emission is only partially a ected by intermolecular
interactions and polarity. These emitting species, already presented in Scheme
1.6, exist simultaneously and, therefore, the observed colour of emission de-
pends on the relative contribution of the intensity of each emitter. Originally,
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any of the OLU tautomers was pointed out as a possible emitter.[105] How-
ever, the scienti c consensus now assigns, respectively, the phenolate-enol and
phenolate-keto OLUs to green and orange/red colours of emission, which is
in agreement with mutational analysis demonstrating the existence of at least
two species with distinct emission properties.[124, 159]

When discussing about di erent mechanisms, it is straightforward to think
that they should, in principle, oppose each other and thus one of them would
lead to a full picture of the problem.[119] Nonetheless, as evidenced in the
previous discussion, it is not the case of the D-luciferin BL system. In this
system, each of the proposed mechanism can help to understand the factors
that a ect the colour di erences from di erent perspectives and should be
taken into account when analysing the results.

Colour Modulation via Functionalization

Apart from mutations on the sequence of amino acids of the luciferase enzyme,
it has also been demonstrated that the wavelength of the emitted photon
can be shifted by functionalization of the D-luciferin ligand, without a ecting
the brightness of the BL system.[2] This functionalization has been proven
to increase the applicably of this system not only by widening the range of
the emitted energy, but also by improving the stability of the D-luciferin in
solution.

The rst synthetic derivatives, the aminoluciferins (structures a-c in Scheme
1.10), were developed by White and McElroy in the 60's from the substitution
of the 6'-hydroxy group on the btz moiety by an amino group. Even though
this substitution does not result in a complete loss of BL, it does signi cantly
reduce the quantum yield of the reaction. Fortunately, this issue can by easily
overcome by using synthetic luciferases. These analogues present larger wave-
lengths of emission, a bathochromic shift, due to the inductive e ect produced
by the electron-donating amino group.[24] This shift correlates with the degree
of substitution of the amino group. Lower degrees of substitution, like in struc-
ture a in Scheme 1.10, result in smaller red shifts than larger ones, like those of
alkylaminoluciferins (structure b) and cyclic aminoluciferins (structure c).[169]
Furthermore, upon the substitution of the S atom of the tz moiety by a Se
atom, it is possible to further increase the red shift of the amino derivatives
(structure d).[170]

Other type of synthetic D-luciferin analogue is obtained from the substi-
tution of the btz fragment of the D-luciferin by an aromatic moiety like a
naphthalene (structure e) or a quinoline (structure f).[171, 172] These deriva-
tives, rst synthesised in 1989, present a wavelength of emission dependent
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Scheme 1.10: Synthetic derivatives of D-luciferin and their emission wave-
lengths in the WT luciferase enzyme.

on the R substituent. On the one hand, if the R substituent is an hydroxy
group, the emission presents a hypsochromic shift (to shorter wavelengths) for
the naphthalene derivative and a bathochromic shift for the quinoline specie.
Moreover, the emission stability of these hydroxyl chromophores is highly af-
fected by the pH of the media, being necessary a high pH (9.3) for them to
present a stable emission. On the other hand, if the R substituent is an amino
group, the emission presents a bathochromic shift for the quinoline derivative,
while for the naphthalene species the emission wavelength remains very simi-
lar to that of OLU. Furthermore, the methylation of the amino group of the
quinoline derivative produces a further increase in the emission wavelength in
contrast to the naphthalene species, for which no signi cative di erences are
observed.
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1.2.4 Applications in Medicine

Apart from the nocturnal light spectacle performed by animal species provided
with D-luciferin based BL, which can obviously trigger anyone's curiosity; this
BL system also presents a wide variety of applications in very di erent elds.
All these applications rely, to some extent, on the fact that ATP is the limiting
factor for the amount and intensity of light radiated from a sample, which was
discovered in the 1950's by McElroy and Hastings.[11] Thus, each application
owes at least some debt to them. Nonetheless, and although BL methods
were rst introduced into clinical chemistry in 1979,[173] it was not until the
1980's, when Marlene DelLuca began to work on the eld, that the range of
applications of D-luciferin based BL systems began to widen.[174] During her
short carrier, she paved the way to modern molecular biology using report gene
technology and revolutionized the study of molecular biology.[3] Speci cally,
she was able to synthesize an active rey luciferase by vitro translation of
ribonucleic acid (RNA) from the lantern of the insects[175] and to obtain a
transient and stable expression of the rey luciferase gene rst in plant cells
and transgenic plants[176] and then in mammalian cells.[177]

Classical applications of this system rely on McElroy and Hastings' dis-
covery to determine the ATP concentration, which can be employed in many
di erent analytical studies.[2] This molecule is the universal energy carrier
within cells. In the case of eukaryotic cells, its intracellular concentration is
always maintained at a high level. Thus, its analysis allows for the evaluation
of the cellular metabolic potential. While healthy cells maintain normal levels
of ATP, these levels fall rapidly upon cellular death. Therefore, evaluation
of intracellular concentration of ATP permits the evaluation of the e ects of
di erent agents on cell proliferation or cytotoxicity.[178] Moreover, and given
that 90% of the ATP in these type of cells is synthesized in the mitochon-
dria; intracellular quanti cation of this molecule can be be used to asses the
mitochondrial activity levels,[179, 180] whose reduction is related to ageing
processes.[181]

Furthermore, high sensitivity methods for thein vivo determination of
ATP concentrations in blood by means of the D-luciferin/luciferase BL system
have also been developed.[38] These methods have been clinically tested in
patients with, among other conditions, chronic renal failure, cystic brosis
and cancer with the hope that ATP measurement will become routine during
diagnosis and medical treatment in the future. Additionally, BL assays can
also be employed to evaluate the contamination of surface probes and other
samples that contact various microorganisms because ATP molecules are found
in every living organism. As a matter of fact, ATP-induced BL is one of the
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most rapid and sensitive methods to improve cleaning procedures and reduce
the spread of infections in intensive care units of hospitals, if employed in
conjunction with education and training of cleaning sta ,[182, 183] and to
assess[184] and identify (when combined with immunoassays)[185] bacterial
infections of the urinary tract. Nonetheless, the main disadvantages of this
method are substrate instability and relatively high cost.[2]

A more ingenious approach of BL applications is bioimaging, which allows
to obtain, in a non-invasive manner, images of live tissues or processes within
cells. The application of BL techniques is very suitable for this purpose because
of i) assay procedures are potentially simple, ii) the high sensitivity of BL due
to the absence of auto uorescence and a low background, and iii) assays are
broadly applicable to various organisms, from bacteria to living subjects. This
advantages facilitate BL applications, which present a higher sensitivity than
those utilizing uorescent proteins, in studies of various processes bathvitro
and in vivo employing either luminometers or Charge-Coupled Device (CCD)
cameras.[186] BL bioimaging applications mostly focus on molecular imaging
on single-cell-based analyses without the destruction of the cells themselves for
the understanding of the dynamics of gene products including RNAs, proteins,
lipids, sugars, and small molecules.[187] This approach has already been used
for intracellular detection of bioactive small molecules, the study of protein
conformational changes, protein localization and dynamics, and measurement
of protein protein interactions in real-time with high spatial and temporal
resolution. The study of these cellular events in the physiological environment
of live cells and animals can lead to the discovery of new drugs against di erent
diseases.

Among these BL bioimaging techniques, an increasingly popular method
is the Protein Fragment Complementation Assay (PCA), which can be used
to monitor the activities of small molecules, protein protein interactions, pro-
tein nucleic acid interactions, and protein conformational changes. The use of
a luciferase as a reporter protein presents a strong advantage for this type of
assays since it allows for real-time analysis in live cells and animals (see Figure
1.4). Moreover, the association process of the required luciferase fragments is,
in general, reversible and with shorter detection times (from several seconds to
minutes) in contrast to uorescent PCA, which presents an irreversible protein
reconstitution and detection times from several minutes to hours.[187]

In the general PCA method, the reporter protein is rationally dissected into
two complementary fragments, each of them genetically fused to the proteins
of interest. Upon association of the two interacting proteins under study, the
unfolded reporter protein fragments are brought into proximity, thus allowing
them to complement and fold into the unique three-dimensional structure of
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Figure 1.4: Graphical representation ah vivo BL of mice adapted from Figure
1 of reference [169].

the reporter protein and to reconstitute its activity.[187]

In the case of BL-PCA (Figure 1.5(A)), also called Luciferase Complemen-
tation Imaging (LCI); the method is based on the hypothesis that the N- and
C-terminal domains of the luciferase, mentioned in Section 1.2.2, do not have
a dramatic e ect on each other's stability and that they fold independently.
Hence, a separation of the two luciferase domains and their attachment to
other proteins is probable and should not have any disruptive e ect on their
respective structures.[188] The determination of the optimal dissection sites
of luciferase is crucial for guaranteeing temporal inactivation and conditional
reconstitution of the luciferase activity. Fortunately, green and red emitting lu-
ciferase fragments have already been developed from re y's and click beetle's
luciferases.[189, 190] These so-called split re y's luciferase fragments were ini-
tially used for the detection of protein protein interactions[191] and since then,
the potential applications of BL-PCAs were explored to monitor caspase activ-
ities, protein translocation, protein conformational changes, drug protein in-
teraction, and protein protein interactions non-invasively in living mice.[191
193] Compared to other methods, luciferase complementation strategies pro-
vide detection of reversible kinetics of protein protein interactions within min-
utes due to rapid association and moderate dissociation rates[190] and general
applicability for protein interactions with considerable spatial and temporal
resolution in opaque or strongly auto uorescent living subjects.

Apart form the PCA approach, it is also possible to exploit circular per-
mutation, which consists on the rearrangement of the protein sequence, to
perform molecular imaging. In this type of essays , the original N-terminal
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(A) (B)

(©)

N- terminal
C- terminal

Figure 1.5: Schematic representation of di erent BL bioimaging techniques:
A) BL Protein Fragment Complementation Assay, B) circular permutation
upon i) small ligand attachment and ii) protease activity and C) using cyclic
luciferases. D-luciferin based luciferase is represented in orange and external
peptide sequences, in pink.

and C-terminal regions of a luciferase are linked with a peptide linker, which
may have sites for speci c ligand attachment that would induce conformational
changes and alter the BL signals (Figure 1.5(B)). Then, new N-terminals and
C-terminals are randomly created.[188] This peptide insertion temporarily dis-
rupts uorescence due to solvent penetration within the protein core. Upon the
action of an external actor like, for instance, a small molecule (Figure 1.5(B.i))
or a protease enzyme (Figure 1.5(B.ii)), the inhibitory action is relieved. Al-
though the fundamental concept of circular permutation was originally in-
troduced for coelenterazine based luciferases,[194] it can also be applied to
D-luciferin based luciferases to detect protease activity.[195] Nonetheless, its
application is limited owing to the optimization of enzyme activity in most
studies.[188, 196]

Another approach consists on generation of cyclic luciferases by ligating the
N-terminal and C-terminal ends by protein splicing, which produces a closed
circular polypeptide chain.[197, 198] After this modi cation, the structure of
the luciferase is distorted, resulting in the lost of its BL activity. When the
substrate sequence is digested by a protease, the luciferase changes into an
active form and restores its activity, as graphically depicted in Figure 1.5(C).
An important drawback of cyclic luciferases is that their applicability is limited
to screening just a few proteases and is not suitable for investigating many
other biochemical analytes.[188]

As mentioned before, these methodologies present a wide variety of possi-
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bilities for research in many di erent elds,[2, 188] which go from the study
of neurodegenerative deceases such as Alzheimer, Parkinson and amyotrophic
lateral sclerosis; tumour and infections cells to immunological research and
intracellular communication and signalling.[199, 200] Thus, a further under-
standing of the BL system itself could allow for the development of more
specialized tools for the research of these serious illnesses. For examiple,
vivo applications would bene t from red shifted emissions since the presence
of hemoglobin, melanin, and other pigmented macromolecules in tissues de-
crease the intensity of the measured signal because they absorb strongly in
the blue-green region of the visible spectrum (400 600 nm) where the OLU
emits.[201, 202]

55






Chapter Il

Computational Methods
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As de ned by the Real Academia Espafiola (RAE), physical chemistry
means

Rama de la ciencia que estudia la interrelacion entre las propiedades fisi-
cas y quimicas de una sustancia.

That is, physical chemistry is the branch of science that studies the re-
lationship between physical and chemical properties of a substance. For this
purpose, di erent experimental technics and theoretical frameworks have been
developed. Concurrently to the development of more complex experimental
methodologies that increase the amount of measurable observables, theoret-
ical perspectives that allow a coherent and consistent comprehension of the
results have been formulated. These theories are the basis behind the so-
called computational chemistry, which employs the software implementation
of the di erent equations resulting from these theories to predict the physico-
chemical properties of the system under study. While it is true that experimen-
tal methodologies o er a measurement of real life observables, very often fail
to provide a full picture of the chemical problem since only certain properties
are accessible. In this regard, computational chemistry o ers a complementary
approach to deepen into the chemical problem at hand.

Within this chapter, the foundations of computational chemistry will be
discussed. Although there exist many other approaches for the calculations,
this chapter only describes those that have been employed during this the-
sis: Section 2.1 focuses on the electronic structure theory by describing the
Time Independent Schrodinger Equation (TISE), a pillar of Quantum Me-
chanics (QM), and di erent approximations for its solution for systems with
multiple particles, namely, the Hartree-Fock (HF) method and the Density
Functional Theory (DFT). Furthermore, this section deepens on the most
typical QM calculations in order to provide a broader picture of the applica-
tions of the solutions of the Schrddinger equation. On the ip side, Section 2.2
discusses di erent avours of nuclear motion simulations under the classical
framework of Newton's equations of motion and the key aspects to consider
when producing the trajectories. Finally, Sections 2.3 and 2.4 focus, respec-
tively, on the description of big systems employing both QM and Molecular
Mechanics (MM) theories, and on interaction energies at di erent levels of
theory.
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2.1 Electronic Structure Theory

In 1926 and inspired by wave-particle duality postulated by the Nobel lau-
reate in Physics Louis-Victor de Broglie during his PhD thesis,[203] Erwin
Schrodinger published a theory that allowed to describe the state of a sys-
tem as a wavefunction[204 207] that resulted in the simultaneous deduction of
the laws of motion and the quantum conditions from one simple Hamiltonian

principle:
ih@@t( rit)y= B (r;t) (2.1)

whereh is the reduced Planck constantl{ = h=2 with h the Planck con-
stant, allowing conversion from energy to frequency units)( r;t), the state
function andr andt are the spatial and temporal coordinates of the system, re-
spectively. Moreover, the term of the non-relativistic Time Dependent (TD)
Schrédinger Equation (SE) (Equation 2.1) corresponds to the energy operator
of the system, the Hamiltonian, that can be constructed from a kinetic and a
potential energy terms:

h2 2 .
H = ot 2+ V(i) (2.2)

with m being the mass of the particler 2, the Laplace operator de ned as
the sum of all the unmixed second partial derivatives in the Cartesian coordi-
natesr and V(r;t), the TD potential. This theory granted Erwin Schrédinger
the Nobel Prize in Physics 1933or the discovery of new productive forms of
atomic theory.

The state function ( r;t), also known as the wavefunction, contains all the
information of the system and, while it lacks a physical meaning itself, Max
Born postulated[208] that the probability density:

j( rit)jPdr (2.3)

corresponds to the probability at timet for nding the particle within the
interval of spacedr .

2.1.1 The Time Independent Schrédinger Equation

While the resolution of the TDSE leads to a full description of the chemical
system at hand, many applications of QM to chemistry do not require from
this equation and therefore, a more simple version of Equation 2.1, the TISE,
can be employed. This equation can be easily derived from the TDSE.
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For simplicity, let's consider a one-particle, one-dimensional system under
a time independent external eldV (x).[209] Then, the TDSE can be written
as:
@ .._ e
h@t( X;t) = >m @?(( x;t)+ V(X) ( x;t) (2.4)
One possible solution for this equation, although not the only one, would
be a state function in which the spatial and temporal components of the wave-
function are not dependent from one another, namely a state function in which

the spatial and temporal components are separable. Thug, x;t) can be ex-
pressed as the product of a function of timd, (t) and a function ofx, (x).

( xt)=f(t) (x) (2.5)
Taking partial derivatives of Equation 2.5, we have:
@, .. o (t) @ , .. d2 (X)
at X;t) = (x) @%( x;t) = f(t) (2.6)
Thus, substituting in Equatlon 2.4:
nTO o= i s vieorm

T d _ T (x) (2.7)

heo o = 2m 0 axe VYW
This way, the left-hand side is exclusively dependent on time and the right-
hand side, on the spatial coordinate. Thus, each side of Equation 2.7 is com-
pletely independent of eithert or x and so, since the function does not depend
on any of the two variables,x and t, it must be a constant. Let's call it E.
Then, equating the left side of Equation 2.7 to E and integrating both sides of
this equation with respect tot:

d(t) _IiE
a0 _ " E,
) - h (2.8)

In (f (1)) = i%i+C

f(t)=e SeC= Ae T
where C is an arbitrary constant of integration ande® can be substituted
by a constantA, which can be omitted fromf (t) since it can be considered as
a factor in the (x) function that multiplies f (t) in Equation 2.5. Thus:

iEt

fiy=e (2.9)
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Substituting now Equations 2.8 and 2.9 in Equation 2.7 then, it can be
shown that:
h? d?
2m dx2
Equation 2.10 is the non-relativistic time-independent Schrodinger equa-
tion for a single particle of massm moving in one dimension. While most
of the terms in this equation have been properly described, the constant,
which appeared when stating that the left-hand side of Equation 2.7 had to
be a constant, has not been properly de ned. In fact, the selection of tHe
letter is not completely arbitrary. E has the same dimensions a$(x) and so
E has the dimensions of energy. In fact, it is postulated thaE is the energy
of the system. Hence, for cases where the potential energy is only a function
of x, there exist wavefunctions of the form:

x)+ V() x)=E (x) (2.10)

iEt

(xt)=e " (x) (2.11)
This wavefunction is a TD function nonetheless, any measurable quantity

is still time independent, as shown in Equation 2.12 for the probability den-
sity. Thus, the states calculated from it are typically called stationary states,
and neglecting their time-evolution is a correct approach when studying the
properties of the systems they describe.

. . h iEt I iEt

JCxDiP=(xt) (xt)= e (x) e (x)

=e% e T W= (0 K (212)
(0= (0f

2.1.2 The Born-Oppenheimer Approximation

Up to this point, the state function and the energy operator have been dis-
cussed entirely in a general way except for the non-relativistic TISE, which can
be expressed for a system of multiple particles moving in a three-dimensional
space as:

H=E (2.13)

Moreover, although the Hamiltonian operator has already been described
in Equation 2.2, the form of the time independent potential has not been
discussed. In the case of a molecular system[210, 211] containvhgnuclei
and N electrons, the energy operator is composed by the kinetic energy of
the nuclei (T,), the kinetic energy of the electronsT), the nuclear (V,,) and
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electronic (Vee) repulsion energy and the coulomb attraction between electrons
and nuclei V,e):
H= T, + Te+ Vin + Veet Ve (2.14)

Each of these terms can be expressed, in atomic units, as a function of the
nuclear (R) and electronic ¢) coordinates:

| X1
H(r;R) = —r 2 Zr 2
k=1 2m i1 2 (2.15)
Uz Y 1 R 7,
w AR R i R

wherek and | run over the M nuclei, i andj run over the N electrons,
my is the mass of nucleu& and Zy is the atomic number of nucleuk. From
this expression, it can be observed that the two kinetic energy terms only
depend on one of the particles of the system, while potential attraction and
repulsion terms present a pairwise interaction between two particles of the
system. Thus, the movement of any of the particles of the system is a ected
by the presence of all the other particles, therefore the movement of all the
particles of the system is correlated. This picture presents a great challenge
for the resolution of the TISE since there is no known analytic solution for a
system containing three (or more) particles. To facilitate the resolution of the
TISE, Max Born and J. Robert Oppenheimer proposed in 1927 the so-called
Born Oppenheimer (BO) approximation.[212] This approximation allows the
separation of the motion of the nuclei and the motion of the electrons by
considering that the motion of the nucleus is much slower than that of the
electrons due to their mass di erence (protons and neutrons are about 1800
times more massive than electrons). Withing this framework, the electrons of a
molecule are considered to present an instantaneous relaxation with respect to
the nuclear motion or what it is equivalent, the electrons are considered to move
in a eld of xed nuclei. Under this assumption, the second term of Equation
2.15, the kinetic energy of the nuclei, can be neglected and the third term, the
nuclear repulsion energy, can be considered to be a constant as the electronic
energy presents a parametrical dependence on the nuclear coordinates. Thus,
it is possible to describe an electronic Hamiltonian operator which depends
only on the electronic coordinates:

XV X hAD
ﬁel(r;R) = }I’ 2 4 ; % (216)
. . i=1 k=1 Jri k)
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Moreover, the total molecular wavefunction( r;R) can be separated into
a nuclear wavefunction ( R) that describes the vibrational, rotational and
translational movements of the molecular system and an electronic wavefunc-
tion ( r;R), which depends explicitly on the electronic coordinates but para-
metrically on the nuclear positions meaning that, for di erent arrangements
of the nuclei, ( r;R) is a di erent function of the electronic coordinates:

(rsR)=(r;R)(R) (2.17)

Under the BO approximation, it is possible to obtain the electronic energy
of the system, which depends parametrically on the nuclear coordinatds,(=
E.(R)) by solving the electronic TISE:

Ha(r;R) (1;R) = Eu ( 1;R) (2.18)

And so, the total energyE; is given by the addition of the K, and the
nuclear repulsion energy:

o z.2

Eot(r;R) = Eq + M—RIJ

k<l

(2.19)

The BO approximation is entirely justi ed in most cases and, without it,
the concept of PES, that is the surface de ned by, over all the possible
arrangements of the nuclear coordinates,[211] would not have a clear de ni-
tion and so, many pillars of chemistry would lack of theoretical support. For
instance, it would not be possible to determine the critical points on the PES
which are typically associated to equilibrium and transition state geometries
and, instead, it would only be possible to discuss high-probability regions of
the nuclear wavefunctions. However, and even though the use of the BO ap-
proximation is broadly used in computational chemistry, it completely breaks
down when two or more electronic states come close together energetically due
to the strong coupling between nuclear and electronic motions and, thus, the
motion of the nuclei can trigger changes such as an electronic transition[213,
214] or the nature of the character of the state. A description of the methods
that are able to overcome this is beyond the scope of the thesis, and several
accounts in that regard can be found elsewhere.[214, 215] Next sections will be
dedicated to the resolution of the TISE via di erent approximate numerical
techniques (within the framework of the BO approximation).
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2.1.3 The Hartree-Fock Approximation

While the electronic TISE in Equation 2.18 depends only on the spatial coordi-
nates of the electrons of the system (and parametrically on those of the nuclei),
a complete description of the electronic problem can only be achieved when
the whole nature of the fundamental particle is explicitly included. Thus, for
the description of each electron, it is necessary to describe not only its three
spatial coordinatesr but also a spin coordinate! :

x=fr;lg (2.20)

Therefore, the wavefunction of a general molecular systemfinteracting
electrons can be then expressed as a function of tkecollective variable of
each electron:

(( X1;X2;25%XN) (2.21)

Furthermore, electrons are fermions, meaning that they present half-integer
spin values, and as so, they obey the antisymmetry principle. This principle,
also known as Pauli exclusion principle, was formulated by Wolfgang Pauli in
1940[216 218] and states that:

under the exchange of two identical particles, the total (many-particle)
wavefunction is antisymmetric for fermions.

This means that, if the space and spin coordinates of two identical particles
(x; and x;) are interchanged, then the total wavefunction changes sign:

(XoyunXpunXsanXn) = (X4 inXj s an X XN ) (2.22)

One of the simplest ways to build this antisymmetric spin orbital wavefunc-
tion is by means of a Slater determinant (SD), a mathematical construct that
arrangesp one-electron spin orbitals wavefunctions (x), into a determinant
form in which rows are labelled by electrons and columns by spin orbitals:

a(X1) b(X 1) p(X1)
( Xy} XN) = p% a(_XZ) b(:XZ) . p(:XZ) (2.23)
a(Xn)  b(XN) p(Xn)

where (N!) 2 is just a normalization factor. By applying the properties
of determinants, this formulation ensures both requirements of Pauli exclusion
principle: (i) that the overall wavefunction changes sign when any two electrons
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are exchanged, since upon the exchange of two rows the determinant is mul-
tiplied by -1, and (ii) that two electrons cannot occupy the same spin orbital,
which would mean a SD with two identical columns and so it would make the
determinant equal to 0, meaning that the wavefunction does not exist. More-
over, when a spin orbital wavefunction is described by a single SD, it can be
demonstrated[210] that the motion of electrons with parallel spin is correlated
while the motion of electrons with opposite spin is not and so, this description
allows for the incorporation of some exchange correlation e ects. Nonetheless,
single determinantal wavefunction methods are considered to be uncorrelated
as the motion of electrons with opposite spins remains non-correlated.

Once the wavefunction is completely de ned, the di erent properties of
the multi-electronic system can be calculated by di erent operations that in-
volve the wavefunction. Nonetheless, it is not possible to solve exactly the
TISE. Withing the HF approximation, the complicated many-electron prob-
lem described in Equation 2.18 is reformulated by a sum of one-electron oper-
ators[210] in which electron-electron repulsion is treated in an averaged way,
thus avoiding the two-electron term:

Ax1) p(X)= B p(x) 8F 49 (2.24)

wherefE,g are the spin-orbital energies. Thd'(x) operator, denominated
the Fock operator, is de ned as the sum of the core Hamiltoniafi(x ;) and the
potential energy¥HF (x), which represents the potential of mean eld created
by the rest of the electrons of the system on electron one:

(x1) = Axy) + VM7 (x1) (2.25)

The core Hamiltonian fi(x;), as expressed in atomic units in Equation
2.26, not only contains the kinetic energy of the electron but also the coulomb
attraction between the electron and the nuclei.

X Z.

1
Ax)= Zr2+ =
(x2) ! Irr Ryl

5 (2.26)

k=1

Furthermore, VHF (x,) can be expressed as a function of the two-electron
integrals J1(x 1) and Kp(x 1), which represent the classical Coulomb repulsion
between electrons and the exchange interactions between electrons arising from
the antisymmetric character of the wavefunction, respectively:

Xy
VHF (x4) = Jb(x1)  Rp(x1) (2.27)

b=1
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where J}(x 1) and Ky(x1) are given by:
Z

Tyx) ax)= Ak (X2 b(X2)  a(X2) (2.28)
Jri rp

and:
Z

Rp(X1) a(x1) = dx ; b(Xz); a(X2)  n(X1) (2.29)
Jra ra

In practice, the HF approximation requires a more speci ¢ treatment of the
spin orbitals, which can be divided into two types: (i) restricted spin orbitals
with constrained spatial functions for up ( ) and down () spin functions and
(i) unrestricted spin orbitals with di erent spatial functions for and spins.
For a Restricted Hartree Fock (RHF) wavefunction of a closed-shell system,
N=2 spatial orbitals (r) are doubly occupied with the evemN number of total
electrons of the system and the restricted set of spin orbitals has the form:

f am(X)g= g;m E: ; m=1;2;::;N=2 (2.30)

Hence, the wavefunction of the ground state, 3, can be expressed as a SD
of the doubly occupied spatial molecular orbital$ ; j a=1;2;:::; N=2g, that
will be described in the following paragraphs. Analogously to Equation 2.24
and once the spin dependency is eliminated, the calculation of the molecular
orbitals is equivalent to the problem of solving the spatial integro-di erential
RHF equations:

fRHF(ry) (r) = ERF (ry) 81 g (2.31)

where the mean eld of the restricted Fock operatokR"F presents a factor 2
on the Coulomb operator with respect to that of the spin orbitals in Equation

2.27.
=2

VRHF (ry) = 205(r1)  Rp(ry) (2.32)

b

The resolution of these equations can be numerically achieved in atoms, but not
in molecules. To overcome this problem, Clemens C. J. Roothaan and George
G. Hall independently demonstrated in 1951[219, 220] that it is possible to
introduce a set ofK known spatial basis functiond (ry)j =1;2;:::;Kg,
typically called atomic orbitals, that allow the transformation of the di erential
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equation into a set of algebraic equations which can be easily solved by stan-
dard matrix techniques. Each unknown Molecular Orbital (MO) (r.) can
therefore be expressed as a Linear Combination of Atomic Orbitals (LCAO):

X
i(r)=  Ci (ry) i=1;2:5K (2.33)

=1

When performing a HF calculation, thef  (r;)g set of known atomic orbitals
is always restricted to a nite set ofK basis function due to practical computa-
tional reasons, and thus the selection of the basis plays a crucial role in the QM
calculation. As the basis set becomes more and more complete, the expansion
of the molecular orbitals becomes a more accurate description, converging to
the exact eigenfunction of the Fock operator in Equation 2.31.

Hence, Equation 2.31 reduces to the problem of calculating the set of ex-
pansion coe cients f C; g:

f’“‘“F(r)X( Ci (r):ER”FX( Ci (ry) (2.34)
1 i 1 I 1 .

=1 =1

Which, multiplying on the left by  (r;) and integrating, becomes:

w Z « Z
Ci dry (r)ff™ (ry) (r)=FE™  Ci dry (r) (ro)

=1 =1

RHF ~ — pERHF X _
FRAFC, = E C:S
=1 =1

(2.35)

where FRHF and S represent the matrix elements of the restricted Fock
operator and the overlapK x K Hermitian matrices, respectively. Although
the basis functionsf (r;)g are assumed to be orthonormal, in general they
are not orthogonal to each other and thus the overlap matrix is not equivalent
to the identity matrix.[210] In fact, the o -diagonal elements present values
between -1 and 1, where the sign only depends on the relative sign of the two
basis functions and the value, in magnitude, represents the linear dependency
between them. The set of equations in Equation 2.35 is the so called Roothaan-
Hall equations, which can be written in a more compact form as a single matrix
equation:

FRAF C = SCERHF (2.36)
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where ER"F is a diagonal matrix of the orbital energieER"F and C is a

K x K square matrix of the expansion coe cientsC; whose columns describe
the molecular orbitals as described by Equation 2.33:

0 1
ERHF 0 0
0 RHF 0
ERHF :% _ Ez_ _ , § (2.37)
0 0 ERHF
0 1
Cll C12 ClK
Cn C C
C = % o 2 (2.38)
CKl CKZ CKK

Having de ned C, S and ER"F the only missing piece is the explicit ex-
pression of the Fock matrixF R"F . Considering the de nition of the restricted

Fock matrix elementsF RHF in Equation 2.35 and the expression for the Fock
operator in Equations 2.25 and 2.32:

Z
dry (ro)f(ra) (ra)

ERHF —
Z

h i (2.39)
+ dry (ry) Zj\i(rl) IQi(rl) (ri)

The rst integral corresponds to the elements of the core Hamiltonian ma-
trix Fcore. Its elements involve the one-electron operat&(r 1) as described in
Equation 2.26:

ﬁcore =T + Vnucl (2_40)

Thus, its calculation involves calculating the kinetic and nuclear attraction
integrals; T and V" respectively:

Z
1
T = 5 dry (ror 2 (ry) (2.41)
" #
nucl ‘ X Zy
VT = dry (ra) i Rd (ra) (2.42)
k=1

Since thisH e matrix does not depend on the expansion coe cients, and
so on the molecular orbitals, it remains constant during the iterative procedure
required for solving the Roothaan-Hall equations. Hence, it can be evaluated
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only once during the HF calculation. On the ip side, the two-electron integrals
Ji(r1) and R(r 1) can be calculated analogously from Equations 2.28 and 2.29
but for spatial coordinates. Thus, substituting Equations 2.28 and 2.29 in the
second integral of Equation 2.39:

Z h i
dry (ro) 285(ry) Ri(ry)  (rq) =
N=2 Z
2 draidry (ra) (rl) - |(r2) i(r2) (2.43)
S
drodry (ra) (rl) 1 - |(r2) (ro)

and then solvmg for the set of known atomic orbitals in Equation 2.33:
Z

dry (ry) zf(rl) Ri(rl) (ry) =
N2 K Z
Ci Ci 2 dr1drs, (rl) (rl).r
i=1 7 J

ddrs (1) (De—r= () ()

o) () (244)

This expression can be written in a more compact way by considering the
de nition of density matrix P in Equation 2.45. This matrix species the
charge density function (r), whose integral over space gives the probability
of nding any electron at r within the interval dr .

P = 2C,C (2.45)

Hence, the Fock matrix element$ R"F in Equation 2.39 can be expressed
as:

FRHF — I_/tcore
+X< P ‘ dr,d —1
fadre (r) (M) () (f2 (54
}Zdr dro, (ry) (r); (r2) (rz2)
2 12 ! Yiry 1y ? ?

Equation 2.46 shows that the Fock matrix depends on the density matrix
which, at the same time, depends on the expansion coe cients as shown in
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Equation 2.45. Hence, the Roothaan-Hall equation in Equation 2.36 is non-
linear and needs to be solved iteratively. To do so, it is possible to perform a
change of basis such that:

XYSX = 8= 1 (2.47)

whereX is the transformation matrix obtained by diagonalization ofS and
1 is the identity matrix. Within this basis:

C=XC° (2.48)
Hence, Equation 2.36 can be written as:
FRAF XC %= SXCERHF (2.49)

which multiplying on the left by XY and substituting Equation 2.47 be-
comes:

XYFRAF XCO= XYSXCE™F
F RHF Q00— COgRHF

This equation, the transformed Roothaan-Hall equation, presents an eigen-
value problem, where the eigenvector€° and eigenvaluesER"F can be ob-
tained by diagonalizing the transformed restricted Fock matrixr RHF ©,

As mentioned before, the Roothaan-Hall equation needs to be solved in
an iterative procedure denominated the Self Consistent Field (SCF) process.
Once the basis set (r1)g and the molecule Ry, Zy and N) are speci ed,
it is possible to compute theS overlap and the < core Hamiltonian ma-
trices by means of Equations 2.35 and 2.40, respectively. Then, tBeoverlap
matrix is diagonalized to obtain theX transformation matrix. Consecutively,
an initial guess for the P density matrix is generated by means of an ini-
tial set of expansion coe cients C and then, the FR"F Fock matrix is built
from Equation 2.46. From this matrix and the X transformation matrix, it
is possible to obtain the transformed Fock matrix RHF © which, upon diago-
nalization, allows the calculation of theC° transformed expansion coe cients
matrix and the ERMF orbital energies. By transforming backC®into C by
means of Equation 2.48, it is possible to calculate a néwvdensity matrix and
determine whether the SCF procedure is converged by comparing, for instance,
the density matrices between iterations.

Once the SCF procedure is nished, it is possible to use the converged ma-
trices to compute di erent properties of the system. For instance, assuming
that the basis functions are centred on the atomic nuclei, then the correspond-
ing number of electrons associated with a given atorA in a molecule are

(2.50)
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obtained by summing over all basis functions centred on that atom by means
of the Mulliken population analysis. Hence, the nety charges associated to
that speci c atom are given by:

X %OS
Op = Za P S (2.51)
2A

whereZ, represents the charge of thé& atomic nucleus;P S , the number

of electrons associated with and the index of summation indicates that the
summation is produced exclusively on the basis functions centred on atdm
leading to a strong dependence on the basis set when computing the Mulliken
charges.

Furthermore, while the use of the Roothaan-Hall equations is restricted to
doubly occupied spatial molecular orbitals, it is also possible to apply the HF
approximation to a set of unrestricted spin orbitals in which theN and the
N electrons are described by a di erent set of spatial orbitalsf( (ri1)g
andf (rq1)g). This formulation is described by the Pople-Nesbet equations,
which are the unrestricted generalization of the Roothaan-Hall equations:[210,
221]

FC =SCE FC =SCE (2.52)

where, analogously to the Roothaan-Hall formulationS represents the
overlap matrix as de ned in Equation 2.35;E and E , the diagonal matrices
of the orbital energies andC and C , the K x K square matrices of the
expansion coe cients. Furthermore,F andF are the matrix representation
of the Fock operatorsf® and f* in the basisf (r1)g:
Z Z

F o= dry (r)f (r) (r) F = dry (r)f (r0) (r1) (2.53)

where the Fock operators are given by:

X X
fo)=Hher)+ L) R ol+  Jy(ro)

;1 ;fl (2.54)
fr)=Ar)+ [Ty Ryr)l+ Ty (ra)
b=1 a=1

and the fi(r;) core Hamiltonian, theJ}, (r) and J}, (r1) Coulomb andK_(r,)
and Rb(rl) exchange operators are analogous to those in Equation 2.26 and
2.43, respectively, for each (ri)gandf (r;)g set of spatial orbitals.
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These equations can be evaluated following a SCF procedure, similarly
to the Roothaan-Hall equations, solving the two matrix eigenvalue problems
simultaneously, sincec and F depend on bothC and C . Even thought,
unrestricted HF is typically employed to describe open-shell states of molecules
with a di erent amount of and electrons, in the very special case where the
number of and electrons is the same, the Pople-Nesbet equations might
present two independent solutions: (i) the restricted solution of the Roothaan-
Hall equations, which always exists and necessarily results if the initial guesses
forthe and density matrices are same, and, under certain conditions, (ii)
the lower in energy unrestricted solution.

2.1.4 The Variational Principle

The SCF procedure satis es the Variational Principle, which ensures the nd-
ing of the best possible approximate solutions for the TISE:[210, 222, 223]

Given a normalized ground state wavefunctiong(x ;:::; X ) that satis es
the appropriate boundary conditions of the system, the expectation value of the
Hamiltonian H is an upper bound to the exact ground state enerfy.

R
ngldxz:::de OI-'T 0
dx,dx XN o o

Eo (2.55)

Moreover, even though the variational method is stated for the ground
state energy, it is possible to generalise it to the excited states of state-specic
methods so that the expectation values of applying the Hamiltonian operator
to the trial wavefunction are always larger or equal to the electronic energy of
the excited states of the system.

Furthermore, the Linear Variational Method demonstrates that the di er-
ence between the exact solution and the approximated one arises from the
completeness of the basis set. Hence, for variational computational methods,
the use of an in nite basis set would result on the exact representation of the
wavefunction and the use of a nite basis set would imply an approximate
solution. Nonetheless, the larger the basis set, the more accurate the result of
the calculation but also the larger the computational time. Hence, the selec-
tion of the basis set plays a crucial role on the accuracy of the calculations,
and it is an issue that needs to be carefully addressed before-hand.
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2.1.5 The Molecular Orbitals Theory and Basis Sets

In previous sections, it was discussed how the MOs can be expanded in a set
of known atomic orbitals, denominated basis set, by means of the LCAO in
Equation 2.33. This approach only leads to an approximation of the exact MOs
since the exact solution for a particular level of theory is only achieved in the
complete basis set limit, which is given by an in nite basis set. Nonetheless,
such a basis set is not reachable since it implies the use of a huge number
of functions and an immense computational e ort. This section will cover a
mathematical description of these atomic orbitals together with some technical
considerations for their use.[210, 213]

There are two main types of basis sets: Slater Type Orbitals (STO) and
Gaussian Type Orbitals (GTO) given by:

STO m (5 )= NYym (50 )r" te

2.56
GTO ntm (337 )= NYym (5 )r?" 2 le r? ( )

where represents the number of functions included to describe an atom; |
and m, the quantum numbers;r; and ', the polar coordinates;N, the
normalization constant andY,.,,, a spherical harmonic function. GTO have
problems representing the proper behaviour near the nucleus as they fall-o
too rapidly far from the nucleus compared with STO basis sets and need three
times more functions to reach the same accuracy. However, they are preferred
in terms of computational e ciency since the two-electron integrals can be
more easily calculated.

When using either STO or GTO, the accuracy will be given by the number
of functions used in the expansion. While there is always a minimum amount
of them, referred to as minimum basis set, where only those functions needed
to contain all the non-virtual electrons of the neutral atoms are used, the result
given by them is rather poor and more functions need to be added to the basis
set. This is achieved by doubling, Double Zeta (DZ) type basis; tripling, Triple
Zeta (TZ) type basis; or even quadrupling or quintupling the functions of the
minimum basis set. Nevertheless, this approach can increase signi cantly the
computational time since it scales with the number of atoms. Therefore, a
further approximation, in which only the valence orbitals are duplicated a few
times, can be used. This split valence basis can be justi ed by the fact that
core orbitals do not participate in the chemical bonding and are very similar
to those of the isolated atoms. In addition, it is also possible to include extra
polarization and di use functions in the basis set. The former implies the use of
higher angular momentum functions to account for charge polarization e ects
and electronic correlation, while the latter describes loosely bound electrons
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and properties dependent on the wavefunction tail by means of basis functions
with small exponents.

Up to this point, it has been assumed that all the coe cients of the molec-
ular orbital expansion need to be optimized to minimize the energy. However,
the GTO present a functional behaviour di erent from the expected one for
the MO since core-electrons account for a large part of the total energy and so
this minimization will tend to increase the participation of core orbitals and
decrease that of the valence ones, which are, in fact, the most relevant for
the description of the properties of the system. Therefore, a bigger amount of
functions would be needed to achieve an accurate result and a corresponding
increase in the computational time. For this reason, and taking into account
that the variation of core orbitals with respect to the chemical bonding situ-
ation is very small, and therefore the coe cients in front of them also change
very little, it is a good approximation to describe this core orbitals as a lin-
ear combination of Primitive Gaussian Type Orbitals (PGTO), the full set of
basis functions, in which thea, expansion coe cients are xed. This xed
linear combination of PGTO is known as a basis set contraction, resulting in
Contracted Gaussian Type Orbitals (CGTO), and suppose a reduction of the
computational time.

X«
(CGTO) = a i(PGTO) (2.57)
|
Along this thesis only the so-called Popl& spgQh;H) basis sets have been
employed, that are split valence basis sets in whidhindicates the contraction
of the core orbitals, how many PGTO are used to represent them. Thapq
values correspond to both: (i) the degree of splitting of the basis set for s-
and p- functions, meaningsp a DZ basis set andspga TZ basis set, and (ii)
how many PGTO are used for their representation. Moreover, letters after
the G letter, between parenthesis and separated by a comma, indicate the
polarization functions (d- or f- type) added to heavy ) and hydrogen atoms
(H), respectively. Finally, itis possible to include di use functions, represented
by one or two + signs before the G letter.

2.1.6 The Density Functional Theory

Within the Hohenberg-Kohn formulation, DFT is a QM method that reduces
the computational time with respect to those based in the wavefunction by
substituting the multi-electronic problem with 4N variables (three spatial and
spin coordinates for each electron) by a one-particle problem with three spa-
tial coordinates independently on the number of electrons of the systerN |,
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since all the properties can be obtained from the electronic density, given by
Equation 2.58.[213]
Z 1
(r)=N drozadranj (rocinrn)ij? (2.58)
0
The position of the local maxima electron density, which is positive de nite,

correspond to the nuclear positions and the intensity to their respective nuclear
charges. Furthermore, the electron density must be such that its integral over
the whole space provides the number of electrons of the system:

Z 1

dr (r): N (259)
0

The Hohenberg-Kohn Theorems

DFT is based on two basic theorems given by Walter Kohn and Pierre Hohen-
berg in 1964.[224] The rst of them, which can be demonstrated by reduction

to the absurd[223] and that was generalized in 1979 by Mel Philip Levy[225]
to degenerated states, establishes that the wavefunction and the total energy
of the system is a functional of the electronic ground-state density or which is

the same:

Any observable of a non-degenerated stationary state can be written, ex-
actly, as a functional of the electron density of the ground state.

As stated by Hohenberg and Kohn, this theorem only holds for non-degenerated
ground stationary states with a N- and v-representable (r) electronic den-
sities. This means that (r) must be a positive function in all the space
whose integral is equal to theN total number of electrons of the system (N-
representable). Moreover, there exists an external potential from whicHr)
can be derived (v-representable). Whenever this theorem can be applied:

EL (1= TL(O)1+ Viel (M)1+ Veel (1)1 +(Van) (2.60)

whereT[ (r)] represents the electronic kinetic energWwhe[ (r)], the elec-
trostatic attraction between nuclei and electronsVee[ (r)], the electronic re-
pulsion energy; andv,,, the nuclear repulsion energy which, within the Born-
Oppenheimer framework, is just a constant. Moreover, sSinCe€[ (r)] and
Vee[ (r)] do not depend on the external potential they are typically gathered
into the Hohenberg-Kohn functionalFyk [ (r)], while, in isolated molecules,
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Vhe[ (r)] can be expressed in terms of the electronic density and the external
potential ve*(r):

Vne[ (r )] — \,ext
T = vo(r) (2.61)
Hence, Equation 2.60 can be rewritten as:
Z
E[ (1)]= Fux [ (N]+  dr (r)ve(r) (2.62)

The second Hohenberg-Kohn theorem represents a general version of the
variation principle, and states that:

The electronic density of a non-degenerate ground state can be calculated,
exactly, by determining the density that minimizes the energy of the ground
state.

Hence, for a trial density~(r), given that it is N- and v-representable:
E[«r)] Eo (2.63)

And so, the exact ground state density can be obtained by minimizing the
energy with respect to the electronic density:

EL ()]
(r)

This minimization must ensure the N-representability condition, which can
be done by apply the restriction in Equation 2.59 my means of Lagrange's
Method of Undetermined Multipliers. This method leads to the formulation
of the fundamental equation of the DFT:

EL()] _

(r) - Vext(r)+

where represents the Lagrange multiplier.

As happens with the HF approximation, the DFT lacks an analytic ex-
pression for theFyk [ (r)] functional of the exact density as the non-classical
contribution to the electron-electron interaction, which includes self-interaction
correction, exchange, and Coulomb correlation e ects, is neglected. Therefore,
approximate expressions have been proposed so that the problem becomes
that of determining the density that minimizesE[ (r)] for a given molecular
system. At this point, it is important to emphasize that, although exact in

=0 (2.64)

Fuk [ (r)]
(r)

(2.65)
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its formulation, DFT needs to be solved in an approximate way by means of
empirically parametrised equations to describe the Exchange Correlation (XC)
contribution that, in practice are responsible for the reduction of the computa-
tional time.[211] This implies that, when using approximate functionals, DFT
formally no longer respects the variational principle.

Kohn-Sham Approach

As mentioned in the previous section, there is no analytical expression for the
Fuk [ (r)]. This problem was addressed by Walter Kohn and Lu Jeu Sham
in 1965[226] by reducing the intractable many-body problem of interacting
electrons in a static external potential to a tractable problem of non-interacting
electrons moving in an e ective potentialv®' , which includes the external
potential, the e ects of the Coulomb interactions between the electrons and
the exchange and correlation interactions. They proposed a methodology to
calculate the electron density from the kinetic energy for a monodeterminant
wavefunction, for which they were awarded the Nobel prize in 1998, together
with the development of computational methods in quantum chemistgrried
out by John Pople during the second half of the 20 century.

Let's consider a reference system &f non-interacting electrons moving in
an external potential v, such that, when applied to the system, generates a
reference wavefunction , such that its electron density is the same that the
electron density of the real system:

[ []= ™ (2.66)

For this ideal system in which electrons only interact with the nuclei, the
HF method, described in Section 2.1.3, presents an exact solution, that of a
monoelectronic Hamiltonian:

X X
H, = f@r)= % r 2+ v(r) (2.67)

i=1 i=1

Furthermore, the exact , wavefunction obeying the antisymmetry prin-
ciple is given by a SD, as expressed in Equation 2.23, formed by one-electron
spatial MOs instead of spin orbitals. Hence, analogously to the HF Equation
2.24, the (orthonormal) set of molecular orbitald (r) j i =1;2;:::; Ng that
provides the wavefunction . is obtained by solving the one-electron TISE:

:—2Lr 24 v, (r) ()= ((r) 8f i(r)g (2.68)
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and so the exact density and the kinetic energy for the non-interacting
system are given by:

X\I - -
real(r) = ji(n)j? (2.69)
i=1
and
X4
T [ (r)]= > dr (r)r % i(r) (2.70)

i=1

In this reference system, the fundamental equation of the DFT in Equation
2.65 becomes:
E.L ()] _ T (r)]

= Gl Q) + v (r) (2.71)
and its total energy is given by:
W Z
ELMI]=  EB=T[@)]+ dr (r)v(r) (2.72)

i=1

This expression di ers from that of the real system given by Equations
2.60 and 2.62 on (i) the kinetic energy term since the kinetic energy of the
reference system is di erent form the real kinetic energy and (ii) the presence
of the Ve[ (r)] electronic repulsion term, which can be approximated by the
classical Coulomb's expression as a functional of the density:

ZZ

1 (r1) (r2)
2 drldrzjrl roj

J[ ()] = (2.73)

Hence, Equation 2.60 can be rewritten by adding and subtracting the ki-
netic energy functional of the non-interacting systent, [ (r)], and the coulomb
repulsion termJ[ (r)]:

z
E[ (D= T [ (M)]+ dr (rvi(r)+ J[ (r)]
(2.74)
+ T TL ()] + Veel ()] J[(r)]
where the last two terms in squared brackets correspond to:
Correlation kinetic energy Tc[ (D))= T[(r)] T (r)] (2.75)

Exchange correlation potential Wyl (r)]= Vel (r)] J[ (r)]
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These two expressions can be gathered in a single term, referred to as
the XC energy (Equation 2.76), which arises from all the complicated many-
body e ects, all the energy contributions that are not considered by a non-
interacting system of electrons and the classical electron-electron interaction:
(i) the dependency of the probability density of each other electron on the
probability density of a speci c one, (i) the self-interaction, (iii) the interacting
parts of the kinetic energy not supplied byT,[ (r)], and (iv) exchange energy
coming form the asymmetry of the wavefunction in Pauli principle.[213] This
energetic term, that is further discussed in Section 2.1.6, needs to be obtained
empirically with di erent approximate functionals.

Excl (M= Tl (1]+ Wyl (r)] (2.76)

Similarly to Vihe[ (r)] in Equation 2.61, this energy can be expressed in
terms of the electronic density and the XC potentialy(r):

E el (r)]
(r)

Considering the de nitions in Equations 2.73, 2.75 and 2.76, and within
the Local Density Approximation (LDA), Equation 2.74 can be written as:

Z 122
E[ (1)]=T,[ (N]+ dr (r)v(r)+ = drldr2M+ Ey (2.78)
2 jri o

= Vie(r) (2.77)

And so, applying the fundamental equation of the DFT in Equation 2.65:
z
EL@)]_ T (r)] (r2) , Exe[ (] _

= + V() +

(r) (r) o 1o (r)

which, de ning the Coulomb potential ' (r) as:
z

()= v(r)+ dr,

(2.79)

(r2)

- - 2.80
Jra rof ( )

and taking into account the de nition of v, (r) in Equation 2.77, becomes:

T (],
—_= 4 + =
(r ) (r ) VXC(r )

T:[(r)]
(r)

Hence, it is possible to conclude, by comparison with Equation 2.71, that the

equation for a system of interacting electrons is the same as that of a system

(2.81)
+ Verr (1) =
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of non-interacting electrons under an e ective potentiales (r). Hence, the
solution for Equation 2.81 corresponds to the expression in Equation 2.68,
wherev, (r) is substituted by ves (r):

RS 1S ()= B [ (n)

KS
%r 2+ Ve (1) (S(r)= B [S(r) 8t (g (2.82)

where KS(r) represents the Kohn-Sham (KS) orbitals and/e (r) is given
by:
Z

Verr (1) = V(1) + dra— 2k v (r) (2.83)
Jra 1o

Analogously to the HF method, the KS equations can be solved iteratively
by starting from a trial set of initial KS orbitals, which can be used to calculate
a trial electron density by means of Equation 2.69. This trial wavefunction can
be then employed to calculate the e ective potential using Equation 2.83 that
is required to solve the eigenvalue problem in Equation 2.82, leading to a new
set of KS orbitals.

As a nal remark, it is important to emphasize the main di erence between
HF and DFT. While the former is an intentionally approximate theory, with
a modest underlying motivation that is the ability to solve the relevant equa-
tions exactly; the latter is an exact theory, but the relevant equations must
be solved approximately because the form of a crucial operator is yet to be
discovered.[211]

Exchange-Correlation Functionals

The XC functional is a key ingredient of the DFT method since it allows

computing the XC potential of the system. Even though the existence of an
exact and universal functional has been proven, and its properties are well-
de ned, its shape is yet to be discovered. Some of these properties are:[213]

1. The self-iteration-free energy. For instance, the exchange and Coulomb
energies for one-electron systems should exactly cancel each other and
the correlation energy has to be zero.

2. Recovery of the uniform electron gas when the density becomes constant.
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3. Linear scaling of the electronic coordinates should result in a similar
linear scaling of the exchange enerdy,[ (r)].

cyr7)y = 3 -
(xy:2) = (X y:z ) (2.84)

Ex[ (N]= Ex[ (r)]

4. No direct scaling for the correlation energ¥.[ (r)]. However, scaling
the electronic coordinates by a factor larger than 1 should increase the

magnitude of the correlation.

EJ (r)]> E (r)] when > 1 (2.85)

5. The correlation energy for a nite system approaches a negative constant
when the scaling parameter goes to in nity.

The development of the XC functionals is based on tting some parameters
on mathematical expressions focusing on ful lling the known properties that
the exact functional should have, on the reproduction of some experimental
values or on a combination of both.

Figure 2.1: Jacob's ladder of density functional approximations.

Figure 2.1 represents the di erent families of XC functionals. The most sim-
ple of them are the LDA and its more general version, the Local Spin Density
Approximation (LSDA). These XC functionals, which were rst introduced by
Walter Kohn and Lu Jeu Sham in 1965,[226] are based on the uniform electron
gas model and only require the density for computing the XC energy. Another
functional belonging to this rung is the VWN, described by Vosko, Wilk and
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Nusair.[227] The Generalized Gradient Approximation (GGA) XC function-
als additionally introduce the gradient of the density ( (r)), thus, allowing

to account for slow variations on the density of the system and Meta-GGAs,
apart from the previously mentioned properties, also consider the kinetic en-
ergy density given by Equation 2.86. LYP,[228, 229] constructed by Lee, Yang
and Parr, is an example of this level of the ladder.

X
(r)=jr i(nj? (2.86)
i=1
Hybrid or hyper-GGA methods are found upper in Jacob's ladder. They

are based on the Adiabatic Connection Formula[230] that arises from the exact
connection between the XC energy and the corresponding hole potential con-
necting the non-interacting reference and the actual system. In this approach,
the exchange energy is, exactly, that given by the HF theory for the occu-
pied KS orbitals, while a good approximation of the correlation is obtained
by means of mixing the HF exchange with the LDA. Some of the functionals
used along this thesis, B3LYP[231, 232] and its long-ranged corrected version
CAM-B3LYP,[233] belong to this level of the ladder and are expressed as a
linear function of lower rungs in the ladder.

ESSLYP = aEfF + (1 a@EPA +b EP® + (1 QESHA (2.87)
ECAM B3LYP — E HF +(1 )ELDA + C888 E888+
Xc X X X

(E)I(_R;HF E)I(.R;B 88)+ CEIC'YP +(1 C)EXWN

with a=0:2, b=0:72 ¢c=0:81, =0:19 =0:46andc®¥ =0:81

Generalized random phase methods are found at the top of the Jacob's lad-
der. They require the knowledge of the full KS orbitals, not only the occupied
but also the unoccupied ones, which signi cantly improves the description of
dispersion interactions. The OEP2 functional[234 236] belongs to this rung,

and it is computationally equivalent to an iterative Mgller Plesset second-order
Perturbation theory (MP2) calculation.[237]

(2.88)

2.1.7 The Time Dependent Density Functional Theory

As stated by its rst theorem, the original formulation of the DFT can only be
applied to compute the ground state of the system and its properties. Nonethe-
less, in 1984 Erich Runge and Eberhard K. U. Gross were able to extend the
Hohenberg-Kohn theorems of DFT to problems involving TD external poten-
tials[238, 239] by proposing two new theorems: (i) the one-to-one correspon-
dence and (ii) the variational principle, which provides a stationary (but not
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a minimum) condition. The rst one of them, which is only valid for external
potentials, densities, and currents that can be expanded on a Taylor's series
evaluated around the initial time, states that:

There is a one-to-one correspondence via a TD current densify(r ;t)
between the v-representable TD densityr ;t) and the TD external potential
ve(r;t) up to an additive time function (t).

) (EY v+ () (2.89)

Hence, any operator is a functional of the TD density itself, since the
expectation value of any operator can be evaluated by the TD density. Fur-
thermore, the expectation values would, in principle, also depend on the initial
state wavefunction ( r;tg) = o(r). However, as proven by the rst Hohen-
berg Kohn theorem, there is a bijective mapping between the initial density
and the wavefunction. Hence, the operators can be expanded exclusively in
terms of the TD density.[240]

The second of the aforementioned theorems was under debate for a long
time since, even though it allowed the de nition of a TD-DFT functional, it
also introduced formal problems like the break of causality between the TD
perturbation and the TD response. It states that:

The action integral

z, Z @
A= . dt dr (r;t) i@tH t (r;t (2.90)

can be represented as a functional of the densi®y| (r;t)], which presents a
stationary point at the exact density of the system that can be computed from
the Euler equation:

@

er 0 (2.91)
The total action can be written as:
z, Z
Al (r;t)]= B[ (r;t)] dt  drv®i(r;t) (r;t) (2.92)

to

whereB[ (r;t)] is a universal functional of the density, meaning that the same
dependence on(r;t) holds for all external potentialsv®(r;t). Hence, in the
case of the true density of the system, the (unconstrained) stationary condition
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upon A implies that its functional derivative with respect to the density (r;t)
vanishes, as given by Equation 2.91.

Similarly to the KS methodology for DFT discussed in Section 2.1.6, one
can construct a TD non-interacting system with the same time evolution as
the real interacting TD system, with a TD electron density given by:

X
(= o 55(r;0j (2.93)
p=1

in which f, represents the orbital occupation and gs (r;t)g, the set ofK
TD KS spin orbitals. Under this assumption, the universal functionaB[ (r;t)]
can be described by:

W Z t Z
B[ (r;t))= f, dt dr (r;t) I@@t %rlz i(r;t)
i=1 7 to 7z 7 (2.94)
17" (ra;t) (rost) A ol (r:)]
= dt drqdrp,——~—°2"~ «l (r;
2 4 jri ro

where the (unknown) XC functionalA,.[ (r;t)] has beende ned. IfA[ (r;t)]
is minimized under the constraint in Equation 2.93, it is possible to demon-
strate that the TD KS spin orbitals follow the Schrédinger-like set of one-
electron equations commonly known as TD KS equations:

@ ks
@tP

where the TD KS Hamiltonian XS (t), which is a functional of the TD density,
is de ned as:

AS(t) KS(rity=1= KS(rit) 81 KS(r;t)g (2.95)

ARS (rt) = 6 (rst)+ v () + v [ (rost)]+ el (r;t)] (2.96)

It is formed by addition of the non-interacting kinetic energyf; (r ; t), the
TD external potential v®(r ;t), the TD Hartree potential vy [ (r1;t)], and the
TD XC potential vy [ (r;t)] with:

fi(r;t) = %r 2 (2.97)
and: b .
vl «(r;t)] = o|r°”t(Ir r% (2.98)
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This TD Hartree potential exclusively depends on the instantaneous density
t(r;t) at time t. However, the TD XC potential depends on all the density
history from tg to the current time. Equivalently to the KS DFT formulation
in Equation 2.61, it can be described as the functional derivative of the XC
action functional:
Axcl (5] _

T Vie[ (r;1)] (2.99)

Accounting for the time-memory e ect, or even trying to approximate it,
presents a challenging task. Therefore, the most common and simplest de-
scription possible of the TD XC potential, called the adiabatic approximation,
consists on neglecting the time-memory dependency. Within this approxima-
tion, the TD XC potential depends exclusively on the instantaneous density

t(r;t) and so the potential changes instantaneously following a change in the
electron density. Hence, supposing that the XC functional of DFT at, can
properly describe the XC e ects at all times, the TD XC potential (under the
adiabatic approximation) can be de ned as:

o= Axel ()] Exe[ o(rst)] _ .
Ve[ (r;t)] = ) FGORE Ve[ £(r;1)] (2.100)

This approximation is justi ed if the external TD is very slow and the
system begins in a ground state, which is not usually the case. Nevertheless,
and even though why this happens it still an open question, the adiabatic
approximation works surprisingly good for most cases, and for those cases
where it does not, such as the excited states of multiple-excitation character,
the failure clearly arises from the lack of memory.[241]

Linear-Response Time Dependent Density Functional Theory

In cases for which the external perturbation is weak, the TD-DFT equations
can bene t from the perturbative approach in the frequency domain. Conve-
niently, it is possible to express the Hamiltonian operatod as the sum of an
unperturbed Hamiltonian H, and a rst-order TD perturbation term of the
external potential ¢e*:

H=Ho+ o (2.101)

whereH, can be de ned in terms of the kinetic energy operatof’, the elec-
tronic repulsion operatorV.. and the unperturbed external potential operator
(O)Oext:

Ho= T + Ve + @01 (2.102)
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Furthermore within the interaction picture, the wavefunction can be expressed

as.
(r;t) = ot (rst) (2.103)

and any operatord, as:
G, = ot Ge Mot (2.104)

By substituting Equation 2.101 in the TDSE in Equation 2.1, in atomic units,
it can be demonstrated that:

i%t sty = v(r;t) ((r;t) (2.105)
Hence, the wavefunction in the interacting picture is given by:
Z t
(rt) = ofr) dtPve(r;t9 ofr)+ O(vPh? (2.106)

0

where the rst term correspond to the unperturbed (ground state) wavefunc-
tion; the second one, to the linear response of the wavefunction; and the third
one, to higher-orders of the response. When any TD operat®; is applied to
this | (r;t) wavefunction, the expectation value can be obtained by adding to
the expectation value of the unperturbed system O >, a rst-order response
term < O(t) > as de ned in Equation 2.108, thus achieving time separation:

Z
<O)>= dr (r;t)S, ((r;t)
Z, Z h i (2.107)
=< 8>y i dt® dr ,r) G(t); ¥(r;tY o)
0
Z, < h i
< O@>= i dt® dr o(r) G@); 0ty o(r) (2.108)

0

Hence, in the case of the density operatdXr ), that is de ned in the Schrodinger
picture as:
X
Nr) = (r ry (2.109)
i=1
but can be easily transformed into the interaction picture via Equation 2.104,
and considering that any multiplicative one-body operator such as¢®(r ;t)
can be written as:
Z

O (r;t) = dr vP(r; )N () (2.110)
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then, introducing Equation 2.109 into Equation 2.108, the rst-order response
of the density is given by:
zZ, Z

(r:t) = dt® drX(r;t;r%t) ve(r®t9 (2.111)
0

with:

(r;t)
ve(rot 5 (2.112)
= Qi(t t9 dr ()N Y] ofr)

X(r:tr%t) =

where ( t t9 represents a step function that only activates wheh> t  This
term appears because of the change of the integration limits when going from
Equation 2.108 to Equation 2.111X is known as the density-density response
function or susceptibility and it is an essential object within the Linear Re-
sponse (LR) approach since it allows describing the density in terms of the
LR. The physical meaning behind this function, as represented schematically
in Figure 2.2, is the description of the temporal behaviour of the density, how
it responds, at a certain point of spacér ;t) upon poking at (r ¢ t9).

Figure 2.2: Graphical representation of the e ect of the response function.

In order to obtain the energies (or the frequenciew), it is necessary to
understand the dependencies between the two time variablesand t° This
can be achieved by means of the Fourier transformation:

t t?P w (2.113)
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which leads to:
Z

X(r:rlw)=  dit tOX(r;tretev®

R R
x dr o(r)A(r) o(r) dr ()™ or)

o* w 3+ |
J=1

R
dr o(r)™r) a(r) dr. (N9 o(r)

W J |

=, (2.114)

where o(r) and ;(r) represent the many body ground and the unperturbed
excited state wavefunctions, respectively, and;, the excitation energy of the
state J given by the di erence between the energiels of the states:

1= B Eo (2.115)

Following a similar procedure to the KS formalism, it is possible to describe
a rst-order response for the non-interacting reference state:
zZ, Z
(r;t) = dt®  dr o, (r;t;r%t) ve(ret9 (2.116)
0

with the response function:

(r;t)

Xe(ritr8t)y= — 7
l'( ) Vrext(ro’,t%

(2.117)
which, after performing a Fourier transformation, can be expressed in terms
of the set of KS spin orbitalsf {fs (r;t)g and their respective occupation$,,
and KS eigenvalues:

X
Xi(rirw) = lim - (fq fp) F’\E\:) E’(qr) ‘*SZL iq(r)
pa

(2.118)

Hence, when the frequency is equal to the excitation energw (= ;) or,

in the case of the non-interacting state, when the frequency is equal to the
di erence of eigenvaluesW = 4 ), the response function presents a pole
(X = 1 ).[240] Therefore, once the non-interacting response function and
the exact TD XC kernel given by Equation 2.119 are known, it is possible to
obtain the excitation energies of the interacting system.

(2.119)
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It can be done by substituting the external potential of Equation 2.111 in
Equation 2.116 and, after Fourier transforming, it is possible to achieve the
Dyson-type equation for LR TD-DFT:

T X i Swg (rirSw) X(rr%w) = wXo(r;rGw)  (2.120)

In order to solve the indetermination that arises on this equation whew =
(the left-hand side tends to in nite while the right-hand side is nite) the rst
term in the left-hand side must beO, that can be easily imposed by solving
the eigenvalue problem:

B XCriwiy, (rrSw) X(rirSw) = wX(rirSw) - (2.121)

which, by expanding it in the KS spin orbital basis, leads to the usual Casida[242]
form:

A(r:rew)  B(r:rew) X(r;rew) _  X(r;r®w)
B (r;r%w) A(r;rew) Y(r;r%w) Y(r:rew) (2.122)
with the matrices A(r;r%w) and B(r;r % w) given by:
Aiagp (1510W) = a2 1)+ (iajf iy (51 S w)jbj) (2.123)
Biago (11 % W) = (iajf e (r; % wjjb) (2.124)

where the two-electron integrals are expressed in the Mulliken notation:

(pq'f“ﬁxz(r T3Wirs)

= drdr® (r) 4r) (2125)

+fe(rirSw)  (r9 s(r9

1
jir r9
From the sole knowledge of the exact,. and an initial KS density, a true
excitation energy of the system can thus be determined from this LR TD-
DFT equation, which is formally exact to determine the rst-order response
of the TD density:
X
(r; )= Kial 3) &(r) i(r)+ Yia( 5) alr) ;(r)) (2.126)
ia
Nonetheless, Equation 2.122 needs to be solved approximately. The most
common approximation is the aforementioned adiabatic approximation which,
within the LR framework, leads to a linear eigenvalue problem with a number
of solutions equal to the dimensions of th&(r ;r % w) and B (r ; r ¢ w) matrices
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thus losing the extra solutions corresponding to double and higher electronic
excitations since these matrices present the dimensions of one-electron excita-
tions. Furthermore, the quality of the excitation energies is strongly in uenced
by the fact that the XC e ects do not take into account the character of the
excited state. Another approximation is the so-called Tamm Danco Approx-
imation (TDA),[243] which consist on the decoupling of the excitations from
de-excitations by means of neglecting the terms coming from ttg matrix in
Equation 2.122 8 (r;r%w) = 0).[240] This approximation is less sensitive to
instabilities of the ground state and only a ects the excited state calculation,
improving the description of the energies at the expense of other properties.
It results in a solution of the form of a Hermitian eigenvalue problem:

A(r;rew)X (r:rlw)= wX(r;r®w) (2.127)

2.1.8 Typical Quantum Mechanical Calculations

Independently of the required computational QM modelling method, there ex-
ist several types of calculations that are common for most of them. Within
this section, the di erence between single-point calculations, geometry opti-
mizations, normal mode frequencies and scanning of geometrical coordinates
will be discussed, along with some important features of some of them. This
discussion will be constrained within a BO static framework so that the time
evolution of the nuclei, which is addressed in Section 2.2, will be neglected.

Single-Point Calculation

For a given arrangement of the position of théVl nuclei, a Single Point (SP)
calculation provides the electronic energy of the system under study without
modifying its geometry. It is important to stress that SPs are the basis of
many advanced QM molecular modelling techniques and they do not typically
provide any information about the slope and curvature of the PES since they
can be calculated for any nuclear con guration, regardless of whether it cor-
responds to a critical point or not. Nonetheless, it is also possible to study
the curvature of the system following the procedures explained in the Geom-
etry Optimization and Frequency Calculation sections. This curvature would
inform on whether the geometry is a stable specie (a minimum in the PES),
a TS (mathematically, a rst-order saddle point in the PES), or a higher en-
ergy structure. Moreover, SP calculations allow the study of potential reaction
pathways as will be discussed in the Scan Coordinate section and the relative
stability between di erent molecular structures. Furthermore, a SP does not
necessarily correspond to the calculation of the ground state but also refers to
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the calculation of vertical excitations from a speci c geometry. Therefore, SP

calculations also allow for the calculation of absorption and emission spectra.
Typically, this type of calculation is performed on top of an optimized geom-

etry. However, it can be useful to calculate this property for a set of sampled
geometries, as will be discussed in Section 2.2.7.

Geometry Optimization

Even thought SP calculations are the basis of the computational QM modelling
methods, many chemical problems require the location of stationary points of
the PES, points where the rst derivative of the electronic energy with respect
to the atomic coordinates is zero. In most cases, the desired stationary point
is a minimum, which can be easily distinguished from a saddle point since all
its second partial derivatives are positive. In general terms, all optimization
algorithms follow the gradientg, the rst derivative of the electronic energy
function with respect to all the coordinates thus pointing in the direction in
which the function decreases the most, and, in some cases, they also take into
account the matrix of second-order partial derivatives, the HessiaH .

Figure 2.3: Graphical representation of a general optimization procedure.
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As represented in Figure 2.3, for a given conformation of the system, both
the SP, the gradient and, sometimes, the Hessian matrix of the PES are cal-
culated. From this gradient (and Hessian), a new set of atomic coordinates is
determined and a new SP and gradient are calculated. This process is repeated
iteratively, until a saddle point is located.

The energy as a function of the atomic coordinates (and its derivatives) is
calculated within a given precision during the optimization process. Therefore,
the gradient can only be reduced to a certain value and, thus, any stationary
point can not be located exactly. In practice, the optimization is considered
to be converged if the gradient is reduced below a prede ned threshold value
and/or if the change of the function between two iterations becomes su ciently
small. These two criteria can be specially problematic in very at regions, since
convergence is very di cult to be reached as such stationary points are hard
to locate.[213]

The most common optimization methods for nding minima can be divided
into three types: (i) the Steepest Descent method, (ii) the Conjugate Gradient
methods and (iii) Newton Raphson methods.

(A) (B)

Figure 2.4: Graphical representation of (A) the Steepest Descent and (B)
Conjugate Gradient methods.

The Steepest Descent method, rstly proposed by Augustin Cauchy in
1847,[244] consists of a series of function evaluations along a search direction
d de ned as the negative gradient:

d= g (2.128)

In this method, an approximate minimum may be determined by interpolation
between the calculated points and, at this interpolated point, a new gradient
is calculated for the next line search. This algorithm ensures that, given an
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accurate enough line minimization, a lower function value will always be found.
However, it presents two signi cant drawbacks. Firstly, two subsequent line
searches are necessarily perpendicular to each other, as illustrated in Figure
2.4(A). Therefore, it neglects gradient components along the previous search
direction, which is particularly problematic for surfaces having long narrow
valleys. Secondly, the rate of convergence slows down as the minimum is
approached. Hence, it is very dicult to reach the real minimum using this
method, and it is mainly reserved for quick relaxations of poor starting points
to obtain a better initial guess for a successive more advanced algorithm.

One of these more advanced algorithms is the Conjugate Gradient method,
which improves the description and convergence of the search direction of each
| step via conjugation to the previous onel( 1), as graphically depicted in
Figure 2.4(B):

d| = g+t |d| 1 (2129)

where | is just a function of the gradients at two consecutive search di-
rections. There exist several formulations for its description, but the Po-
lak Ribiere[245] one in Equation 2.130 is usually preferred since it tends to
restart the procedure, which is often required during the optimization.

= 9 (@ 9 1)

o, (2.130)

Finally, the Newton Raphson method expands the true function to second-
order around the current pointr g:

f(r) f(ro)+ g'(r ro)+%(r ro)H (r ro) (2.131)

Considering that, in a stationary point the gradient of the second-order ap-
proximation must be equal to0, then the Newton Raphson step is given by:

(r ro)= H g (2.132)
which, in the coordinate system (9, where the Hessian is diagonal, becomes:
o= rd rdnory) (2.133)

with:
= — (2.134)
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wheref, is the projection of the gradient along the Hessian eigenvector with
eigenvalue |. This method can be used iteratively for stepping towards a sta-
tionary point because the real function contains terms beyond second-order.
By de nition, in the vicinity of a minimum, all the Hessian eigenvalues are pos-
itive, and the step direction is opposite to that of the gradient. However, if one
of the Hessian eigenvalues is negative, the step in that direction will be along
the gradient component, and thus increase the function value. In this case,
the optimization may end up at a stationary point with one negative Hessian
eigenvalue, a rst-order saddle point called TS in a chemical framework. In
general, this method will converge on the closest stationary point, regardless
of it curvature, whether it is a minimum, a saddle point or a maximum.

Newton Raphson methods can be combined with extrapolation procedures
such as the Geometry Direct Inversion in the Iterative Subspace (GDIIS)[246]
in which, the Newton Raphson step is taken from an interpolated point with a
corresponding interpolated gradient based on the previously calculated points
on the surface instead of from the last geometry. This approach attempts
to nd a low-gradient point within the already searched subspace. However,
this might be counterproductive since this procedure tends to pull the struc-
ture back to the at energy region whenever the optimization moves across
a at part of the surface before entering the region of the local minimum.
An advanced version of this algorithm, the Berny algorithm using the Energy-
Represented GEDIIS[247] based on an earlier program written by H. Bernhard
Schlegel[248] in 1982, is precisely the one used in the software Gaussian, the
QM software used along this thesis.

Frequency Calculation

As mentioned before, not all the geometry optimization algorithms ensure that
the nal geometry is a minimum of the PES, but a stationary point. Thus,
a frequency calculation is a crucial nal step of any geometry optimization
procedure, since it informs of the curvature of the system for a given nuclear
arrangement.

In the vicinity of any minima, the PES can be approximated by means
of the Harmonic Oscillator (HO) model. For simplicity, let's consider a A B
diatomic molecule. As illustrated in Figure 2.5, the PES would present a
minimum at the equilibrium distance Re, while at very small or large values of
the interatomic distance fas = jra rgj) the surface would present a vertical
asymptote to+1 or a horizontal asymptote toO, respectively.

Nonetheless, and independently of the shape of this PES, it is possible to
express its shape as a Taylor expansion of the interatomic distance function
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Figure 2.5: Graphical representation of the HO model.

around Re:
E(ras) = E(Re)* w (ras Re)
l'aB Re
+% dzir(—/g:B) Re(rAB Re)? (2.135)

Taking into account that the PES presents a minimum aRe, then the rst
derivative of the second term of Equation 2.135 must b&@ Moreover, it is pos-
sible to truncate this equation at second-order, since higher-order derivatives
become ever smaller. Hence:

1 d’E(r
E(ras) = E(Re) + 5; # (ras Re)? (2.136)
2! drig Re

whereE (Re) is just a system dependent constant and the second derivative

of the second term corresponds to the de nition oke, the force constant of
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the oscillator, that is related to the vibrational frequency ,g between the two

atoms: s
1 k
B = — — (2.137)
2
with the reduced mass given by:
= _MaMe (2.138)
ma + Mg

In the case of a polyatomic molecule, thé&,, force constants of each of
the nm number of vibrational normal modes 83M 5 or 3M 6 for linear
and non-linear molecules, respectively) correspond to the eigenvalues of the
Hessian matrix. Furthermore, the eigenvectors describe the relative movement
of the M nuclei for each normal mode. Hence, according to Equation 2.137,
if all the vibrational frequencies are real, then the geometry of the molecule
would correspond to a minimum of the PES. On the ip side, whenever a
vibrational frequency is imaginary, the PES would present a maxima in as
many directions as imaginary frequencies there are.

In addition to the curvature information of the PES for a given nuclear ar-
rangement, frequency calculations also allow accessing several thermodynamic
properties via the molecular partition function:[209]

q=qa'q*q’ (2.139)
where the electronic ¢F), vibrational (q"), rotational (gf) and translational
(q") partition function contributions can be expressed in terms of the Boltz-
mann constantkg; the temperature T; the Plank constant h; the speed of
light in vacuum c; the degeneracy of the electronic ground staig; the num-
ber of indistinguishable orientations of the molecule, called the symmetry

number; the rotational constantsA, B and C; the volumeV and the mass of
the moleculem:

o = % (2.140)
1 : h
q = ———— with = _— (2.141)
1 e ™ Kg
: T . hcB
Linear molecules ot = — with g= kL
lR 1 3 - (2.142)
-li R_ - Ks 2
Non-linear molecules ¢ e ABC
T with = phi (2.143)
; s 2mk g T '
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In the case of independent molecules, the molecular partition function can
be used to calculate the canonical partition function:

M
Indistinguishable molecules  Q = % (2.144)

Distinguishable molecules Q= "

which, at the same time, is related to the internal energy U(T = 0))
relative to its value at T = 0 (U(T = 0)), to the entropy S and to the pressure

P:
U uT=0= @mw (2.145)
@
s= Y Ug =0 | kaino (2.146)
_ @InQ
P=ksT av . (2.147)
where: L

These equations can be used to derive those of the Helmholtz energy (
A(T =0)), the entropy (H H(T =0)) and the Gibbs Free energyG G(T =
0)) by means of the standard thermodynamics relationships:

A=U TS ! A A(T=0)= ksgTInQ (2.149)

_ o @InQ @InQ
H=U+pV ! H H(T=0)= @ V+kBTV av . (2.150)
G=A+pV ! G G(T=0= kgTInQ+ kgTV @InQ (2.151)

T

Scan Coordinate

Sometimes, it is interesting to investigate how certain properties of the system
are aected by speci c changes in the position of the nuclei. For example,
what happens when the distance between two atoms is gradually increased,
leading to a dissociation process or when a torsion around a single bond takes
place. In these cases, it is possible to perform a so-called rigid scan, used
in Chapters Ill, IV and VI of this thesis. It consists on the generation of a
series of distorted geometries along a speci c reaction coordinate in order to
perform SP calculations on top of each of them to obtain the desired property.
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Nonetheless, it is also possible to use these geometries as starting points of
geometry optimizations to obtain a relaxed scan. In this case, it is required to
apply some constrains during the optimization procedure which can be done
by either using (i) a penalty function, in which the reaction coordinate is
constrained to be near a target value by applying an external potential; (ii)
Lagrange undetermined multipliers, so the optimization is then performed on
a Lagrange function by requiring that the gradient components with respect to
the constrained variables of the system are equal to zero, or (iii) a projection
method, in which a general non-linear constraint condition can be considered
to be ful lled by projecting out the rst-order linear Taylor approximation to

the function.[213]

Charge Transfer Analysis

Additional to these types of calculation, it is also possible to study specic
electronic properties of the system, like the CT number. This property al-
lows for the quanti cation of the number of electrons that are transferred from
one fragmentA to a di erent fragment B of the system under study upon an
electronic transition.[249] Upon fragment identi cation, it is possible to con-
struct di erent excited states by creating an electron hole pair whose e ective
wavefunction can be extracted from the one-electron transition density matrix
between the ground and excited states:

TO! (rrz're) 5

(2.152)
N olrnira;  5rn) o (resrz; sry)drp  dry

where  and | are, respectively, the ground and excited state wave-
functions andr, andr, coordinates represent the hole and electron that orig-
inate from the two electronic states. From this one-electron transition density
matrix it is possible to decompose the excitation into di erent local and CT
contributions by computing the CT numbers:
Z Z
CTag = JTO' (rn;re)j?dr edrp (2.153)
A B
where the hole and electron are restricted to fragmeni#&s and B, respec-
tively. Practically speaking, this integral can be evaluated using a population
analysis scheme like, for instance, the Léwdin orthogonalization.[250, 251]
X X ~ L
CTag = Sl=2T0ol gt=2 (2.154)
2A 2B
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whereS is the again the overlap matrix andT represents the one-electron
transition density matrix in the basis of the atomic orbitals:

TO' = CcTO'CT (2.155)

2.2 Nuclear Motion Simulation

Some chemical reactions are driven by the energetic di erences between the
chemical species along the reaction coordinate. Nonetheless, the reactivity can
not be explained exclusively by a thermodynamic control. In many cases, it
is crucial to understand the kinetics of the reaction and therefore the nuclear
motion of a system over time. A typical example of this, is the degradation of
diamonds to graphite that, although it is thermodynamically favourable under
standard conditions, it can take from millions to billions of years to happen.

In order to study these TD processes, the most accurate description of the
nuclear motion is the TDSE in Equation 2.1, since it contains the rst deriva-
tive of the wavefunction with respect to time and allows the calculation of the
future wavefunction at any time, given an initial wavefunction at timetq.[209]
Even thought the electronic and nuclear contributions to the wavefunction are
separable in the BO framework, as shown in Equation 2.17, and therefore the
electronic part for a given nuclear con guration can be used to determine the
future nuclear position, this approach is very computationally demanding even
for systems of few atoms. In practice, it is possible to use deterministic sim-
ulations, given by the Molecular Dynamics (MD) method, to obtain a time
evolution of the system by integrating Hamilton's equations of motion.[252] In
these framework the BO approximation is implicit included and so the motion
of the nuclei is inherently decoupled from that of the electrons.

2.2.1 The Hamilton's Equations of Motion

Hamilton's Equations of motion, as expressed in Equation 2.156, are the pair of
equations that allow for the propagation of nuclear coordinates and momenta
of the system to calculate its time evolution:
dpk _ du di _ de
dt =~ dRy dpe  dt
They can be easily derived from Newton's laws and the de nition of the kinetic
energy. Hence, starting from Newton's Second law:

(2.156)

Fio= o (2.157)
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where F and py represent the forces and the momentum for a given atom;
and knowing that, for conservative systems, the relationship between the forces
acting on each atom and the potentiall is:

du
Fk = aR, (2.158)
then, the rst Hamilton equation of Equation 2.156 is simply obtained by
equalling Equations 2.157 and 2.158. In the case of the second Hamilton
equation, it is obtained by deriving the expression of the kinetic energy with
respect to the momentum:
di _ d pE 2pk MkVg _ de

= = = Vg =

dox  dpk 2me | 2me | mg o (2.159)

In order to solve these equations, three di erent ingredients are required:
() an integrator to propagate particle positions and velocities in time, (ii) an
interaction model to describe the potential energy of the system and (iii) a
selected thermodynamic ensemble to determine the thermodynamic quantities
that need to be controlled during the simulation.[252] Next three sections are
dedicated to thoroughly describe each of these elements. Furthermore, more
speci ¢ details of some of them like, for instance, the speci ¢ algorithms em-
ployed along this thesis will also be discussed.

2.2.2 The Integrator

The integrator is a key ingredient for the implementation of MD, since it allows
propagating the positions and velocities of all the atoms of the system in time
by numerically solving the Hamilton equations of motion in Equation 2.156.
It must meet some requirements: (i) accuracy so that the resulting trajectory
corresponds to a good approximation of the real trajectory; (ii) stability in
the sense that total energy is conserved and that small perturbations of the
system do not lead to instabilities and (iii) robustness, that allows the use of
large time steps during the propagation.

There exist several types of integrators: (i) the expansion based methods,
constructed by expanding the positions and velocities in a Taylor series; (ii) the
operator splitting methods, based on the phase space description of a classical
system and that additionally allow splitting the propagator into several time
scales, and (iii) the multiple time step methods, that allow to decompose the
time scales of the system depending on the speed of the motion of the di erent
degrees of freedom (DOF).[252] All along this thesis, the MD simulations ex-
clusively use the Velocity Verlet algorithm,[253] an expansion based integrator
that is explained thereupon.
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The Velocity Verlet Algorithm

The velocity Verlet algorithm allows obtaining the atomic coordinate®R x and
the velocities vy at a certain time from the positions and velocities of the
previous step and from the acceleration of previous and current time steps:

Rie(t+ t)= Ri(t)+ ve(t) t+ %ak(t) t2 (2.160)

Vet 0= )+ 2@+t 1) b (2.161)

where t represents the time step, the time between two consecutive steps
of the trajectory. As commented before, the velocity Verlet algorithm is an
expansion based method. Therefore, its equations are directly obtained by
performing a Taylor expansion aroundR (t) and vi(t) for coordinates and
velocities, respectively.

In the case of the coordinates:

thk(t) N t2 d?R () N t3 d®R (1)
dt 21 dt? 31 dtd
Hence, truncating up to second-order and identifying the derivatives of the
rst and second-order terms in Equation 2.162 with the velocity and the accel-

eration, respectively, the Equation 2.160 for the propagation of the coordinates
is directly obtained. Doing the same for the velocities:

dvi (t) t2 d?vy (t) e dvi(t) |
it + T a2 + TR + 0 (2.163)

However, in this case, it is not possible to identify the second-order term of
the expansion with a property of the system so an expression for it needs to

be obtained, which can be achieved by doing another Taylor expansion around
dvy (t) .
d

Rie(t+ 1)= Ry(t)+

+ 1 (2.162)

Vi(t+ t)= ve(t)+ t

dvi(t+ ) _ dvi(t) | tdzvk(t) , o rdw)
dt dt dt2 2! dtd

Truncating Equations 2.163 and 2.164, solving the latter for the rst-order
term and substituting it in the former; then, it is obtained that:

dvi(t) , tdv(t+ ) tdvi(t)

(2.164)

Vi(t+ )= () +

dt 2 dt 2 dt
B tav(t+ 1) tdv(t)
B t odv(t+ 1) dvk(t)
= v+ = dt T
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In this equation, the terms in the parenthesis can be easily identi ed as the
acceleration of the future and current steps, respectively; thus obtaining the
equation for the propagation of the velocities of Equation 2.161.

As it is necessary the information of the acceleratioay of the future step,
the calculation of the velocity is performed in two steps. Initially, the rst
two terms of Equation 2.161 are calculated since they only require the already
known information of the previous time step and then, after the new coordi-
nates are obtained and the acceleration recomputed, the third term is added.
Accelerations are calculated by means of Newton's second law:

ag= -~ (2.166)

where the forces acting on each atorRy are determined from the potential
energy of the system, which assuming it is conservative, only depends on the
atomic positions of the atoms:

@UR1; 5 Rwm)
@Ry

At the beginning of the simulation, the coordinates are taken either from exper-
imental results, as in the case of proteins, or previous theoretical calculations
and the velocities, from a Maxwell-Boltzmann distribution given by Equation
2.168 at a certain temperature, supposing that the system is in thermal equi-
librium.

Fk(RyinRw) = (2.167)

3
2 mv2
P(v) = 4 ”;—k vie "3 (2.168)

2.2.3 Interaction Model

Apart from the integrator, Hamilton's equations of motion in Equation 2.156
require the description of the potentialU(R ). This description can be given at
di erent levels of theory, leading to two avours of MD: (i) Ab Initio Molecular

Dynamics (AIMD), in which the potential is obtained from a QM description

of the electrons, and (ii) Force Field (FF) based MD, in which the potential is
calculated from a sum of analytical and empirical functions.

Ab Initio  Molecular Dynamics

The most accurate way for describing the potential on which the nuclei move
during a MD simulation U(R) = (R 1;R5; iRy ), as it appears in Equation
2.156, is to solve the TISE in Equation 2.18 at a suitable QM level.[254] In
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this strategy, that is referred to as AIMD, the Hamilton's equations of motion
are solved for a given set of coordinates at a speci ¢ tinfe(t9 and then, they
are propagated numerically using, for instance, the Velocity Verlet algorithm
presented in Section 2.2.2. At every time step’, the coordinatesR (t9 are
used to compute the energyJ(R (t9) and the gradientr U(R (t9) at a QM
level, which in turn is used to determine the position of the atoms at time
t°+ t by introducing it in Equation 2.156.

Some typical examples of applications include the exploration of reaction
pathways and the research of transition state structures,[255, 256] and the
computation of thermodynamic properties at a high level of theory.[257, 258]

Force Fields

In the FF based MD methods, the potential energy of the system is approxi-

mated by a sum of analytical and empirical functions. The collection of these
functions is called FF. Usually, the functions are divided in bonding and non-

bonding terms[259] and each of them tries to describe a certain kind of atomic
movement or pairwise interactions as represented in Figure 2.6.

ytotal = ybonding 4 ynon bonding (2_169)

Within bonding interactions, there are three main types: (i) bond stretching,
(i) bond angle bending and (iii) dihedral angle interactions. The rst one,
which represents the elongation and contraction of the interatomic distance

(A) (B)
(B)

©) (D)

Figure 2.6: Graphic representation of the main kinds of interactions employed
in FFs. (A - D) Represent the bonding terms (bond stretching, angle bending,
proper dihedral and improper dihedral, respectively) and (E), the non-bonding
terms.
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between two covalently bonded atoms, is usually given by either a harmonic
(in non-reactive FFs) or a Morse potential (in reactive FFs):

- 1
Harmonic Uag (Rag) = ékAB(RAB Ro)?
1 (2.170)
Morse Uag (Rag ) = ékAB (1 eRae Ro)2

The second one describes the angle variations between three consecutively
bonded atoms:

1
Uagc (#agc ) = Ek#(#ABC #o)? (2.171)

These two terms are, respectively, 1-2 and 1-3 interactions. The last one,
the 1-4 interactions given by Equation 2.172, can be subdivided in proper
dihedrals, which describe the rotation around thé8C bond (angle formed by
the planesABC and BCD, see Figure 2.6(C)), and improper dihedrals that
describe the variation of the angle formed by the plane&BC and ACD in
Figure 2.6(D). The latter are used to ensure planarity and, sometimes chirality
of some groups.

Proper dihedrals Upr o(" A D)= }k- (L+codn' A b o))
2 (2.172)

1

Improper dihedrals Ua o( ag) = ékqs( AD o)
The most common function to describe the bond stretching, the bond angle
bending and the improper dihedral is an harmonic potential, a quadratic func-
tion that reproduces oscillations around an equilibrium valuerg, #, or ) with
a certain frequency, associated to the force constarkg , ks or k ). However,
this formulation is only able to describe the behavior of the system close to
equilibrium and it is not capable of describing bond breaking and formation.
Hence, other functions like the Morse potentials can be used to obtain a bet-
ter description at regions of the PES far from equilibrium. In the case of the
proper dihedral, the description uses a periodic function whelie is related
to the height of the energy barrier;n to the number of minima in the energy
function and '  is the phase factor associated to the position of the minima.
This formulation can also be generalized to the description of all the dihedral
angles, like it is done in the Amber20 software.[260] One of the problems of
splitting the bonding terms in di erent contributions is that, in real systems,
they are usually coupled. To avoid this problem, it is possible to describe
crossed terms like in the Urey-Bradley potential, where the variation in energy
upon angle bending depends on the distance between atoms in positions 1 3.

105



CHAPTER Il

Non-bonding terms represent the interactions between atoms separated by
more than three bonds or not bonded at all. They are divided in electro-
static and van der Waals interactions. The former comes from the interaction
between two-point chargesd), expressed as a Coulombic potential:

G

Uss"°™ (Rag ) = Ras

(2.173)

The latter, typically described by a Lennard-Jones 12-6 potential, comprises
a repulsive term based on Pauli's principle and an attractive term that arises

from dispersion forces:

|
12 6

Ut .12 =4 _AB _AB 2.174
T R Ras @174

This expression includes the minimum of the potential well § and interatomic
distance at which the value of the potential is O ().

To apply a FF, it is important to determine the force and equilibrium
constants that characterize the interactions. In practice, they are assumed to
be transferable, which means that the functions developed on a small set of
molecules can be applied to a larger group of them of similar characteristics,
similar functional groups. Therefore, each atom of the system can be classi ed
into a speci ¢ atom type depending on its surrounding and, for each atom type,
these constants are parameterized. Nonetheless, although FFs are suitable
to explore the conformational space of a system consisting of hundreds of
thousands of atoms, as will be discussed in Section 2.2.7, the form of the
potential in Equation 2.169 is not suitable to study phenomena which involve,
for example, bond breaking and formation.

Along this thesis, di erent sets of FFs have been used to describe di erent
biological systems. Speci cally, the General Amber Force Field (GAFF)[261]
has been used to describe small organic molecules, the 19SB FF[262] to de-
scribe the luciferase protein and the TIP3P[263] to describe water molecules.
Furthermore, the OxyLUciferin Force Field (OLUFF)[264] has been developed,
as will be discussed in Chapter 1V, in order to describe the behaviour of the
OLU chromophore in both the ground and rst electronic excited states.

The Seminario method - FFs are usually developed for the S However,
during this thesis not only the PES of the ground state but also that of the
S;, was aimed to be reproduced. Hence, in order to sample this two electronic
surfaces, it is possible to parameterize the equilibrium and force constants
values of a molecule by means of QM calculations. For instance, it is possible
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to use the Seminario method[265], that relies on the harmonic approximation
previously described in Section 2.1.8, to obtain them.

The equilibrium bond distances and angles can be directly taken from an
optimized geometry computed with the preferred software, while the force
constant values can be obtained from the Hessian tendéi of the system:

E
[Kl= ki = —@%@R

The Hessian is exactly related (up to second-order on a Taylor series expansion)
to the 3M component reaction force F generated as a consequence of a small
displacement R of the M atoms in a molecular system, as expressed Equation
2.176. Moreover, it represents the intramolecular FF of the system. Thus,
its eigenvalues ; are the 3M force constants (3 translational, 3 rotational
and 3M 6 vibrational modes) and its eigenvectors ;, the directions of the
displacements of the corresponding normal modes.

F= [k R (2.176)

(2.175)

In the case of the bond force constants, the previous equation can be simpli ed
to a pairwise interaction in which the reaction force on an atom A (Fa) is
expressed as a function of the displacement of an atom BRg) (see Equation
2.177 where the minus sign is comprised in the tensor). Therefore, the tensor
Is a 3x3 matrix that has 3 eigenvalues and eigenvectors.

Fa=[kas] Rs (2.177)

If one or more eigenvalues or two of the eigenvectors are complex, then A and B
are not bonded since the pair wise interaction is unstable. The force constant
can have contributions from more than one eigenvalue of [kag ] when any
of the eigenvectors coincide with the direction from A to B and so, it can be
expressed as a projection of each of the eigenvectof$§ in the unitary vector
from A to B (u”®):

x3

Kag = iABjUAB iABj (2.178)

i=1
In the case of bond angles, the force constant is de ned as:
1 1 1
— = P + P (2.179)
Ky

2 AB i PA AB ; 2 3 CBj P CB;
s =1 i JU A I T s [V |

whererag andrqg represent the bond lengths andi® and u®€, the projec-
tion of the unitary vectors in the direction of the bond onto a unitary vector
un perpendicular to the bondsAB and CB:
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uPA=uy u”® uP®=uy uct (2.180)
uCB A8
Un = JUCB—UABJ (2181)

For both cases the order in which the atoms are considered does not a ect the
computation of the force constant since, taking into account the third law of
Newton, a pair of forces acting on the two interacting objects are the same
in modulus and direction but opposite senses. A similar formulation for the
reparametrization of the dihedral angles can also be described, taking into ac-
count the projection of the bond unitary vectors to the unitary vectors perpen-
dicular to the ABC and BCD planes. However, for small molecules dihedral
angles are not usually parameterized, but directly taken from the GAFF, since
bond and angle potentials contribute more to the potential energy and are,
in principle, more relevant. Moreover, software's such as AMBER[260] only
allow the description of the dihedral angles as a periodic function and not as
a harmonic potential, as in the Seminario method. Hence, a parameterization
of the proper dihedral angle would require a di erent approach, as the one
followed in Chapter IV.

2.2.4 Thermodynamic Ensembles

A thermodynamic ensemble is the assembly of all possible microstates, all
the possible states consistent with the thermodynamic constraints of the sys-
tem.[266]A priori , the selection of one ensemble or another should provide the
same results. However, di erent stages of the MD simulation might bene t
from one speci c ensemble, as they provide a control mechanism to ensure a
proper description of the system. For example, during a simulation in which
the temperature of the system is increased, it is bene cial to use an ensem-
ble that maintains constant the volume to avoid an abnormal expansion. On
the other hand, using an ensemble that xes temperature and pressure allows
a control of the density along the simulation since the volume is allowed to
change.

There exist several types of control mechanisms that can be applied to the
measurable properties of the system: (i) di erential control, in which the ther-
modynamic quantity is xed and no uctuations are allowed; (ii) proportional
control, in which some variables are coupled to a thermodynamic property
and thus, it is corrected along the simulation by means of a coupling constant
that determines the strength of the uctuations of the property; (iii) integral
control, in which an extended Hamiltonian, where variables that represent the
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e ect of an external system, are introduced to x the state to the desired
ensemble; and (iv) stochastic control, in which modi ed equations of motion
are used to propagate the values of the variables coupled to the thermody-
namic property.[252] Typically, the measurable properties that are controlled
are temperature and pressure and the algorithms applying these constrains
are denominated thermostats and barostats. However, it is also possible to
introduce a constraint to induce energy conservation, as in the microcanonical
ensemble (NVE). Thereupon, the thermostat and barostats used along this
thesis will be explained, although there exist many others.

Langevin Thermostat - The Langevin thermostat[267, 268] is an stochas-
tic thermostat that is used to control that the simulation runs within a canoni-
cal ensemble, an ensemble in which the number of particles, the volume and the
temperature are constant (NVT). This model is based on collisions between
virtual particles and the DOFs of the system. To do so, Gaussian friction
random forcesF4q (t) With zero mean, taken from Stokes' law, are applied on
each atom and, therefore, Equation 2.167 is modi ed to:

@UR ;5 Ru)
@R
where represents a friction constant parameter and the amplitude of the

random force is determined by the second uctuation dissipation theorem:

H:rand;i (t)Frand;j (t(% = 2mi k BTO j (t tc) (2.183)

wherekg represents Boltzmann's constant and,, the objective temperature.
The collision frequency, related to , should not be extremely high to avoid a
big disturbance of the phase space trajectory and a strong loss of the memory
of the particle and thus, a fast decay of dynamic correlation functions.

The instantaneous temperature T) of the system can be calculated along
the simulation through the de nition of the averaged translational kinetic en-
ergy obtained from a Maxwell-Boltzmann distribution of molecular speeds.[269]
This distribution, that agrees with the equipartition result, can be used to de-
termine the average kinetic energy of a particle in a gas is given by Equation
2.168. Therefore, the average kinetic energy of a particle can be expressed as:

Fi(Ry i Rw) = m Vi (t) + Frang (1) (2.182)

1
thii = h%m,Vlzl = %miViZP(Vi)dVi (2184)
0
Substituting Equation 2.168 into Equation 2.184:
3 Z
.1 ;o201 miv?
WTgi = =m4 vie "7 dv, (2.185)
2 2 0
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and knowing that the result of the integral is given by:

1 e 3 keT 2 2KkgT ¢

vie "7 dvi= -~ — (2.186)
0 2 m; m;
Then:

1 m  ¢3 keT 2 2kgT 7 _ 3

i=-m - 2 B B =
hTyil = 2m.4 > > m m 2kBT (2.187)

On the other hand, the kinetic energy is usually expressed as:
A |

hTyi = >m; v?2 (2.188)

Hence, combining Equation 2.187 for all the atoms of the system and Equation
2.188:

X3 X

thii = —kBT = —Mm; Vi2 (2189)
2 2
i=1 i=1

and solving for T:

. mp Vv . mi Vv

T=-2_1 1= =7 | 2.190
Mk ks Noor (2.120)

beingM the number of atoms in the systemkg, the Boltzmann's constant
and Npor , the number of DOF.

Monte Carlo Barostat - In the case of requiring an additional control of
the pressure P), like in the isothermal-isobaric ensemble (NTP), the use of
a barostat is mandatory. One of the barostats employed along this thesis is
the Monte Carlo (MC)[270] barostat, in which the control of the pressure is
obtained stochastically by means of a trial volume change:

V = nrand Vmax (2.191)

wheren,ng represents a random number between -1 and 1 andv,. is the
volume variation limit chosen so that a typical MC acceptance ratio of about
40 50% is achieved. Then, the box lengthd;) and centre of mass coordinates
(ry) of each molecule are rescaled according to:

Y]
Ri! (R ci)3v+ci (2.192)




CHAPTER I

beingV®= V + V and c; the coordinates of the centre of the periodic box.
This new con guration is accepted with the standard MC probability ofe W

if the Metropolis weight function, given by Equation 2.193 wher®, represents
the target pressure, is larger than 0, and it is always rejected otherwise.

0
W=U% U+Py V NkBTIn% (2.193)

Berendsen barostat -  The other barostat used along this thesis is the
Berendsen barostat,[271] in which a proportional control of the pressure is
obtained by means of a weak coupling to an external constant pressure bath.
In this case, and extra term is added to the de nition of the velocities of the
system in Equation 2.161 and so:

v ! Vi ——R; (2194)

where represents the isothermal compressibility?, and P, the objective and
the instantaneous pressures, respectively, angd is the time constant of the
coupling, a characteristic timescale in which the pressure will approach Ry.
P can then be calculated from the kinetic energyTi, de ned as in Equation
2.188), the volume ¥) and the FF:

P

o Tkt 3 Ri F (2.195)

This formulation represents a scaling of the coordinateR and box lengthL
[252]R ! sR andL ! sL beings given by:

t(Po P)

s=1
3p

(2.196)

2.2.5 Periodic Boundary Conditions

MD simulations are preformed for a relatively small number of atoms, when
compared to the usual amount of them in real systems, which modi es the ratio
of atoms on the surface of the system and, therefore, in contact with vacuum.
To overcome this problem, Periodic Boundary Conditions (PBC) are applied to
the simulation. Within this model, the computed system[213] is replicated in
space along the three dimensions (see a two-dimensional scheme in Figure 2.7),
which allows accounting for the long-range non-bonding interactions while the
equations of motion are solved only for the atoms in the primary cell.[213]
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Figure 2.7: Schematic 2D representation of the replication of the primary
cell (dark orange) in virtual cells (black) performed when periodic boundary
conditions are applied to the MD simulation.

Each replica, called virtual cell, contains exactly the same amount of atoms
as the primary cell and are obtained by adding to the coordinates of the system
a set of vectorsfng expressed in terms of the axis directionL(x, Ly, L),
whose length is the size of the boxL(. Moreover, for each of the virtual
atoms, momenta are the same as in the primary cell and therefore behave in
the same way:

R;! Ri+n Pi ! Pi (2197)

The set off ng vectors is given by Equation 2.198 whera, b and c can have
the values of -1, 0 and 1 anah represents the number of times in which the
primary cell is replicated in a speci ¢ direction.

n! n(aLy+bLy+cL,) (2.198)

Additionally, if one atom leaves the primary box on one side during the simu-
lation, another one with the same momenta enters it on the opposite side to
ensure that the number of atoms is conserved. This description of the virtual
cells saves a lot of memory in the calculation since they can be very easily
computed from the coordinates and momenta of the primary cell.

In order to compute the non-bonding interactions between the atoms, a
cuto ( Reuof ), iNnside which these interactions are calculated for each atom, is
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used to save computational time. However, this approach presents the problem

of the energy continuity with the distance.

In the case of van der Waals

Figure 2.8: Schematic representation of the van der Waals (dark orange) and
coulomb (dark pink) pair potentials as a function of the interatomic distance.

interactions, since they do not present a strong long-range character, and so
they decay to 0 very fast as shown in Figure 2.8.The problem can be solved by
multiplying the potential by a switching function S(R) (represented in orange
dashed line) that gradually reduces the van der Waals contributions to zero
over a range of a few angstromsR):

8
1 Rae  Ro
R2 R2. )°(R2 2R2.  3R2
S(R) = 5 (R “(BRZ ( C““’;Z)Z e %) Ry Ras  Roar  (2199)
cutoff 0
' O RAB Rcutoff
where:
Ro = Reutoft R and Rag = jRA RBj (2-200)
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In the case of electrostatic interactions, this approach would lead to a com-
pletely wrong description of this contribution since the interaction at the cuto
distance in not negligible and so, introducing a switching function would lead
to a lot of error. In addition, it can happen that, along the simulation time,
some atoms that are aroundRqyo¢ distance are not taken into account at
certain the snapshots which would introduce some discontinuities in the PES.
A way to solve this problem is by means of the Ewald summation method.[272]

The Ewald Summation

The Ewald summation method[272] is a widespread technique that accelerates
the calculation of the M-body force summation of periodic or pseudo-periodic

systems in which long-range contributions, such as electrostatic terms, are
relevant.

This method consists in the application of a Gaussian charge distribution
of opposite sign on top of each of the point charges of the system, as shown in
Figure 2.9, to screen them. This transforms the long-range interactions into
short-range interactions that are easier to compute. Then, the added Gaussian
distributions are removed in the reciprocal space to compute the real long-
range interactions.[252, 273] The electrostatic potential can be then computed

Figure 2.9: Schematic representation of the Ewald summation.

as a sum of the short-range screened potentisle: that now decays very
rapidly to O whenn ! 1 due to the error function ercf, the potential in
the reciprocal spac&eciprocar @and a correction termVeorrection -

V = Viirect + Vreciprocal + Veorrection (2-201)
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that are given by:

11X N g9 | |

Viirect = = . -ercf ( jR; R; + 2.202
direct = 5 . R R, + njerC (] j +nj) ( )

m 2 o ,

1 NG X exp — +2imjR;  Rjj
Vieciprocal = VA Gqg 2 (2.203)

i =1 m 60
X

Veorrection = P= 3 (2.204)

i=1

where®represents that each atom is able to interact with its replicas but not
with itself; is the width of the Gaussian andm, a reciprocal-space vector
expressed as:

m = m;B, + myBy + m3B, (2.205)
with:
L, L
Bx=2 ———
X Le(Ly L)
L, Ly
B,=2 — % X 2.206
YIS Ly (2.206)
L, L
B,=2 X =y
z L,(Lx Ly)

2.2.6 Constrained Dynamics

The restriction of the motion in MD simulations presents several advantages:
(i) saving computational time by neglecting several DOF, (ii) increasing of the
time step and therefore the simulation time, (iii) enhancing the sampling by
applying external forces to keep the system in a certain state and (iv) prevent-
ing wrong descriptions due to models that poorly describe certain DOF, like in
the case of the O H bonds in the TIP3P model.[263] However, these constrains
need to be applied carefully because they can lead to poor results.[252]

The xing of the bond length can be achieved by introducing Lagrangian

multipliers, as shown in Equation 2.207, to the rst expression at Equation
2.156:

dpk dv

@ @, IR (2.207)
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with a bond distance constrain given by:
g(R«) = Rz dis (2.208)

where dZ; represents the target distance between the atoms k and B. Addi-
tionally, it is also possible to impose the constraints in an iterative way. First,
an unconstrained motion of the system is obtained, and then the positions are
corrected:
t2 X
Re(t+ t)! Re(t+ t)+ — F¢ (2.209)
2my
where runs over all the constraints and the constrained forceB° are ex-
pressed as:

Fo = jdo dj
2 t2  jdodj

being the reduced massdy, the constrained bond vector andd, the un-
constrained bond vector. This numerical method is used in the algorithms
SHAKE,[274] developed by Jean-Paul Ryckaert et al. in 1977, and in its ex-
tension RATTLE,[275] developed by Hans C. Andersen in 1983, in which also
momenta are constrained. Furthermore, a similar approach is followed in the
SETTLE algorithm,[276] an analytical version of both SHAKE and RATTLE
algorithms employed for rigid water models such as the TIP3P FF that has
been used along this thesis.

(2.210)

2.2.7 The Sampling

Biological systems, such as the OLU/luciferase complex, present many possible
stable geometrical con gurations due to the big amount of DOF. Hence, to
properly describe the properties of the system, it is important to account for the
whole con gurational space, within a speci ¢ ensemble. Since, as previously
discussed, a full QM description of the motion would be unfeasible, to obtain
a proper sampling it is possible to use deterministic simulations, given by
the MD method presented in Section 2.2.[252] This sampling is based on the
ergodic hypothesis that states that the probability of nding the system in
some region of the con gurational space that present the same energy over a
long period of time is proportional to the volume of this region and therefore
that all accessible con gurations are equiprobable over a long time period.
Within the MD framework, and considering that the time step for inte-
grating Hamilton's equations of motion is between 1 and 2 fs, the maximum
a ordable simulation time is short, up to microseconds (although some groups
are already starting to reach the millisecond timescale). Thus, considering that
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these simulations are usually performed at normal conditions (293.15 K and 1
atm), only the local area around the starting point is sampled since only rel-
atively small barriers (a few tens of a kJ/mol) can be overcome. Nonetheless,
this is not a real problem because MD methods are typically used for sampling
the conformational space when the starting geometry is derived from experi-
mental information, such as an X-ray or Nuclear Magnetic Resonance (NMR)
structures. Hence, they can be used to search out the low-energy deforma-
tion modes and for sampling the conformational space for large con ned sys-
tems.[213]

Apart from deterministic MD simulations, it is also possible to sample the
conformational space using trial geometries that are accepted or not my means
of a Metropolis algorithm, without any knowledge of the time propagation.
This methodology is covered by the MC methods[277], which will not be further
discussed as they have not be employed at any point of this thesis.

2.2.8 Typical Analysis for Molecular Dynamics Simula-
tions

Once the time propagation of the system is simulated, the sampled geometries
can be used to perform a wide variety of analysis of the dynamical properties
of the system under study. All of them employ the relative position of the
atoms of the system and in some cases, they also require information about
the velocities and atomic charges.

The most straight forward analysis consists of the measurement of distances
Ras (Equation 2.211) and angles (Equation 2.212) between speci c atoms
or residues along the simulation time, which can be then averaged to obtain a
general picture of the system.

Ras = JRA  Rgj (2.211)

_ (Ra Rg)(Rc Rs)
arcos iR» RajRc Raj (2.212)

Using these two criteria, it is also possible to study not only the number of
contacts between atoms or residues as a qualitative way to investigate the non-
bonding interactions between two regions of interest of the system, but also the
hydrogen bonding pattern among them. The former only takes into account a
distance threshold to determine whether there exists or not a contact between
the regions, while the latter also considers an angle threshold and the atom
type, as hydrogen bonding only appears when there is a H atom bridging two
electronegative ones, usually O atoms.
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Moreover, it is also possible to measure the average distance between the
atoms of a superimposed ensemble to quantify how much the system diverges
from a reference structure over time. This measurement, which typically em-
ploys the rst structure of the time evolution as a reference, is obtained from

the Root Mean Square Deviation (RMSD) of the atomic positions:

\
u

X

k=1

2
RMSD = Ra R (2.213)

Furthermore, the exibility of the system can be measured by means of the
Root Mean Square Fluctuation (RMSF) (Equation 2.214). This quantity;
which, in contrast to the RMSD, is calculated using an averaged structure;
reveals which regions of the system are more mobile. Hence, a region with a
larger RMSF value presents larger di erences from the reference structure, thus
indicating a larger mobility. If this analysis is restricted to the C carbons of

a protein, it can help to visualize conformational changes along the dynamics.
r

2
RMSF,= < Rax RS > (2.214)

Additionally, it is also possible to characterize the solvation sphere of a region of
interest. This is achieved by means of the Radial Distribution Functions (RDF)
(Equation 2.215), which e ectively counts the average number df neighbours

in the shell at distanceR around ana particle and represents its density. This
value is normalized so it tends to 1 for large separations in a homogeneous
system.

6=V < (Ra Rej R)> (2219

Infrared Spectrum

Other property that can be calculated from a classical MD trajectory is the
Infrared (IR) spectrum of the system. In this case, both velocities, derived
during the simulations, and charges from the FF are required for the calculation
of the dipole derivative autocorrelation function:

C (=< _(t+ ) _()> (2.216)
where the dipole derivative _is given by:
X
()= qava(t) (2.217)
A=0
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Moreover, it is possible to account for di erent time origins following Scheme
2.1 and to compute the time-averaged trajectory-averaged dipole derivative
autocorrelation function:

<C _(t)>= < (tr ). ()>

< (=0 (=05 (2.218)

«~— Fagment ——

t=0 | t=1 | t=2 | t=3 |t=...
= = =2 =2 =2
t=0 | t=1 | t=2 | t=3 |t=...
= = = =1 =1
t=0 | t=1 | t=2 | t=3 |t=...
= = = = =0
t=0 | t=1 | t=2 | t=3 |t=

Total simulation time

Scheme 2.1: Calculation of the dipole derivative autocorrelation functiont
represents the internal time of each of the trajectory fragments while is
the time displacement of each of the trajectory fragments with respect to the
beginning of the simulation.

This autocorrelation function is then related to the intensity of the infrared
spectrumlI(! ) by its Fourier transform:[278, 279]
YA 1

(1) i <C (t)y>e "dt (2.219)

Principal Components Analysis

Analogously to the QM picture represented in Section 2.1.8, classical MD sim-
ulations also allow the characterization of the relative movement of thigl nu-
clei.[280] Each of these independent modes of movement, usually denominated
Principal Components (PC), can be calculated from the Mass-Weighted (MW)
covariance matrix Ccv@" of the trajectory, whose elements are given by:

P p_——
Ciy =< Mam(Ra RY') Mgs(Re Ry')> (2.220)
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where<> denotes the time averageM corresponds to the diagonal matrix
of atomic masses and the reference structure usually refers to the average
structure along the dynamics. Upon the diagonalization o€“'?", the PC
described by the eigenvectors of the transformation matrix while the frequency
of the motion, ins , can be calculated from the ; eigenvalues of the diagonal
matrix:[281]

r

1 kgT

!1:_ —
2 i

(2.221)

An important consideration to take into account during this analysis is that
the system needs to be aligned to the reference structure in order to eliminate
the rotational and translational degrees of freedom. This allows for a more
direct comparison to the normal modes of the system computed from a QM
frequency calculation.

2.3 Hybrid QM/MM Approaches

Classical MD methods allow for a fast evaluation of very large systems while
accounting for environmental e ects. However, they suppose a loss in the
accuracy of the results. To overcome this problem, the theory behind hybrid
Quantum-Mechanics/Molecular-Mechanics (QM/MM) approaches have been
deduced.[282 285] This approach began its development in the 1970s,[283, 284]
but it was not until the late 1990s[286] that it nally emerged as a relevant
method for the study of large biological macromolecules, culminating in the
Nobel Prize in Chemistry 2013 awardor the development of multiscale models
for complex chemical systemi® its developers: Martin Karplus, Michael Levitt
and Arieh Warshel. In this methodology, the system is usually divided in two
regions, each treated at a di erent level of theory. The inner (1) region, treated
with a QM method, is composed by the part of the system that is of interest.
For example, a chromophore, as in this thesis, or the reacting site. The rest of
the system, the solvent and some other environmental molecules like proteins,
are described at MM level, given by the previously described treatment in
Section 2.2.

There exist two approaches to describe the QM/MM energy of the system,
that are graphically represented in Figure 2.10: (i) the substractive and (ii)
the additive schemes. In the former, the energi s'®s is computed as:

Eswbs= EM )+ EMM (1 + O) EMM (1) (2.222)
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(A) (B)

Figure 2.10: Graphical representation of the QM/MM schemes and embed-
dings. Light orange and dark pink represent, respectively, the classic and QM
treatments of the inner (I) and outer (O) parts. Dashed lines represent the
point charges of the outer region.

whereE°M (1) represents the energy of the inner region computed at QM level
and EMM (I + O) and EMM (1), the classical energies of the whole system and
the inner region, respectively. As shown Figure 2.10(A), this approach accounts
for the interaction energy between the two regions during the calculation of
the whole system. Moreover, it computes twice the energy of the inner region
(classically and QM) and therefore, it requires a substrative term to avoid the
repetition.

In the additive scheme, represented in Figure 2.10(B), the energy of the in-
ner and outer parts, as well as the interactions between therg @¥=MM (1=0)),
are computed separately:

Ex=EM(1)+ E" (0) + E?"™MM (1=0) (2.223)

where EQM*MM (1=Q) is given by the sum of the classically described bonding
energyEbonded(l O) the van der Waals interactionsE)}Y, and the electrostatic

E QM=MM (1=0) = Et';f)?]/lded(l O)+ EvdW + Eelec (2.224)

Regardless of the QM/MM scheme, the embedding can be described as: (i)
mechanical, (ii) electrostatic or (iii) polarizable. In the mechanical embedding,

Emechanical s computed by means of the coulomb expression:

Emechanical — %M NX’IM OIQM q'\)/IM

elec - D D
. o R Ro

(2.225)
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whereMqy and Myy represent the number of QM and classical nuclei, re-
spectively; qQ'V' can be calculated from the Mulliken population analysis as
in Equation 2.51 andcyM is directly taken from the FF. This model does
not take into account the polarization of the inner layer by the charges of the
outer one because the interaction is computed classically. Furthermore, it has
limitations when describing the interface between the inner and outer layers,
leading to potential artifacts in the system's properties. In the case of the
electrostatic embedding, the inner region is polarized by the charges of the
outer region by means of an e ective Hamiltonian that accounts for both the
energy of the QM inner region and its QM interaction with the outer part:

He = Bo() + H(1=0) (2.226)
where the interaction HamiltonianH°(1=0) is given by:
Mgon z
H(1=0) = M (Ro) drM (2.227)
o Ir Roj

Finally, in the polarizable embedding, both the inner and outer parts are
polarized in self-consistent way by means of an additional polarization term
I—'ipm in the interaction Hamiltonian:

H(1=0) = Heec(1=0) + Hpa(1=0)

Mg Z X 2.228
= @Ry a0 T emye Ry &
(0]

a
where 2(R,) represents the dipoles of the outer atoms located &, and
E' (ra), the electric eld created by inner atoms atR ;.

As mentioned before, a typical problem of multiscale systems appears for
the description of the interface between the inner and outer layers.[211] This
e ect is specially stressed when both regions are covalently bonded since the
interface between the layers results in unsaturated atomic valences in the in-
ner region, which means that the interface arti cially generates a radical at
the boundary atom of the inner region with the outer region, resulting in a
unrealistic electronic structure of the system. A general approach to overcome
this problem is the link-atom approximation, in which a hydrogen atom is
added to the boundary atom of the inner region to re-saturate the unpaired
electron that remains unpaired after the breaking of the bond with the bound-
ary atom of the outer region. However, the addition of this hydrogen atom in
the inner region leads to extremely high and unrealistic interactions with the
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point charge representing the boundary atom of the outer region due to its
proximity to this link atom. Hence, to avoid this situation, the point charge
representing the boundary atom of the outer layer is often removed, and its
charge is redistributed among the nearby point charges in the MM region.

Finally, it is important to notice that there exist two di erent types of
QM/MM calculations. The rst of them is static, in the sense that the MD
simulation is used for the sampling of the conformational space of the system
and, QM/MM SPs are calculated on top of the classically sampled geometries
to obtain speci c QM properties. Nonetheless, it is also possible to calculate
the QM/MM potential gradient at every step of the trajectory in order to
propagate the system along the QM/MM PES. This dynamic approach is
much more computationally demanding since QM energies and gradients need
to be computed for every step. However, the accuracy of the description is
higher, and it also allows for the study of a wider variety of processes such as
excited state deactivation and chemical reactivity.

2.4 Interaction Energy

An important part of the work presented in this thesis is dedicated to the study
of the interactions between the OLU emitting species and the luciferase pro-
tein, the biological environment in which the chromophores are embedded in.
This interaction energy can be described at both classical and QM/MM levels
by means of the MM-Generalized Born (GB) Surface Area (SA) method and
QM/MM-Energy Decomposition Analysis (EDA), respectively, from represen-
tative snapshots of an ensemble of conformations. This section is dedicated to
introduce the theoretical framework behind these two di erent approaches for
the description of the interaction energy.

2.4.1 MM-Generalized Born Surface Area

The MM-GBSA method[287 289] is used to classically calculate the free en-
ergy change between two states, typically a bound and free state of a protein
receptor (P) and a ligand (L) isolated, and the complex (C) when both P and

L are interacting. This method, which achieves a good balance between com-
putational e ciency and accuracy, has been widely used to evaluate docking
poses, determine structural stability, and predict binding a nities and hot-
spots. Furthermore, it allows the analysis of the contributions from individual
residues or energy terms by free energy decomposition analysis, resulting in
detailed residue-speci ¢ energetic contributions to the system binding, iden-
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ties dominant interactions in the binding process, and therefore facilitates
individualized drug design.[290]

In this method, the binding free energy in solution G39,, represented
in the upper part of Figure 2.11 and de ned from the Gibbs free energies of
the individual solvated systems (Equation 2.229), is expressed in terms of the
thermodynamic cycle represented in Figure 2.11 (Equation 2.230).

Ggﬂd — GC;SOI GL;SOI GP;SOl (2229)
Ggma = Gomi * GSav T Siia (2.230)
where GJ29 represents the binding free energy in vacuum; G¢,,,, the free

energy of solvation of the complex (Solv) and S5°,, the dierence in con-

formational entropy upon binding. Typically, the G}25 is approximated to

the gas-phase MM energy UMM which can be calculated from the FF using
the expressions in Section 2.2.3:

G\éiﬁg — UMM — Ubonding + Up(\:;ulomb + Ugslz (2_231)

where UPondng represents the changes in the internal energies;UgSuom®,
the changes in the electrostatic energies andUg; *?, the changes in the van
der Waals energies.

The free energy of solvation is the sum of a polar contribution coming from
the electrostatic solvation energy G®® and a non-polar contribution GSA

Figure 2.11: Schematic representation of the thermodynamic cycle used for the
MM-GBSA calculation. The ligand is represented in dark pink; the receptor,
in orange and the continuum solvent, in light pink.
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between the solute and a continuum solvent:
G,y = G+ G (2.232)

The polar contribution is calculated using, for instance, the GB model,
which presents an analytical expression for the polar solvation energy that
allows for a faster performance than other methods. In this model,[291, 292]
atoms are described as charged spheres of radaiswhose internal dielectric
constant";, is lower than that of the continuous environment's, so that the
screening that each atom experiences is determined by their local environment.
Hence, a larger presence of other atoms surrounding a speci ¢ charged sphere
would result in a lower screening of its electrostatics since it is surrounded by
a lower-dielectric material. This property, called descreening of one atom by
another, is used to calculate the e ective Born radius of each ato8}, that
Is related to its the degree of descreening. On the one hand, a large Born
radius would represent a small screening (and so a strong electric eld), as if
the atom was in vacuum. On the other hand, a small Born radius is related to
a large screening (weak electric eld), as if the atom was in bulk solvent. The
canonical GB equation[293] with the absence of salt can be written as:[294]

X
cee= 1 1 %% (2.233)

. f GB
in Sol AB

However, it is possible to include the electrostatic screening e ects of (mono-
valent) salts via the Debye Huckel screening parameter, which depends on
the salt concentration:[295]
I
g L1 e'® XMagg
", " f GB
in Sol AB AB

(2.234)

These two equations present a smooth functioh® of the A B interatomic
distanceRag and their e ective Born radii given by:

S

2

R
fal = R3; + BB exp ﬁ (2.235)

The e ective Born radii can be described in many ways. However, the Am-
ber[260] software uses the following expression:[296]

(Bh) '=as ' atanh(& &F+ &3) (2.236)
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with =1:0, =0:8and =4:85and:

alZ

& = ( jRj an)r “dR (2.237)

A

4 vdwW
where the integral is taken over the van der Waals volume of the atomic spheres
and ( jRj aa) represents a step function.

In the case of the non-polar energy GS#, it is usually estimated using the
Solvent-Accessible Surface Area (SASA) approximation,[297] which accounts
for the unfavourable formation of a solute cavity within a continuum solvent
and the favourable van der Waals interactions between the solute and the
solvent around the cavity. In this method, the solvation free energy is given by
an empirical formula in which the solvent accessible surface area of the solute
SASA is proportional to this magnitude:

G = SASA+D (2.238)

where is the surface tension constant andd is a correction constant. In this
sense, the GSA term can be understood as the free energy of solvation process
of a molecule from which all charges have been removed.

Counter-intuitively, the polar term is not favourable to the binding energy.
When the ligand and the receptor form a complex, their combined SA that
is exposed to the solvent is reduced when compared to their separate states.
Hence, fewer solvent molecules can interact with the complex with the un-
bounded states, resulting in a less favourable (more positive) solvation free
energy for the complex. On the ip side, the non-polar terms results in a
favourable interaction, as the combined SA exposed to the solvent is reduced
when the ligand and receptor form a complex.

Finally, the change in conformational entropy T S5°, can be calculated
by normal-mode analysis[287] on a set of conformational snapshots taken from
a MD simulations. However, due to the large computational cost, changes
in the conformational entropy are usually neglected when only the relative
binding free energies of similar ligands are needed.[290]

The most accurate protocol for the calculation of the binding free energies
by means of the MM-GBSA approach is the so-called three-average (3A) MM-
GBSA, in which three independent MD simulations for the isolated ligand, the
protein receptor, and the bound complex are propagated for the generation of
a set of conformations for each of the independent system. Then, the sampled
geometries are used to calculate the averages of each of the free energies and
the total binding energy:

GSY, = hGCSoli¢ h gliselit p GPisol;P (2.239)
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In practice, it is preferable to propagate just one MD trajectory for the
bound complex to obtain the structures of all three components. This one-
average (1A) approach, which is based on the assumption that the structures
sampled for the complex in solution are su ciently similar to those sampled for
the isolated protein and ligand, gives more accurate results with lower standard
errors because the internal energy errors of the systems can be cancelled due
to the use of exactly identical con gurations for the calculation of the energy
di erence between the complex and its individual components:

GSOl, = pgCisol  glisd  gPisdli© (2.240)

Moreover, it is important for reliable prediction of the binding free energies
to calculate the MD trajectory in an explicit water solvent system since water
molecules play an important role in protein ligand interactions during the
propagation. For example, water molecules participate in the hydrogen bond
network of the system, and therefore they can displace the ligand inside the
active site of the enzyme by either bridging it to the protein or lling a region
of the pocket.

2.4.2 Energy Decomposition Analysis

Another approach for the calculation of interaction energies is the EDA, a QM-
based method that has been described in literature with either variational or
perturbative approaches.[298 301] The EDA scheme employed in Chapter VII
of this thesis corresponds to the perturbative approach devised by Marcos
Mandado and collaborators in 2011,[302, 303] which is based on the electronic
deformation densities that describe the rst-order perturbation of the electron
density.

Given a QM system consisting of two interacting monomer& and B, the
interaction energy between them is de ned, equivalently to that of the MM-
GBSA approach in Equation 2.229, as the di erence between the energy of the
complexAB (the entire system) minus the energies of the monomefsand B
in the same geometry:

Emt = Ens  EX® ELP (2.241)
where the superscriptAB indicates that the basis set of the complex is being

used in order to correct for Basis Set Superposition Error (BSSE)[304, 305]
with the Counterpoise (CP) correction.[306]
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(A)

(B)

Figure 2.12: Graphical representation of the (A) BSSE and (B) CP correction;
where solid circles represent the presence of monomers A (orange) and B (pink)
and blurred circles, their corresponding basis set.

The BSSE, graphically represented in Figure 2.12, consists on the energy
compensation for the basis set incompleteness of each of the independent
monomers that arises in dimers from the presence of basis set of the other
monomer. The dimer would therefore be arti cially lowered in energy when
exclusively compared to the individual monomers. In the limit of a com-
plete basis set, the BSSE would be zero, and so adding more basis functions
would not result in any improvement. Conceptually, the simplest approach for
eliminating the BSSE is, therefore, to add more basis functions until the in-
teraction energy no longer changes. Unfortunately, and considering that some
non-bonded interactions are weak, this requires very large basis sets since
inclusion of electron correlation is mandatory for calculating the dispersion in-
teraction between molecules.[213] To overcome this computational conundrum,
this artifact is typically corrected by means of the CP correction[307, 308] by
introducing the basis set of the other monomer at the corresponding nuclear
positions, but without its nuclei and electrons present. Therefore:

ECP > E BSSE (2.242)

int int

In an ideal situation, the energy of the comple¥ g and each of the monomers
EAr and Eg would be calculated on the optimized structure of each of the
systems and then, the CP correction CP would be calculated, on the complex
conformation, as:

CP= ER® EA + E&® EZ (2.243)

However, in a dynamic framework in which sampling is required, it is com-
putationally challenging to obtain the optimized structures for the monomers
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and the complex. Hence, in these cases, Equation 2.241 is directly applied to
the sampled conformation and the interaction energy averaged in time.
As for the EDA framework, let's consider the one-particle density matrix
(rqy;r9), de nezd iE terms of the N -electron wavefunction ( X ;::;; Xy ):

(ryrd) = d idxzidxy  (rotainxn) (r$lgonxy)  (2.244)

wherex represents a spin coordinate collective variable as in Equation 2.20 and
r, and r? are two di erent coordinate variables for a particular electron. This
one-particle density matrix is useful to represent non-multiplicative operators
in terms of electron densities, such as, for instance, the kinetic energy operator.
On the ip side, the tvvo-pa%tic%e density (ri;r»), de ned as:

(ri;r2)= N(N 1) d 1d dxziidxn]  (Xq;inXN)j (2.245)

implicitly accounts for the electron correlation between pairs of electrons since
it can be understood as the probability density of nding an electron at ; and
another electron atr, simultaneously. From these two density matrices, it is
possible tg de ne the total energy ofza rznolecular system as:

E = dr 1h(r,) (rl;rg)jr0=r1+ drldrz_(rl;rz)_
| e 2.246
XN 2,7, 20
am1 moa IR Rl

where last term in represents the Coulomb repulsion between two nuclei and
h(r 1) is the one-electron Hamiltonian, which represents the kinetic energy and
the coulomb attraction between electrons and nuclély as given by Equation
2.26 from which the spin coordinate has been integrated out. In addition, if

(ryi;r») is represented as a sum of an uncorrelated term, given by the product
of two ordinary electron densities (r,) and (r,) at r; andr, as de ned in
Equation 2.58, plus an XC term:

(rl;rz) = (rl) (r2)+ Xc(r 1;r2) (2247)
then, Equationz2.246 can be re-writtenzas:

E= %Z ;rlr ? (rl?r?)Jrg:r1+ Zdr%‘OM (ra)
+ 1 dr ,dr , .(rl) ("2.) + 1 dr dr .xc(rl;rZI)
2 Jri ro 2 jri 1y (2.248)
N LW Zn 78
st moa JRA - Re)
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where the rst term can be interpreted as the kinetic energy operator acting
upon (ry;r?), after which the coordinater? is set to be equal tor;. The
rest of the terms in Equation 2.248 can be represented as a sum of contribu-
tions from a ctitious system formed by two non-interacting monomers A and
B, whose interactions are accounted for by means of additional perturbative
terms. Moreover, the last term of Equation 2.248, which represents the total
internuclear repulsionVy.y , can be divided into a nuclear repulsive potential
involving exclusively nuclei of each monomey, .m, and Vi, .m,) and the
nuclear repulsive potential involving nuclei of both monomer¥y, v, :

Vum = Vaama + Vg mg + Viame (2.249)
which is given by:

1 ZAZB _'\% 1A ZAZB

Ra Rsj act gop JIRA - REJ

w1 ZaZg +NA X ZpZg
RA RBj .RA RBJ

A=1 B=Ma+l J

A=1 B>A J

(2.250)

+ .
A=Ma+1 B>A J

whereM, and Mg are, respectively, the total number of nuclei in monomers
A and B. Furthermore, the nuclear electrostatic potential operato)y, , that
appears in the second term of 2.248, can be split into two terms, one for each
monomer:

‘OM = OMA + OMB (2251)

and the electron density (r1) and the two-particle XC density into:

(ri)= a(ry)+ g(ro+ pau(rs) + pol (I 1) (2.252)
and:

xc(F1;r2) = xea(rir2)+ xes(rara)

2.253
+ X;AB (rl;r2)+ xc(rl;rZ) ( )

where the rst two terms of Equations 2.252 and 2.253 represent the unper-
turbed one- and two-particle electron densities for each of the monomers;
pau(r1) and  o(rq) are, respectively, the Pauli and polarization defor-
mation densities; and the last two terms of Equation 2.253, the interfragment
exchange (only) and XC densities. Considering these de nitions, the inte-
grands in the second and third terms of Equation 2.248, which are associated
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to the electrostatic nucleus-electron attraction and the electron-electron repul-
sion, can be embedded into two monomer-wise unperturbed potentials:

Z
<>A(rl) = <>MA(I’l)"r erM
z 2 T (2.254)
Vs (ry) = Quw, (ro) + drzﬂ
Jra  raj

where A(r,) and g(r»,) representthe unperturbed electron densities of monomers
A and B.

Considering all the aforementioned de nitions, it is possible to calculate the
energy terms in Equation 2.241 from the expression of the energy in Equation
2.248 leading to the partitioning of the interaction energy:[302]

Eint = Eelect Ex + Erep + Epol (2.255)
whose terms are de ned as:
Z Z
Eelec = drloMA g(ra)+ drloMB A(ri)
Z Z 2.256
+ drldrz—A(rl) 8 (1) + Xe X —ZAZB ( :
jra 1 a1 B-m.s1 JRA Rej
Z 7
E, = dr yar ;28 (1i72) (2.257)
2 Jro T4
1Z
Erep = 2 drr ? pau(r 1;F8)J'rg’=r1
Z Z
+ dr¥a pa(r)+  driVs  pau(ry) (2.258)
Z Z
+ 1. dr dr Pau(r l) Pau(rZ)
2 e jra rqj
1Z 1 (rq;ro)
Epo= 5 Orar ? pa(ruir Dirg=r, + 5 drldrz.rx"—lr’.2
Z Z J 2 1J
+  dr¥Va pa(r)+ driVs pai(ra)
Z Z (2.259)
+ 1— dl’ 1dl’2 pol_(r l) p.ol(r 2)
2 7 Jra I
+ dr 1dl'2 Pal{(r 1) POI(r 2)
Jr2 I
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Both the exchange and repulsion terms of Equations 2.257 and 2.258 appear
as a consequence of the Pauli exclusion principle,[216] so that they are can be
into the single termEpgy:

EPau = EX + Erep (2.260)

Moreover, the polarization energy not only includes the classical induction
energy but also, the inherent QM dispersion energy. Within the second-order
perturbation theory framework and considering the molecular wavefunction
( x1;:5XN), [309] these two contributions can be exactly separated. In the
case of the induction energ¥i.q, it can be demonstrated that it is given by :

X dr¥a 20(ry) X

Eg Eg

dr 1‘03 Ro(r 1)

Eing = TS

mé0

(2.261)
né0

where T°(r;) and 3°(r,) are the induced transition one-electron densities
within each monomer from the ground state con guration 0 to the excited state
m or n and the denominators contain the corresponding energy di erences.

The rst-order correction to the electron density  (r;), which corresponds
to the deformation density and is required to obtain the second-order correc-
tion for the energy, is given, at the second-order perturbation theory, by the
polarization densities of monomers A and B:[309]

(ry) = A(VF\;)"‘ g(ra) R
X dr¥s 20(ry) 0. X drVa T0(ry) .o (2.262)

A t2 B
Ex ER & EB EB

=2

n60

Starting from this expression, the polarization contribution to the interaction
energy in Equation 2.259 and taking into account the framework presented
along this section; it is possible to obtain an expression for the induction
energyEi,q. To do so, it is necessary to de ne the charge induction energy
Ech ing @s the sum of the third and fourth terms of Equation 2.259:

Z Z
Ech ind — dr 1<>A pol(r 1) + dr 108 pol(r 1) (2-263)
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which, upon the introduction of Equation 2.262, becomes:
X dry¥a 3O(ry) X driVs RO(ry)

Ech inda =2 +2
T e EEOES ER ER

ngo

R
X dry¥a gO(ry) driVs BO(ry) (2.264)
Ef EQ

+2
m60 R R
X dr 105 2\0(" 1) dr 1<>A Ro(r 1)

+2
EX EX

né0

From this equation, the induction energy coming from the second-order per-
turbation theory on the molecular wavefunction given by Equation 2.261 can
be identi ed as half of the rst two terms. Hence, introducing Equation 2.261
into this expression and solving foEq :

R R
_1 X dr ¥ 30(ry) draVs 3O(ry)
Eind = 5 Ech ina 2 - B
2 El EQ
m60
R R 4 (2.265)
2X dr0s 20(r1) driVa R%(ro)
0
néo EX Ea
which becomes:
. yd yd #
Eing = > Ech ind driVa  a(ra) dri¥%s  s(r) (2.266)

upon the introduction of the expression for the rst-order correction to the

electron density in Equation 2.262 in the last two terms of Equation 2.265.
Finally, applying the de nition of the charge induction energy in Equation

2.264, the induction energy can be expressed as:

L 2 z #
Eind:§ driVa  s(r)+  dri¥s  a(ra) (2.267)

which is, in fact, consistent with the classical result for the induction en-
ergy.[303] Considering all the aforementioned, the interaction energy can be
thus decomposed as a sum of electrostatit.e., Pauli Ep,,, inductive Ejq
and dispersiveE gisp+ respol tErMSs:

Eint = Eelec+ EPau + Eind + Edisp+respol (2-268)
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where the second-order dispersion energy represents the highest contribution
to the Edisp+ respol -

The EDA scheme presented above can be extended to the QM/MM frame-
work[310] where monomers A and B consist of a substrate and (part of) the
environment which, along this thesis, will be the OLU chromophore and the
luciferase protein, respectively. In this case, the environment would present
atoms represented either at QM level or as MM xed point charges, and the
interactions between the MM region and monomer A are introduced in the
calculation of the di erent energy terms in Equations 2.256-2.259 by adding
the Vg potential generated by these point charges to the potential generated
by the nuclei of monomer B:

OSI;A:MM (r) = OMB (r) + OFF (2269)

Furthermore, this V¢ potential is taken into account for the calculation of
the internuclear interaction of the electrostatic energy, which corresponds to
the last term of Equation 2.256.
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Electronic Properties of the
Phenolate-Keto Oxyluciferin
Inside the Wild Type Luciferase

135






CHAPTER Il

The electronic characterization of the luciferin/luciferase complex is funda-
mental to tune its photophysical properties and develop more e cient devices
based on this luminescent system. In this chapter, MD simulations, hybrid
QM/MM calculations and transition density analysis are employed to compute
the absorption and emission spectra of the phenolate-keto OLU/luciferase com-
plex. These results are analysed to unravel the nature of the relevant electronic
state, the S, and its behaviour with the intramolecular and intermolecular
DOF. It is found that the torsional motion of the chromophore is hampered
by the presence of the enzyme, reducing the intramolecular CT nature of the
absorbing and emitting state. In addition, such a reduced CT character does
not correlate in a strong way neither with the intramolecular motion of the
chromophore nor with the chromophore/amino-acid distances. However, the
presence of a polar environment around the oxygen atom of the tz ring of the
OLU, coming from both the protein and the solvent, enhances the CT character
of the emitting state.

* This chapter is based on the released articlehys. Chem. Chem. Phys.
2023, 25, 16507-16519. DOI: 10.1039/D3CP01387A with contributions of
Henar Mateo-delaFuenté, Davide Avagliano? Marco Garavelli? and Juan J.
Nogueira®®

a Chemistry Department, Universidad Autonoma de Madrid, 28049 Madrid,
Spain.

b Dipartimento di Chimica industriale Toso Montanari, Universita di Bologna,
40136 Bologna, lItaly.

¢ Institute for Advanced Research in Chemical Sciences (IAdChem), Uni-
versidad Autonoma de Madrid, 28049 Madrid, Spain.

Preprint: 10.26434/chemrxiv-2023-88sir

137






CHAPTER Il

3.1 Introduction

As commented before in Section 1.2.3 and despite the extensive research on the
topic,[2, 31, 119, 131, 167] many of the factors that a ect the emission mecha-
nism and the nature of the emitting electronic state of the OLU chromophore
are still unclear. Recent computational work has characterized the emitting
state as a partial intramolecular CT character state.[311] In addition, previous
studies[124, 312] have pointed out the relevance of the torsion of the molecule
around the SCCS dihedral angle (see Scheme 1.9) on the electronic properties
of the chromophore and the possible generation of a twisted intramolecular CT
state with a red-shifted emission. Although, computational research discarded
this TICT state mechanism,[154, 155] these works were performed without tak-
ing into account neither the environment nor the dynamic e ects. Therefore,
and even though the consensus is that the molecule emits in a planar confor-
mation,[119] it is fundamental to characterise the electronic properties with
respect to the torsion in the biological media in order to understand the emis-
sion photophysics of the chromophore. In the present chapter, the absorption
and emission spectrum of the phenolate-keto OLU/luciferase complex are com-
putationally investigated by means of MD simulations and hybrid QM/MM
calculations. The CT character of the absorbing and emitting excited state
is quantitatively investigated by analysing the transition density, which is not
basis set dependent and, thus, more robust than previous analysis based on,
for example, Mulliken population analysis.[155] In addition, the e ect of the
intramolecular torsion and possible micro-environmental e ect due to the pres-
ence of the protein and the solvent on the CT state is discussed. It is found
that the WT enzyme restricts the intramolecular motion of the chromophore,
avoiding the formation of an electronic state with strong CT character.

3.2 Computational Details

3.2.1 Static Potential Energy Rigid Scan

The OLU species emit light from an electronic state which has been classi ed
by computational methods as a state with partial intramolecular CT char-
acter.[311] The torsional motion around the SCCS dihedral angle in Scheme
1.9, which leads to a breakdown of the planarity of the molecule, could be
relevant in the photophysics since the distortion of the geometry could signif-
icantly a ect the electronic delocalization of the chromophore. Therefore, the
e ect of this intramolecular degree of freedom on the electronic structure of the
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phenolate-keto OLU is analysed here in detail. As a rst approach, a rigid scan
around the SCCS dihedral angle was carried out for OLuh vacuum along
which the energies of the §and S states were computed at the TD-DFT
level using di erent density functionals and the 6-311G(2d,p)[313 315] basis
set. Speci cally, the B3LYP,[231, 232, 316] CAM-B3LYP,[233] M062X,[317]
PBEOQ[318] and! B97XD[319] functionals were employed to evaluate their per-
formance. For these calculations the Gaussian 16[320] software was used.
In addition, the transition density matrix was analysed by the TheoDORE
software[249] to quantify the CT character of the Sstate along the torsion.
The use of this methodology complements the analysis performed on previous
works,[155] where the CT character was discussed based on Mulliken popula-
tion analysis. These calculations for a simpli ed model were then employed to
rationalise the results obtained for the more complex situation, where the chro-
mophore is embedded in the protein environment and conformational sampling
is introduced by MD simulations, as explained below.

3.2.2 Molecular Dynamics Simulations

For this chapter, MD simulations of the phenolate-keto OLU/luciferase com-
plex were carried out, as graphically represented in Figure 3.1, considering two
di erent approaches to compute the potential energy along the dynamics on
the S and S states. In the simplest one, the interatomic interactions were
computed by means of a FF while, in the more accurate approach some of
the conformations sampled from the classical trajectory were selected as ini-
tial conditions to evolve hybrid QM/MM MD simulations to obtain a better
description of the chromophore structure, which is the only part of the sys-
tem included in the QM region. For each simulation, a few snapshots were
selected and SP QM/MM calculations were performed on top of them to com-
pute the absorption and emission spectra and characterize the electronic states
involved. On the ip side, and despite on the ongoing debate about the emit-
ting species of the system,[119] it is in general a good approximation to use the
OLU mono-anion in its keto form as chromophore in the model since it is the
direct product of the BL reaction, after the ESPT takes place. Furthermore,
not only this chromophore has been found to be one of the emitting species
but also it is considered to be the red-emitting specie.[321 323]
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| TD-DFT sp
S
200 fs
QM/MM MD S
200 fs
QM/MM MD
25 ns 100 ns Classical MD

Figure 3.1. Scheme of the computational protocol followed in Chapter IIl.

System Setup

The OLU/luciferase complex was built with PyMol[324] from the X-ray di rac-
tion structure le of the Japanese rey, Luciola cruciata, luciferase published

in the Protein Data Bank (PDB) (PDB ID: 2D1R[124]). The AMP residue
was removed and the system was solvated using tHeap module of Amber-
Tools20[260] with TIP3P[263] water molecules within a truncated octahedral
box, ensuring a solvent shell of at least 12 A from any solute molecule. This
solvation process led to the inclusion of three and one initial water molecules
inside the cavity of the protein for the $ and § classical trajectories, although
during the dynamics more water molecules di used inside it. Moreover, no ex-
tra ions were required since the charge of the protein compensates for the
negative charge of the phenolate-keto OLU. The enzyme was described using
the 19SB[262] FF, whereas the GAFF[261] was used to describe the dihedral
and improper torsions and Lennard-Jones parameters of the chromophore se-
lected by means of the Antechambeparmchk2 module of the AmberTools20.
The rest of the bonded parameters for OLU, that is, the bond and bond an-
gle parameters for both the § and § electronic states, were obtained from
QM calculations. Equilibrium distances and angles were obtained from a ge-
ometry optimization whereas force constants were calculated by means of the
Seminario method,[265] described in Section 2.2.3. Speci cally, the optimized
geometries for $ and S and the Hessian matrices were obtained using the
Gaussianl16[320] software by means of DFT and TD-DFin vacuo calcula-
tions, respectively, where the B3LYP[231, 232, 316]/6-311G(2d,p)[313 315]
level of theory was employed for both the Sand § minimum-energy geome-
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tries. In the case of the $ optimization, the TD-DFT calculation took into
account 10 roots. Moreover, the electrostatic charges were computed by us-
ing the Merz Singh Kollman (MSK) scheme[325] at the B3LYP/6-311G(2d,p)
level of theory, according to previous studies.[311, 326, 327] While it is true
that some parametrization e ort has been previously done for an OLU ana-
logue,[328] it was only carried out for the electronic ground state. However,
the parameters used in this chapter, which are listed in Tables B.1-B.8, not
only aim at describing the electronic ground state but also the rst excited
state. Additionally, another system was built from the same PDB le in which
the AMP monoanion was kept in other to study if its presence a ects the emis-
sion spectrum of the OLU chromophore. In this case, the previously discussed
S, parameters for the chromophore were used, while the AMP was described
by the GAFF together with the MSK electrostatic charges computed at the
B3LYP/6-31G*[231, 232, 313 316] level of theory.

Classical Molecular Dynamics

After setting up the solvated OLU/luciferase complex, classical MD simula-
tions were performed for both the §and S states of the chromophore. The
same computational protocol was used for the two simulations. First, the
system was minimized for 5000 steps by means of the steepest descent algo-
rithm,[244] and for additional 5000 steps using the conjugate gradient algo-
rithm.[245] Then, it was progressively heated for 500 ps from 0 to 300 K in the
NVT ensemble using a 2 fs timestep. An additional simulation was evolved
at 300 K for another 500 ps in the same ensemble to reach an stable state
before the production phase. The temperature was controlled by means of
the Langevin thermostat[267, 268] with a 2.0 psof collision frequency. Af-
terwards, a production of 100 ns with a 2 fs time step and within the NPT
ensemble was performed. The temperature was also controlled by means of
the Langevin thermostat with a 1.0 pg of collision frequency, while pressure
was set to be 1.0 bar by means of the Monte Carlo barostat.[270, 277] The
particle-mesh Ewald[272] method was used with a grid spacing of 1.0 A, and
the non-bonded interactions were computed with a cuto of 9 A and a switch-
ing distance of 7 A. The bonds involving hydrogen atoms were constrained
using the SHAKE[274] algorithm. Moreover, this simulation was extended to
500 ns in order to see whether the chromophore is able to rotate inside the
cavity of the protein or not and therefore, evaluate the convergence of the
probability distributions of the SCCS dihedral angle during the classical MD
simulations. In the case of the Ssystem with AMP inside the cavity, after
the minimization and thermalization processes, 200 ns of production were run.
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These simulations were carried out using the previously described computa-
tional protocol.

From each of the 100 ns simulations in thegSand S electronic states, 200
time-equidistant snapshots were extracted from the last 75 ns in order to pre-
pare the Gaussian09 QM/MM input les for the calculation of the absorption
and emission spectra. The MoBioTools software[329] was used to automatize
the preparation of the QM/MM input les, which considered 10 excited states
(for the absorption spectrum) at the TD-B3LYP/6-311G(2d,p) level of theory.

In the case of the emission spectrum, only the lowest-energy electronic transi-
tion was considered since the BL occurs from thq State. The vertical energies
were convoluted with Gaussian functions of full width at half maximum of 0.1
eV to obtain the absorption and emission spectra. For the emission spectrum
computed from the 200 ns Strajectory of the system with AMP inside the
cavity, other 200 time-equidistant snapshots were extracted from the last 100
ns in order to prepare the Gaussian09 input les following the same procedure
described before.

Hybrid QM/MM Molecular Dynamics

From the classical $ and § trajectories 100 time-equidistant geometries, to-
gether with their respective velocities, were extracted to be used as initial
conditions for 100 QM/MM MD simulations in each electronic state. Ide-
ally, one long QM/MM MD simulation should be performed for each of the
electronic states, from which the snapshots could be selected to compute the
spectra. However, running such long simulations at QM/MM level is not com-
putationally feasible. Instead, an accurate conformational sampling of the
chromophore is obtained by propagating short QM/MM trajectories, start-
ing from geometries extracted from the classical MD, well separated in time
(every ns), in order to also guarantee a statically-accurate thermal distribu-
tion of the solvent molecules interacting with the chromophore. Thus, these
QM/MM simulations can be compared with the FF based simulations to eval-
uate the performance of the GAFF torsion parameters against the QM/MM
potential. Each of these snapshots were processed with the recently developed
tools included in the COBRAMM 2 software[330, 331] in order to de ne three
di erent regions for the simulation: (i) the high layer, composed by the chro-
mophore and treated with the CAM-B3LYP[231 233, 316]/6-31+G(d)[313
315, 332, 333] level of theory (with 3 roots in the case of the Simulation);
(i) the medium layer, formed by the protein and the water molecules within
4 A from the chromophore treated classically; and (iii) the low layer, includ-
ing the rest of the water molecules and frozen during the simulation. All the
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QM/MM dynamics were run with COBRAMM 2,[330, 331] using its interfaces
with Gaussian16 and AMBERZ20 suites to calculate QM and MM energies and
gradients and the internal routines to build QM/MM potentials and gradients
within the electrostatic embedding scheme, and to propagate the adiabatic
dynamics on § and § with the velocity-Verlet algorithm.[253]

The protein and the water molecules were described, respectively, by the
previously used 19SB and TIP3P FFs. The 200 trajectories (100 in the;&nd
100 in the § states) were run for 200 fs in the microcanonical ensemble (NVE)
without periodic boundary conditions, which are not available in COBRAMM
2.0. For this reason, the atoms of the low layer were frozen during the QM/MM
MD simulations. The time step was set to 1 fs, the cuto for the non-bonded
interactions was 10 A, and positions and velocities of the atoms involved in X H
bonds in the medium layer were constrained with the RATTLE algorithm[275]
to get a good conservation of the total energy.[334] The last step of these
trajectories in the § and S states was used to compute the absorption and
emission spectra, respectively. The preparation of the Gaussian09 input les
was again performed by means of the MoBioTools software.[329]

3.2.3 Analysis of the Electronic Properties

The electronically excited states, computed by QM/MM based on the snhap-
shots of the $ and S states taken from the classical and QM/MM MD trajec-
tories, were analysed by means of the TheoDORE software.[249] Speci cally,
the intramolecular CT number, computed from the one-electron transition den-
sity matrix between the ground state and the $state as explained in Section
2.1.8, was calculated by dividing the chromophore into two fragments: the tz
and btz moieties, represented in Scheme 1.9. In addition, the absorption and
emission spectra were computed by considering snapshots for which the SCCS
dihedral angle lie within a particular range. Moreover, the variation of the CT
number with the dihedral angle was analysed and compared with the results
obtained from the static scan of OLUin vacuum to assess the e ect of the
protein environment.

The QM/MM trajectory on the S, surface was also employed to compute
the binding free energy of OLU to the enzyme by means of the 1A-MM GBSA
approach[287, 288] by using th®IMPBSA.py tool.[335] In addition, the bind-
ing free energy was decomposed into amino acid contributions by selecting
only the residues located within a sphere of 5.0 A radius from the OLU
chromophore for at least 1% of the simulation time, following a similar proce-
dure employed in a previous work.[336] The residue ARG339 was also included
in the analysis since it presents a positive charge and, therefore, can interact
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strongly with OLU. Moreover, a visual inspection of the dynamics showed that
ARG339 was close to the chromophore in some of the snapshots with large CT
values. A total of 16 residues were considered in the per-residue decomposition
of the free binding energy. In addition, this analysis was also performed for the
S, classical trajectories without and with the AMP contained in the cavity.
Finally, the location of the OLU inside the cavity for the QM/MM trajec-
tory on the & surface was analysed by a RMSD and divided accordingly in
3 clusters using the K-means clustering algorithm[337] randomizing the initial
set of points implemented in thecpptraj module of AmberTools20.[260]

3.3 Results and Discussion

This chapter focuses on the inuence of intramolecular and intermolecular
DOFs on the electronic properties of the chromophore in order to investigate
both the TICT and the micro-environment mechanisms for OLU colour tuning
by means of computational methods. Speci cally, the variation of the excita-
tion energies, absorption and emission intensities, and CT character with the
SCCS dihedral angle are analysed. This is done by comparing the results
obtained from the classical and QM/MM MD trajectories with the static po-
tential energy scan. Regarding the impact of the intermolecular DOFs, the
protein residues that are more relevant in the phenolate-keto OLU/enzyme in-
teraction are identi ed and, then, a correlation between the distance between
those residues and the chromophore with the CT character of the emitting
state is evaluated. In the following sections, rst the results from the static
scan are presented, followed by the discussion based on the analyses of the MD
simulations.

3.3.1 Static Scan around the C C' Bond

The energy change of the phenolate-keto OLU anion with the SCCS torsion
have been computed by means of TD-DFT calculations using ve di erent den-
sity functionals, namely, B3LYP, CAM-B3LYP, M06-2X, PBEO and! B97XD,

and the 6-311G(2d,p) basis set. The energy scans shown in Figure 3.2 show
that the Sy surface presents two minima in the two planar situations (0 and
180 respectively) and two maxima when the btz and tz fragments are perpen-
dicular to one another, at 90 and 27respectively. On the ip side, the S
surface presents two additional minima, corresponding to the maxima of the
ground state, and four maxima in total at 40, 130, 230 and 320Even though

all the density functionals present a similar behaviour, B3LYP and PBEO show
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an abnormally pronounced energy decrease in the Sinima corresponding
to the perpendicular fragments situations. This could be due to the fact that
these functionals do not include long-range corrections, thus leading to a wrong
description of CT states.[338] The other three density functionals, which do

(A) B3LYP

(B) CAM-B3LYP

(C) M06-2X

(D) PBEO

(E) | BO7XD

Figure 3.2:  (blue) and the S (pink) rigid potential energy curves calculated
with the density functionals: (A) B3LYP, (B) CAM-B3LYP, (C) M06-2X, (D)
PBEO and (E) ! B97XD. The secondary x-axis shows the angle di erence with
respect to the planar energy minimum found at a SCCS angle of P80
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include long-range corrections, present a smoother shape of thef®tential
curve around the energy minima. Previous high-level wavefunction-based cal-
culations also showed such a smooth shape of the potential.[155] Therefore,
one can conclude that a long-range corrected functional is needed to properly
describe the shape of the potential energy curve. Thus, CAM-B3LYP was the
functional selected to carry out the QM/MM MD trajectories and it is the
scan that will be discussed below.

In addition to the energies of the $ and S states along the scan, the
oscillator strength and the CT character of the §- S, transition have been
computed. These results are shown in Figure 3.3(A) at the CAM-B3LYP/6-
311G(2d,p) level although, for the sake of completeness, an equivalent repre-
sentation of Figure 3.2 but for the variation of the oscillator strength and CT
number can be found in Figure B.2. The oscillator strength (f) presents two
maxima and two minima corresponding, respectively, to the planar and per-
pendicular geometrical situations. This means that a break of the planarity
of the chromophore reduces the probability of the transition to take place.
This correlates well with the CT number, which increases its value when the
planarity of the molecule is broken, reaching its maximum value at 90 and
27C¢. Both results can be rationalized by looking at the molecular orbitals
involved in the electronic transition in the planar and perpendicular cases (see
Figure 3.3(B)). When both fragments are in the same plane (SCCS angle of
18(), the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccu-
pied Molecular Orbital (LUMO) orbitals are delocalized on the two fragments,
which favours the overlap of the initial and nal electronic densities and, thus,
increases the transition dipole moment and the oscillator strength. Moreover,
since both orbitals are delocalized over the whole molecule, the CT from one
fragment to the other is not important and the CT number is small. On the
ip side, when the fragments are perpendicular to each other, the HOMO is
completely localized in the btz fragment, while the LUMO is localized in the
tz one. Therefore, the overlap between the initial and nal electronic densities
vanishes and the oscillator strength becomes very small. Furthermore, the CT
increases since the initial and nal positions of the electron are localised in
di erent fragments.

In summary, the potential energy scan suggests a red shift of the absorption
and emission energies when the chromophore leaves the planarity during the
dynamics since the energy of the ground state increases, while the energy of the
rst excited state is nearly constant around both the ground and excited-state
minima. In addition to the red shift, the torsional motion of OLU around the
C C' single bond should also induce a decrease of the intensity of the spectra
and an increase of the CT character of the;Sstate. In the following, the MD
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(A)

(B)

Figure 3.3: (A) Variation of the oscillator strength (orange) and CT number
(green) for the $ - S, electronic transition along the dihedral angle calculated
with the CAM-B3LYP density functional. The secondary x-axis shows the
angle di erence with respect to the energy minimum. (B) HOMO and LUMO
orbitals for the planar and perpendicular geometrical situations.
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simulations will be analysed to see whether the expected trend predicted by
the static simple model is satis ed or not.

3.3.2 Absorption and Emission Spectra from the Classi-
cal Trajectories

The QM/MM vertical excitation energies of the 200 equidistant snapshots
taken from the § and § classical trajectories were convoluted to obtain the
absorption and emission spectra, represented in Figure 3.4. In the case of the
absorption band, two peaks can be observed at 2.34 eV (530 nm) and 3.08 eV
(403 nm), which correspond with the - S; and § - S transitions, respec-
tively. The emission peak was found at 2.16 eV (574 nm), in very good agree-
ment with the experimental value (560 nm).[124] Therefore, the methodology
consisting of classical MD followed by QM/MM vertical energy calculations
provides accurate results in terms of energy. Moreover, as it can be observed
in Figure 3.4(B), the inclusion of AMP in the model induces a slight blue shift
of the emission spectrum of 0.11 eV, which is within the DFT error. This
proves that the inclusion of the AMP inside the protein does not a ect much
the electronic properties of the system.

The & - S contribution of the absorption spectra and emission spectra
were decomposed into bands where the chromophore presents di erent dihedral
angles. In particular, the bands have been analysed by classifying the 200
sampled snapshots in 10 groups of 20 geometries according to the dihedral
angle di erence with respect to planarity (180). Each group of snapshots
contains 20 geometries to ensure that all the divisions are equally statistically
meaningful, since the population of planar geometries is larger than the ones
with distorted angles. However, since the 140 geometries corresponding to the
dihedral angles di erence between 1.6 and 22.,3n the case of the $trajectory,
and between 1.9 and 159 in the case of the & trajectory, resulted in very
similar bands, they have been represented together taking into account the
number of geometries so that the relative intensity of each group is comparable.
The same gure without combining geometries is presented in Figure B.3.

As it can be observed in Figure 3.4, there is a very small red shift for the
absorption and emission bands when the chromophore goes from the planar
to the twisted con guration. In the case of the absorption spectrum, the
planar contribution of the band peaks at 2.31 eV, while the two non-planar
contributions peak at 2.24 and 2.23 eV, respectively. In the case of emission, the
planar contribution of the band peaks at 2.17 eV, while the two contributions
from the most rotated dihedral angle peak at 2.14 and 2.16 eV. According to
the static scan for the chromophoren vacuum (Figure 3.3), the red shift is
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(A)

(B)

Figure 3.4: (A) Absorption and (B) emission spectra computed from the clas-
sical trajectories, together with their respective contributions from the & S;
band depending on the SCCS dihedral angle. Additionally, the emission spec-
tra obtained from the classical MD with the AMP inside the cavity is shown

with a dashed line.
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important only when the deviation from planarity is large (more than 590),
reaching values for the SCCS angle smaller than P3@nd larger than 230.
Nonetheless, such a large deviations are not reached during the classical MD
trajectories; as it can be observed in Figure 3.5(A), which shows the probability
distribution of the dihedral angle for the classical trajectories.

Along these trajectories, the population of dihedral angle deviations from
planarity larger than 5C°, for both the § and S trajectories, is insigni cant.
Moreover, this small deviations from planarity not only happen for the 100 ns
classical simulations but also for the 500 ns trajectories as it can be observed
in Figure B.4. This is the reason behind the very small red shift observed
in the spectra. Moreover, the distribution of the classical trajectory on the
ground state (with a Full Width at Half Maxima (FWHM) of 36 °) is wider
than that of the excited state (with a FWHM of 29°). This di erence between
both states arises from the stretching and bending FF parameters and the
atomic charges since the torsional and non-bonding parameters are the same
for both simulations, as they were directly taken from the GAFF. These values
of FWHM do not coincide with the expected behaviour attending to the static
scan represented in Figure 3.2 since the energy barrier of thei$§ lower than
that of the So. This could indicate that the FF employed to describe the
motion of the chromophore is not adequate and a more accurate description
could be needed. For this reason, the quality of the analysis has been improved
by performing QM/MM simulations in the Sy and S states of OLU.
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