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Abstract

The increase of carbon dioxide levels in the atmosphere have resulted in
an increasing interest in using solar light for di Lerent purposes, one being
chemistry. The introduction of light in chemistry can drive new and exciting
chemical reactions, finding applications in many fields such as photocatalysis
and photovoltaics. Combining the aspects of light in chemistry together
with the high selectivity that characterizes proteins make for interesting and
powerful machineries, so-called photoactive proteins. However, studying the
behaviors of photoactive proteins is a non-trivial task and many challenges
arise from both an experimental and a theoretical point of view. This thesis
takes a theoretical perspective. The challenges associated with simulating
photoactive protein behavior originate from the wide range of time and length
scales involved, ranging from ultrafast and localized excitation processes to
large-scale structural changes occurring on longer timescales. This, together
with the fact that there is no black box that we can use for novel theoretical
studies of photoactive proteins motivates a careful approach for theoretical
studies of photoactive proteins.

Inthis project, we conduct a theoretical investigation of two photosensitizer
proteins (PSP2 and PSP3), recently engineered to capture the essence of
plant photosynthesis. The photosensitizer proteins di Lerlby only one residue
(position 203), which is an aspartate in PSP2 while a tyrosine in PSP3.
Although structurally similar, the proteins demonstrate di Lerent photoinduced
behaviors. This study aims to shed light on the mechanistic details underlying
these di [erknces. As a first step to study PSP2 and PSP3 computationally,
we develop a computational protocol for protein preparation. The protocol
is then used for a theoretical investigation of the photophysics of the two
proteins using quantum mechanics/molecular mechanics simulations. Our
results provide a first mapping of the electronic-state manifold of the two
proteins. We find an intriguing charge-transfer state in PSP3, involving the
tyrosine and the protein chromophore, located below bright state responsible
for light absorption. This state is absent in PSP2 and could therefore be the
reason for the di [erknt photoinduced behavior of the two proteins. However,
this requires further studies of the two systems.
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Abstract

Den Okande koldioxidhalten i atmosfaren har lett till ett okat intresse for
anvandning av solljus, ett exempel dr inom kemi. Att anvanda ljus i kemi
kan leda till nya och intressanta kemiska reaktioner och kan tillampas i
anvandningsomraden som exempelvis fotokatalys och fotovoltaik. Genom att
kombinera de kraftfulla egenskaperna av ljus i kemi med den hdga selektivitet
som karaktariserar proteiner kan intressanta och kraftfulla maskinerier erhallas,
sa kallade fotoaktiva proteiner. Att studera de fotoinducerade beteendena
i fotoaktiva proteiner ar daremot icke-trivialt eftersom manga utmaningar
uppstar fran ett experimentellt och teoretiskt perspektiv. Denna uppsats
fokuserar pa det teoretiska perspektivet. Simulationer av beteenden hos
fotoaktiva proteiner leder till utmaningar relaterade till den stora variationen av
tids- och langdskalor involverade, dar allt ifran ultrasnabba och lokaliserade
excitationsprocesser till storskaliga strukturforandringar som utspelar sig pa
storre tidsskalor. Detta, tillsammans med det faktum att det inte finns en "svart
lada" som vi kan anvéanda for nya teoretiska studier motiverar ett forsiktigt
tillvagagangssatt for teoretiska studier av fotoaktiva proteiner.

| detta projekt gors en teoretisk undersékning av tva nyligen framstéllda
fotosensibiliserande proteiner (PSP2 och PSP3). De skapades for att harma
huvudprocesserna av fotosyntesen i plantor. Fotosensibiliserande proteinerna
skiljer sig med en enda aminosyra (position 203), som ar en aspartat i PSP2
och en tyrosin i PSP3. Aven fast proteinerna ar strukturellt lika sd uppvisar
de olika fotoinducerade beteenden. Malet med denna studie ar att klargora
for de mekanistiska detaljerna bakom dessa olikheter. Som ett forsta steg i
att teoretiskt studera PSP2 och PSP3 upprattar vi ett protokoll for teoretisk
forberedelse av proteinerna. Detta protokoll anvénds sedan for att teoretiskt
undersoka fotofysiken i dessa tva proteiner med hjélp av kvantmekaniska/
molekylar mekaniska simuleringar. Vara resultat ger en forsta ordningens
kartlaggning av de exciterade tillstanden i de tva proteinerna. Vi erhaller
en intressant laddningsoverforing tillstand i PSP3 som involverar tyrosinen
och proteinets kromofor, med en energi lagre an det tillstand ansvarig for
absorption av ljus. Denna laddningsoverféring saknas i PSP2 och kan darfor
vara anledningen till de olika fotoinducerade beteendena i proteinerna. Detta
kraver dock fortsatta studier av de tva systemen.
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Nyckelord
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Chapter 1

Background

1.1 Climate challenges and light as energy
source

Carbon dioxide (C@) levels in the world's atmosphere have been steadily
increasing since the end of the industrial revolution in the 184606 is

a common product emitted from almost all kinds of production facilities and
machineries with combustion engines. Therefore, @®eing emitted form

all corners of the world at all times. One industry that contributes signi cantly
to the CQ is the chemical industry, being responsible for 2 % of the global
CO, emission® By changing processes of larger industries towards more
environmentally friendly processes, a signi cant impact on the globaj CO

emission could be obtained.

One of the problem with a high GOlevel in the atmosphere is the
compound's stability, being highly inert and having a large negative standard
one-electron reduction potential of -1.9 V vs the standard hydrogen electrode
(SHE) 8 Due to this, and the use of fossil fuels and plastic in non-sustainable
amounts, CQ@is accumulating in the atmosphere.

E ects of a continued increase of GQevels in the atmosphere could be
detrimental for our planet, as it leads to an increase of the global temperature
and acidi cation of the world's oceans just to name a fe¥he consequences
of these e ects can be drastic changes, or even collapsesiany ecosystems
around the world, rises of sea levels, increase of natural disasters as a few
examples.

To mitigate the consequences of high 6€vels in the atmosphere, people
are investigating renewable resources and materials. Plastic bags have been
made from sugar cané8 some cars run on batteries and disposable cutlery,
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plates and mugs are now almost all made out of more sustainable materials
due to a European Union ban of single-use plastics in 2621.

Due to the above mentioned reasons, attention is being given towards
sustainable energy harvesting and chemical production. One possibility is
using solar light as an energy source. The energy generated by solar cells
around the world has been increasing the last few years, with a 22% increase
from 2020 to 2021. Electricity produced by solar cells was responsible for
3.6% of the global electricity generation in 20%..

Industries can make use of electricity produced by solar cells, but it is
also possible for chemical industries to use solar light directly for chemical
production. Molecules can absorb photons to become energetically excited.
The excess energy upon light excitation makes the molecules more prone to
undergo chemical reactions. It could be anything from rotation or breaking of
a chemical bond, emitting a new photon of di erent wavelength (i.e. di erent
energy), transferring its energy or even an electron to another molecule.

1.2 Plant photosynthesis

Photosynthesis occurring in plants is arguably the most important chemical
process on Earth. It is the reason why the plants are growing and the
atmosphere contains oxygen, making it possible for animals, and thus us
humans, to inhabit our planet. From the outside, the photosynthesis process
can be seen as very simple. The plants take in three components; water, light
from the sun and carbon dioxide, and produces two; oxygen and hydrocarbons.

6 COZ + 6 Hzo +Sun|ight! 6 OZ + C6H1206

In detail, photosynthesis is much more complex, consisting of several steps
(see Figure 1.1. Photosynthesis can be divided into two major processes: the
light and dark reactions. As the name suggests, the light reactions make use of
the energy of the light to drive its reactions, meanwhile the dark reactions
are independent of light. The former consist of several steps, starting in
photosystem II (PS Il). Here, a pair of chlorophyll molecules, named P680
(due to their capability of absorbing light of 680 nm), absorbs the incoming
light, resulting in photoexcitation of P680: P68@Which can donate its high
energy electron to an acceptor molecule. P68a strong oxidant and through
an oxygen evolution complex (OEC) it regains its electrons by oxidation of
water. Those electrons are transported from the OEC, to a tyrosine side chain
and then to P680 In one of the steps in this electron-transport process, a
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strongly oxidizing tyrosine specie is obtained. The electron that R8tated

gets transported in a so-called electron transport chain (ETC), going from
one molecule/protein to the next. The ETC consists of di erent membrane
proteins, one being a’Hpump that pumps Hthrough the cell membrane.

After the ETC, the electron arrives at photosystem | (PS 1) where it joins
another chlorophyll pair P700 (for its capability to absorb light at 700 nm).
P700 can absorb light, promoting the electron in to a high energy state and
transferred to an acceptor molecule, resulting in P708ere, P700 does
not oxidize water to regain its electron like its counterpart P680 in PS II. It
returns to P700 when an electron arrives from PS Il via the ETC electron. The
high energy electron donated by P700 gets transported through another ETC,
ending up reducing nicotinamide adenine dinucleotide phosphate, known as
NADP", to NADPH.

Figure 1.1: A schematic of the steps involved in plant photosynthesis.
Modi ed image from Ref. 1

The product, NADPH, is a strong reductant, being powerful enough to
drive the reduction of C@ The reduced CQis then further reduced and
undergoes more reactions before nally becoming a hydrocarbon.

With inspiration of photosynthesis, scientists have begun to look at proteins
activated by light. These proteins can be used to perform tasks such as
photocatalysis, meaning they accelerate chemical reactions with the help of
light, or facilitate redox reactions, such as the reduction 0§.CO
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1.3 Photoactive proteins

It is well known that proteins can act as catalysts in chemical reactions,
and with high selectivity due to their structural selectivity towards speci c
compounds. Combined with the fact that challenging chemical reactions
can be driven by solar light, an interest has grown in photoactive proteins
(proteins activated by light) for sustainable synthesis of chemicals and energy
harvesting:3 16

In larger molecular systems (e.g. proteins), there are several di erent
regions that can absorb incoming light. The region which has a relatively low
energy di erence between its ground and electronic excited states (i.e. it can
absorb visible light), is referred to as the chromophore. The chromophore
iIs what gives the system its color and is the unit that captures the energy
of solar light, causing some chemical change of the system. They are the
most important component in these types of system from a photochemical/
photophysical point of view, as they are the ones that absorb visible light
and therefore play a large role in the system's photoactivity. However,
the surrounding protein environment can substantially a ect the pathways
accessible to the chromopho'e.

There are plenty of deactivation pathways (i.e. ways to release the absorbed
energy) available for the chromophore after light absorption, some being
uorescence, energy transfer to another molecular species in its environment
and conformational change. The transfer of energy between the chromophore
and another molecular species (i.e. the coupled relaxation-excitation process)
is referred to as photosensitization. More often than not, it is used to transfer
energy to molecules that do not absorb light well or cannot reach a particular
excited state easily. The molecules that obtain the energy are said to be
sensitized. A schematic of photosensitization is shown in Figure 1.2.
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Figure 1.2: A schematic of the process photosensitization.

Studying photochemical processes in proteins experimentally imposes
challenges. Time-resolved spectroscopy techniques can be used, but each
method is speci ed towards a certain phenomenon, requiring many methods
to be used to capture all processes. Another complication comes from the
fact that some deactivation pathways are di cult to discéfrDue to this,
theoretical studies of deactivation pathways can help gain very important
insights on the photoinduced behavior of the chromophore, which have been
shown in the literaturé’*® Theoretical studies of photoactive proteins are
however far from trivial due to the system complexity (length- and timescales)
that necessitates a compromise between accuracy and computational cost. One
major problem is the sampling of the systems. For experimentalists, this is
not a problem as a solution of a chemical species often contains more than
10* replicas (1 ml of a 1 M solution) of that species, more than enough to
capture a statistical representative distribution of con gurations. One quickly
realizes that sampling that many con gurations theoretically is not possible
due to the computational storage required to store all information. Another
limitation is the computational resources required to treat systems at a high
level of theory (i.e. quantum mechanics), especially when considering non-
equilibrium systems. For one of the lowest level of theories in quantum
mechanics (QM), Hartree Fock, the computational time can scale as worse
as N, with N being the number of electrons in the system. The consequence
of this is that quantum-based studies are limited to smaller systems (< 1000
atoms) and microscopically short time intervals (< 1 ns). The latter causes
issues for photochemical systems, as life-time of certain excited states can be
long ( 1 ns). Even when considering systems with shorter life-time, or even
systems in equilibrium, the small time-scale results in a low sampling of the
system, something every theoretician have to deal with.
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Studying large biological systems theoretically will therefore inevitably
require approximations. To handle the large size of such systems, the system
is often divided into two regions, a small region (e.g. the chromophore) that is
to be treated at a quantum-mechanical (QM) level, and the remaining, larger
region treated classically. Describing molecular systems classically is referred
to as molecular mechanics (MM) and the combination of QM and MM is
referred to as QM/MM.

Due to the fact that large biological systems can be vividly di erent and
that many approximations are made for theoretical studies, there is no "right"
approach. Therefore, when doing novel theoretical studies, there is a need for
testing the approximations to get an idea of how sensitive the system is to them.
There have been many attempts of implementing systematic and reproducible
parts in the preparation of theoretical experiments, and more are still being
suggested to this ddy.?3

1.4 Photosensitizer proteins

Due to the size and complexity of the two photosystems in photosynthesis, it

has not been possible to express them in non-photosynthetic organisms. Nor
have any successful attempts to improve the function of natural photosynthetic
complexes by mutagenesis near the OEC been accompfished.

Instead, research groups have engineered photosensitizer proteins, with
the aim to mimic the functions of natural photosynthesis. One group, the
Laboratory of Non-Coding RNA in the Institute of Biophysics in Beijing,
China?* have rationally designed two photosensitizer proteins, PSP2 and
PSP3. The two proteins were obtained through mutagenesis of the superfolder
yellow uorescent protein (sfYFP) found idequorea victoria a jelly sh
found outside the west coast of North Amerf€aPSP2 (Figure 1.3), rst
reported by Liuet al. in 20182° was designed to capture the essence of
photosynthesis, as it has visible light absorption and being able to produce
a strong reductant capable of reducingLO
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Figure 1.3: lllustration of PSP2, with the chromophore highlighted in red.

The protein's chromophore was incorporated by mutagenesis of TYR66 to
benzophenone-alanine (BpA). The tripeptide Leu65-BpA66-Leu67 undergoes
autocatalytic conversion to the non-standard residue BF6 (Figure 1.4).

Figure 1.4: Generation of BF6. Image from Ref. 2

BF6 has a high structural resemblance with 2-hydroxybenzylidene-2,3-
dimethylimidazolinone (HBDI) shown in Figure 1.5, the chromophore found
in the green uorescent protein (GFP).

Figure 1.5: The HBDI molecule.

GFP is a very well-studied light activated protein used extensively in
bioimaging (for an overview of applications, photophysical behavior, the
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reader is referred to an issue by Marc Zimaigr Liu et al. argued that the
incorporation of a benzophenone part would lead to an e cient intersystem-
crossing (ISC) to a triplet state, increasing the excited-state lifetime of the
chromophore, allowing for long-distance electron transfer. ISC is explained in
more detail in Section 2.5.2.

In order to conrm the photochemical reduction of PSP2, the protein
was irradiated with a 405 nm laser in the presence of a biologically relevant
sacri cial reductant. A change of color from yellow to red was observed,
indicating that PSP2 undergoes e cient photochemical reduction reactions
to produce PSP2The proposed mechanism is that this occurs by an electron
transfer from ASP203 to BF6. BF6 could in turn sensitize an optimally placed
nickel-terpyridine complex known for its selective reduction of Q@ CO.

By incorporation of proton donors near the chromophore, a quantum yield
(QY) of the CQ reduction of 2.6% was obtained. The QY was higher in
the presence of the proton donors, indicating that the initial electron transfer
has a coupled proton transfer. The consequence of a proton donation is that
an anionic radical intermediate is avoided. Anionic radicals are usually high
in energy, thus avoiding them should result in an acceleration of the electron
transfer.

From UV-Vis titrations on PSP2it was concluded that PSPe&xists as a
neutral radical with a pKof 10.6 and circular dichroism showed no signi cant
changes in the protein sheet structure during the titration. The authors
obtained no signi cant signals from protein electrochemistry measurements,
but upon the addition of a strong reductant (with standard reduction potential
of-1.14 V), PSP2was obtained, indicating that PSP2 has a reduction potential
lower than -1.14 V vs SHE.

Electrochemical measurements of BPAChm, a compound that mimics the
PSP2 chromophore (structure found in Figure 1.6), showed two reduction
peaks at -1.46 V and -2.05 V vs SHE, corresponding to its 1- and 2-electron
reduction potential.

Figure 1.6: The molecule BpAChm.

In 20227 Liu et al. reported a genetically modi ed variant of PSP2,
denoted PSP3. In PSP3, ASP203 is mutated to a tyrosine (TYR203), which
can interact with BF6 through-stacking, resulting in a short distance between
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the two residues (average of 3.2 A). The authors hypothesized that this allows
for an ultrafast photoinduced electron transfer (PET), comparable with the
rst step in PS Il, where a fast electron transfer is observed together with
the creation of a strongly oxidizing tyrosine after light absorption. There is
however another process that can occur after light absorption in the protein
manifold. The chromophore can end up in atriplet excited state via intersystem
crossing (ISC), which is introduced together with other processes of excited
statesin Section 2.5.2. Due to the ultrafast PET being much faster than the ISC,
a high charge separation e ciency is obtained for PSP35%. This is much
higher than the corresponding charge separation e ciency in PSFZ5%.

That is because the PET is much slower in PSP21(ps). A schematic of

the proposed PET mechanisms in PSP2 and PSP3 are shown in Figure 1.7 and
Figure 1.8.

Figure 1.7: Proposed photoinduced mechanisms in PSP2.
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Figure 1.8: Proposed photoinduced mechanisms in PSP3.

What is obtained after PET in PSP3 is a strongly oxidative tyrosine radical,
similar to the one found in PS 1l, and a strong reductant B =-1.47 V).

The authors showed that by inserting an oxidative catalyst near the tyrosine,
the lifetime of the charge separated state can increase signi cantly, allowing
for longer-range charge separation.

Just as in the case of PSP2, PSEGuld be formed by addition of a
reductive quencher and irradiation with a 405 nm laser. UV-Vis titration
revealed that PSP& present as an anionic radical in neutral pH. The crystal
structure of PSP3 showed no signi cant di erence compared to the one of
PSP2, meaning that the incorporation of TYR203 did not change the crystal
structure of the protein signi cantly..

1.5 Scope of this project

Designing and tuning proteins after our own will is something many research
groups are trying to achieve. Proteins that can be activated with the help of
light are of high interest, as light access is something we can control in most
cases. This indicates that we can activate and inhibit the proteins, meaning
we have high control of their activity. In order to be able to design and tune
these types of proteins, we need to fully understand the underlying processes
in these systems.

The scope of this project is to investigate the photophysical properties
of related photosensitizer proteins, PSP2 and PSP3. PSP2 and PSP3 are
structurally similar and only di er by one mutation (ASP203/TYR203). Yet,
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the two proteins exhibit di erent photophysical and photochemical properties.
The photoinduced behaviors of the proteins have been studied experimentally,
but as previously stated, experimental studies have a hard time to distinguish
di erent deactivation pathways, making theoretical studies powerful in this
eld of research. By understanding how the protein environment a ects the
photoinduced dynamics of these systems, it is possible to use that knowledge
to tailor novel photosensitizer proteins or enhance existing once. However, to
this date, neither PSP2 nor PSP3 has been studied theoretically. An important
part of this project is therefore to develop a computational protocol that allows
for such a study.
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Chapter 2

Theoretical background

Studying molecular systems using theory is a very powerful tool as it is
possible to calculate and simulate behaviors that experimentalists have trouble
distinguishing. Here, mathematical descriptions of molecular systems are
used to describe their static and dynamical properties. To accurately describe
molecular systems, a quantum mechanical description is needed as the system
contains electrons and nuclei. The Schrdodinger equation (Equation 2.1)
governs the wave function of a quantum system

ihg{ ()i = Aj ()i (2.1)

where the wave function is a mathematical description of the quantum system,
from which all properties of the system can be determined.

In Equation 2.1, thé? is the Hamiltonian operator arjd (t)i is a state
vector, describing the quantum system.

The Schrodinger equation also exists in a time-independent form (Equation
2.2)

Hj i=Eji (2.2)

whereE is the energy of the system and the solution is referred to as
stationary states. The Hamiltonian of a molecular system (in atomic units)
with N andM nuclei is

X X 1r2>(\'>("Z_A+X\'X\'i+X"X"ZAZB
' 12|\/|AA

RAB

(2.3)

i=1 A=1 A =1 i 0 A=1B>A
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wherer is the di erentiation with respect to the Cartesian coordinali¢g,

is the mass of nucleh, Z, is the atomic number of nuclé, r; /R; is the
distance between particleand particlg. Upper case letters indicate nuclei
and lower case letters indicate electrons. The rst term in the Hamiltonian
describes the kinetic energy of all electrons in the system. The second term
is the kinetic energy of all nuclei. The third term describes the attractive
electron-nucleus interaction and the fourth term is the repulsive electron-
electron interaction. The last term in the Hamiltonian is the repulsive nucleus-
nucleus interaction.

Solving the Schrodinger equation is non-trivial because of the electron-
electron interactions and the fact that the motion of the electrons and nuclei are
coupled. However, the nuclei are much heavier than the electrons. The nucleus
of a carbon atom is in the order of 4fimes heavier than an electron. Due to
this, an approximation that electrons reorganize themselves instantaneously
to any change of the nuclei positions can be made. This means that it can
be seen as the electrons moving in a eld of xed nuclei. This results in the
kinetic energy of the nuclei (second term in Equation 2.3) to be neglected and
the nuclei repulsion (last term in Equation 2.3) to be seen as a constant. This
approximation is known as the Born Oppenheimer approximatfo@ne can
therefore solve the electronic problem for a x set of nuclear coordinates using
the modi ed Hamiltonian and the time-independent Schrédinger equation
(Equation 2.2. If one wants to evolve the system with time, the motion
of the nuclei have to be solved. This can be done by treating the nuclei
as classical particles moving on the ground state potential energy surface
(PES) constructed by the electrons of the system (i.e. the solution to the
electronic problem mentioned above). This approach is referred to as Born
Oppenheimer molecular dynamics (BOMD).

Even with the Born Oppenheimer approximation, there are still limitations
to practical simulations. The non-trivial electron-electron interactions have
to be approximated and the computational resources limits the sizes of the
systems and the timescale which can be simulated. There are however
approximations that can ease the limitation, one being a classical mechanical
approach. The use of classical mechanics to describe a molecular system is
referred to as molecular mechanics and is introduced in Section 2.1. This
allows for fast calculations of molecular systems, allowing for simulations
of longer time-scales compared to the quantum mechanical simulations.
However, in most molecular mechanics approaches, the removal and creation
of chemical bonds are described very poorly. What can be done is combining
guantum mechanics (QM) with molecular mechanics (MM), where a small
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region is considered with quantum mechanics and the rest of the system
is considered classically. This approach is referred to as QM/MM and is
introduced in Section 2.3.

The theory for the quantum mechanical parts are obtained from Szabo and
Ostlund'sModern Quantum Chemistf§and Helgaker, Jorgensen and Olsen's
Molecular Electronic-Structure Theord The theory about the AMBER force
eld is obtained directly from the AMBER websité.

2.1 Molecular mechanics

Due to the relatively low cost of classical mechanics, it is often used for
simulations of large molecular systems. In molecular mechanics (MM), there
are two types of interactions, one describing the bonded interactions and one
describing the non-bonded ones.

Epotential = Ebond + Eangle + Edih + Eelec+ EvdW (2-4)

Each interaction is described by a function that all together sums up to a
potential energy (see equation 2.4). Aforce eld (FF) is the functional form of
the potential energy and parameters set to evaluate it. There are many di erent
force elds, each specied to a speci c group of molecules. Some FFs are
more speci ed to describe proteins and nucleic acids and others are used for
small organic molecules. Described below is the general form of the AMBER
FF, a FF used to describe proteins and nucleic acids.

2.1.1 The AMBER force eld

In the AMBER FF, chemical bonds between two atoms are approximated to a
harmonic potential using Hooke's law

_ XXk 2
Ebond = 7(dij do;i ) (2.5)
| ]

with k;; being the force constand; being the distance between atomend
j anddp;; being the equilibrium distance between the two ataonasd j.
Important to note is that this description is not appropriate for large elongation
(i.e. breaking) of chemical bonds, as the potential energy goes to in nity as
the distance between the two atoms increases.
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Angles between three atoms are also described with a harmonic potential

XX ki
Eangle = — ik 0sijk ) (2.6)
i

with ki being the force constanty, being the angle between atonjsandk,
and ok being the equilibrium angle of atomg andk. The dihedral angles
are described di erently as they are often more loose than angles and bonds
and have some form of periodicity. In the AMBER force eld, it takes the
following form

X
Eain = Kgh (L+cos(n i )) (2.7)

|
wherekqi, describes the barrier height going from one stable conformation to
the othern is the periodicity of the torsion barrier; is the the dihedral angle
i and is the phase shift angle.
For the non-bonded interactions there are two terms: the van-der-Waals

(vdW) energy and the electrostatic energy. The vdW energy has the form of a
Lennard-Jones potential

X X h
Evaw = i
i

2

doj 22, o © (2.8)
dij "

ij

where j is the well depth of the vdW energy ang;; is the location of the
well. The electrostatic energy is calculated using Coulomb's law

X X qq

T (2.9)

Eelectrostatic =
i
whereg, denotes the charge of atdoand o denotes the vacuum permittivity.
One thing to note here is that electrons were never mentioned. In MM, the
electrons are not explicitly considered, but rather implicitly in the description
of the interactions. This, and with the already mentioned problem with
using harmonic potentials for bonds and angle (i.e. they are only good
approximations close to the equilibrium distance/angle), makes molecular
mechanics not suitable for chemistry involving creating and breaking bonds,
electron transfers or excitations.
However, there are so called reactive force elds which try to circumvent
these shortcomings. These FFs do not consider bonds explicitly, but rather
bond orders. One example of such a FF is ReaXFBy considering
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bond orders, they allow for the formation/breaking of bonds. However, the
complexity of the force eld is high and a large amount of training data is
required to fully capture the interactions necessary to describe such events.

2.2 Quantum chemistry

As previously mentioned, the Born Oppenheimer approximation allows for a
separation of the electronic and nuclei problem in the Schrédinger equation.
We now seek to solve the electronic part of the time-independent Schrodinger
equation.

2.2.1 Hartree Fock theory

Hartree Fock (HF) theory provides the simplest wave function representation
for an electronic system. HF theory assumes non-interacting electrons and
thus the wave function can be constructed as the product of the individual
one electron wave functions. However, due to the fermionic nature of
electrons (quantum particles with half-integer spins), the wavefunction must
be antisymmetric with respect to the interchange of spatial and spin coordinates
of any electron pair. Therefore, the simplest ansatz for a wave function in
HF theory is a Slater-determinant made out of one-electron wave functions
(orbitals). For a two-electron system this would be

ot = 12 igg 25:3 :pl—é 1(r1) 2(ra) 1(r2) 2(r1) (2.10)

with  being the total wave function, being the one electron wave function
of electroni (orbital) andr; being the position of electrgn

The electronic Hamiltonian (the Hamiltonian obtained under the Born
Oppenheimer approximation) consists of one- and two-electron operators

X X
Ha= A+  ¢G)+ Van (2.11)
i i<j
whereﬁ(i) is the one-electron operator as it only depends on the spatial
coordinate of one electron:
X Z,

) = i Rij

2
I

NI =
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and ¥(i;j ) is the two-electron operator as it depends on the spatial
coordinates of two electron
1

0= s

Vun IS the constant nuclei repulsion potential for the xed set of nuclear
coordinates R}.

With this electronic Hamiltonian and our (normalized) Slater determinant
as wave function, we can evaluate the electronic energy.

Eer = h jHej i (2.12)
which can be rewritten in terms of one- and two-electron integrals
X X
Ewe = Hihjii+ 5 (i1 D (2.13)
i ij
where the one- and two-electron integrals are de ned as

z

hijhjii = dxq ; (x))h(r1) j(x1) (2.14)
z

[ij jKIT=" dxsdxz ;(X1) j(xl)é (X2) 1(X2) (2.15)

According to the variational principle, the best wave function describing
an N-electron system is the wave function that yields the lowest possible
energy. Therefore, in the Hartree Fock procedure, we minimize the energy
with respect to the orbitals under the constraints that the orbitals remain
orthonormal

1 ifi=i
hijgi= — )
0, ifi6j:
The minimization with the constraints can be done with Lagrange's method.
X
LIf idl= Ene[f id] (hjji ) (2.16)

ij
By setting the variation to zerod. = 0 we obtain the Hartree Fock
equations
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hZ i

X
h(xi) i(xi)+ dXoj (X2)i’ryy  i(%a)
x nZ i
dX2 j(X2) (Xl (X)) = i i(Xa) (2.17)
i6i

where ; is the eigenvalue associated with orbital

We note that the solution depends on the orbitals, meaning we have to
start with a guess of orbitals. This is followed by making small changes to
the orbitals in an iterative manner, always making use of the latest orbitals
to generate new ones. We obtain the best wave function for a system when
the lowest energy is obtained. This iterative method is referred to as the self-
consistent eld (SCF) method.

2.2.2 Density functional theory

In contrast to Hartree Fock, density functional theory (DFT) does not use
a wave function in order to describe a chemical system. Instead, it is the
electron density that is used. The electron density at a speci ¢ point in space
is de ned as the probability to nd any electron at that point. There are several
advantages to using the electron density rather than wave functions, one being
that electron density is a three-dimensional property and therefore "simpler”
than the wave function which aN3-dimensional object, wittN being the
number of particles. It has also been shown that with the help of DFT, we are
able, at a relatively low computational cost, to calculate chemical properties of
systems with a reasonable accurdtyhis follows from the two Hohenberg-
Kohn theorems that prove that:

1. thereis a unique mapping between the ground-state electron density and
the external potential (the nuclear attraction energy) of the system

2. there is an energy functional for the system and that the ground-state
electron density minimizes that functional.

There is however two hurdles that we have yet to overcome in DFT, which is
describing the kinetic energy of the electrons and the exchange and correlation
interactions using the electron density.

An attempt to work around the problem of the kinetic energy that has
proved to be very useful is the reintroduction of non-interacting particles (like
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in Hartree Fock), and thus orbitals. These non-interacting particles move in
an e ective potential that generate the same density as the interacting system.
This implementation is referred to as Kohn-Sham density functional theorem
(KS-DFT). The kinetic energy can be determined just like in Hartree Fock
theory, which seems to solve one of the problems mentioned above.

However, the kinetic energy obtained from the Kohn-Sham orbitals di er
from the true kinetic energy. There is also no, to this date, exact expression
for the exchange and correlation terms. Due to this, the exchange-correlation
functional is introduced, which contains the exchange and correlation terms,
as well as the di erence between the kinetic energy obtained from the orbitals
and the true kinetic energy. This is the only term that cannot be computed
exactly, introducing approximations into DFT. There are several methods of
approximating the exchange-correlation functional, and they come at di erent
level of theories.

The total energy of the system is expressed as the following functional of
the electron density

E[ ]: Ts[ ]+ Eext[ ]+ ‘][ ]+ Exc[ ] (2-18)

whereTs[ ] is the Kohn-Sham kinetic energy, is the Coulomb energy
andE,. is the exchange-correlation functional. This equation is exact, but
as previously stated, the exchange-correlation functional is not known and
therefore has to be approximated in practical calculations.

The second Hohenberg-Kohn theorem allows us to vary the orbitals in
order to minimize the energy, the same variational approach as in Hartree
Fock. From it (with the use of the chain rule) we obtain

" #
@E_ @7, @G, @) , @& @) _

@ e  en en en e ' &Y

where ; is the non-interacting orbitaland ; is the eigenvalue associated
with orbitali.

From it we can obtain the Kohn Sham equations (see Appendix A for
derivation)

2

h
ST 2 Voo (D+ Val D1+ Vel (0] (0= 1 (220)

which just like in the case of Hartree Fock requires a start guess of orbitals
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that are then changed in an iterative process in order to obtained the lowest
energy.

Even though ground-state properties of molecular systems can be well
described with DFT, excited state properties are not well described with the
Kohn-Sham formulation of DFT. In order to describe excited systems (i.e.
excitation energies, dynamics of excited states), we have to go beyond the time-
independent case, to the time-dependent formulation of DFT.

2.2.3 Time-dependent density functional theory

A similar theorem to the rst Hohenberg Kohn theorem was provided by
Runge and Gross, but for time-dependent formulation of DFT, referred to as
time-dependent-density functional theory (TDDFT). The theorem proves that
there is a unique mapping between the time-dependent external potential and
the time-dependent density of the system. Hence, one can obtain all properties
of the system from the time-dependent density. The properties of a system
can be obtained by solving the time-dependent Kohn-Sham equations where,
just like in time-independent KS-DFT, all exchange and correlation e ects are
collected into a single term.

Even though other methods are more exact, TDDFT can be used in order
to calculate excitation energies at a low computational cost. These excitation
energies and the oscillator strengths (a quantity proportional to the probability
of absorption) corresponding to the respective excitation can be obtained by
introducing a small time-dependent perturbation. As long as the perturbation
is much smaller than the static term, linear response theory can be used. By
assuming that the exchange and correlation potential changes instantaneously
when the electron density is changed (i.e. adiabatic approach), meaning we
neglect its "memory" and any retardation e ects, we can make use of the same
exchange-correlation functions available in time-independent KS-DFT.

The use of TDDFT to compute excitation energies is not unconiframd
its limitations have been well studi€#® especially when it comes to charge-
transfer excitation. For the latter, the choice of exchange-correlation function
can largely a ect the accuracy of the calculatiofs.

2.2.4 Nudged Elastic Band

Finding transition states (TSs) of chemical reactions with computational tools
can give useful insights on chemical reactions. TSs are rst-order saddle points
on the PESs, where it is a maxima along the reaction coordinate and a minima
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along all other coordinates. In computational chemistry, one knows a TS has
been obtained the Hessian contains one, and only one, negative value. As
the diagonal elements are the second derivatives of the energies with respect
to one coordinate, it should return positive values if its a minima (assuming
that it is a stationary point along all coordinates) and negative values if it is a
maxima. The diagonal elements are equal to the force constant of the vibration
(under the harmonic approximation) and the frequency of the vibration along

a coordinate is proportional to the square root of the force constant of that
coordinate. That means that a frequency calculation on a TS should show
one and only one imaginary frequency. However, these types of calculations
becomes computationally expensive as the system increases. Also, it is not
guaranteed that the reaction path one can obtain is the one that one was looking
for. Therefore, other tools have been created to nd minimum energy paths
(MEPSs) between an initial and nal state.

The Nudged Elastic Band (NEB) method is one such method. In a
NEB calculation, the path between initial and nal state is interpolated and
discretized into replicas of the system. Each replica is referred to as an image.
One possible interpolation is linear interpolation in Cartesian coordinates
between the start and nal coordinates, but other methods are available. In
the NEB calculation, the force perpendicular to the path acting on the images
are minimized and the images are evenly distributed along the reaction path
by a harmonic spring between adjacent images. In NEB, the TS will never be
obtained, as the images are only modi ed according to the distance between
each other and the force acting perpendicular to the path, meaning an image
will never be found on a saddle point.

The NEB method has been used to study chemical reactions, such as ene-
reactions3’*8and variants of the method have been added. One such variants
is the climbing image nudged elastic band (CI-NEB), which forces one of the
images to climb up to the saddle point (i.e. the TS of the reaction).

2.3 QM/MM

A water solvated protein contain atoms in the order of 10,000s (e.g., our
solvated PSP3 model contains 49,002 atoms), making it impossible to consider
the system at the QM level. When studying systems these sizes and a process
in need of a QM description is localized, combining QM with MM is the
usual approach. This approach is referred to as QM/MM and in order to run
QM/MM calculations, one has to de ne one (or several) region(s) that will be
considered at a QM level. The rest of the system will then be considered at the
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MM level. Anillustration is shown in Figure 2.1 where the orange background
corresponds to the region considered at the MM level and the blue background
corresponds to the region considered at the QM level.

Figure 2.1: An illustration of a QM/MM system.

For covalently bonded systems and chromophores, like proteins, the border
between the two regions (quantum and classical) will inevitably be in the
middle of a covalent bond, meaning one of the atoms in the covalent bond will
be considered with quantum mechanics and the other with classical mechanics.
What is then done in order for the quantum system to be closed shell (i.e.
no unpaired electron) is to add hydrogens (referred to as link atoms) to the
gquantum atoms at the border of the regions in the same direction of the covalent
bond. One realizes that this process is not perfect, as the bond polarity might
not be correctly re ected by this "substitution”.

The coupling (i.e. the interactions) between the two regions is an important
aspect to consider in QM/MM calculations. As there is an explicit border
between the two regions, it is not trivial how to consider the interactions
between atoms in the QM region and atoms in the MM region. The interactions
can be treated at three di erent levelsithe rst level is considering the
interaction using MM, meaning classically, and referred to as mechanical
embedding. This is, to no surprise, the cheapest in terms of computational
resources. The next level is electrostatic embedding, where the interaction
is considered at the QM level, but with MM charges. This leads to the QM
region being polarized by the MM region, but not vice versa. The third level
is polarizable embedding, where both the QM and MM region are mutually
polarized. In order to use the polarizable embedding, the usage of a polarizable
FF is required. This leads to an increase in computational resotff&ase
to this, electrostatic embedding is the mostly used approximation for the
interaction between then QM and MM regions.
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2.3.1 Charge Shift Analysis

Determining the size of the QM region is non-trivial, as a larger QM region
increases the accuracy of the description of the system, while simultaneously
increasing the computational cost. A too small QM region could lead to an
incorrect description of the system. Due to these reasons, and to avoid a
requirement of awless chemical intuition amongst theoreticians, systematic
determination of QM region is desired. However, there is not, to this date, a
universally agreed on approach for determining the QM region.

One suggestion for a systematic determination of QM region in QM/MM
systems is charge shift analysis (CSA), rstintroduced in 28*As chemical
properties are mostly determined by how the electrons are behaving, the
region of interest in a system (e.g. a chromophore) should have its electronic
environment well described. In other words, the charge of the region of
interest should be coherent with what one would expect in reality. CSA is
a theoretically simple method of determining what is chemically important
in the environment around the region of interest. In CSA, the rst step is
a minimization of a large (1000 atoms) QM region, including all residues
within a given radius (e.g. 5 A) from the region of interest. This region is then
further divided into smaller subspaces, each with a di erent radius (e.g. 1.0
A,15A, 2.0 A etc.). For each of these subspaces, one calculates the Voronoi
Density Deformation (VDD) charge of the compound of interest.

The VDD of atomA is de ned as the di erence in electron density between
a promolecule (i.e. a molecule without interacting atoms) and the molecule
with interactions (i.e. with bonds). It therefore describes if electrons ow from
or to an atom upon bond formation. The associated VDD charge of At@m
de ned as Z

quD = € promolecule (r) (r) dr (2.21)
V(A)

whereeis the elementary charge, V(A) is the Voronoi cell of atBrand is
the electron density.

The Voronoi cell of atomA is de ned as the volume in space which is
closer to atomA than any other atom. This means that the charge calculation
is not dependent on the basis functions, like it is for Mulliken charges, and
therefore shows a little to no basis set dependéhddis implies that a small
basis can be used to calculate these charges, making it a relatively fast method.

As the radius of the subspace increases, one would expect that the region
of interest's interaction with its surrounding is being better described. This
means that the VDD charge of the region of interest is expected to reach
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an asymptotic limit. What one obtains is an idea of what residues in the
environment of the region of interest are important in order to accurately
describe the region. The authors of CSA showed that quantitative agreement
of a 968 atom radial QM region could be obtained with a 296 atom radial QM
region, a decrease of just under 70°%.

2.4 Born Oppenheimer molecular dynamics

Studying molecular interactions and how they evolve through time is of great
interest for many scientists. Molecular dynamics (MD) is simulation method
used for analyzing molecular systems over time. Nuclei can be evolved
classically under the Born Oppenheimer approximation or by solving their
respective nuclear wave function from the Schroédinger equation. From the
classical approach, the forces acting on each nuclei are obtained and can be
used in an integrator scheme such as the velocity verlet, given explicitly in
Equation 2.22.

Xi(t+ t)=x(t)+ tvi(t)+ Z_r:jFi(t) (2.22)
h ' i
Vi (t + t) =V (t) + Z_IT::, Fi(t) + F (t + t) (223)

Here,x; is the collective coordinates of partidle; is the velocity of particle
i, m; is the mass of particleandF; is the force acting on particie

The forces acting on particlecan also be calculateab initio from the
ground states PES or from MM by taking the positional derivative of the
potential energy given in equation 2.4

dE i
E = potential 224
= (2.24)

The former approach is referred to @s initio MD (AIMD) and the latter is
referred to as classical MD.

The velocity verlet integrator keeps the total energy of the system constant.
Therefore, it is referred to as a NVE integrator (N for constant number of
particles, V for constant volume and E for constant energy). Simulations of
molecules/molecular systems are used as tools to virtually recreate or conduct
new experiments. Meaning, in order to compare theoretical experiments
with experiments conduced in laboratory settings, the conditions of the
experiments, such as pH, temperature, solvent etc., must be similar. Simulating
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how water molecules interact with a cell membrane at 10 000 K or how
hydrogen gas molecules are produced in fuel cells at 1 K does not give
realistic insights on how the systems behave in every day life. Controlling
the conditions of a simulation is therefore a necessity. Conditions such
as pH and solvent can be controlled by addition or removal of molecular
species, meanwhile, the temperature is a property of the whole system. The
instantaneous temperature is obtained from the total kinetic energy of the
system, it is therefore clear that in order to control the temperature of the
system, one should aim to control the kinetic energy.

2.4.1 Langevin dynamics

One popular method used to evolve particles classically at constant temperature
iIs Langevin dynamics. It propagates the system in time with a stochastic
contribution to the velocity. In Langevin dynamics, we have our molecules,
which are referred to as the system, interacting with a virtual surrounding,
referred to as the bath. The system collides with the bath, resulting in a
loss of momentum due to friction. However, the bath also transfers kinetic
energy to the system in a stochastic way in order to compensate for this loss
of momentum. This interaction is described by a stochastic second order
di erential equation.

(0= Fout) %M+ ZKeT (1) (2.25)

where is the mass of particle, x and x indicates the rst and second
derivatives ofx; respectively, (t) is a random Gaussian variable with 0 mean
and is the friction coe cient.

Since velocity is the time derivative of the position, Equation 2.25 can
be rewritten in terms of velocity and position. By doing so, we obtain the
equations of motion for our system.

dxi(t) = vi(t)dt (2.26)

FEM) g vat+ ” 2T = (@t (2.27)

dvi(t) =
As expected, the stochastic contribution is only directly a ecting the velocity
of the particles (and therefore indirectly their positions). The result is that a
constant average temperature is held for the system, as it propagates through
time.
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When it comes to the friction coe cient, there is a more mathematical
description. The friction coe cient is related to the number of collisions
between the system and the bath per time unit, hence is it the inverse of
the di usion constant. Using the di usion coe cient of water (2.3 10 °
m?/s)*? as reference (as water is often used as solvent), one can compute a
friction coe cient of order 1 ps * should be representative of a water solvated
substrate.

2.5 Photochemistry

2.5.1 Selection rules in photophysics

Molecules and atoms can absorb photons, obtaining its energy to reach an
electronically excited state. In order for the molecule to absorb light, the
transition dipole moment must be non-zero. The transition dipole moment
can be expressed as the product of three terms:

M1 o= hajh 1j7) ol 0ihSjSol (2.28)

with m; ¢ being the transition dipole moment; is the electronic orbital
associated with the staig” is the dipole operator,;Ss the spin associated
with statei and ; is the nuclear wavefunction of state

This indicates that in order for a molecule to absorb light (i.e. become
electronically excited) all three terms must be non-zero. This gives rise to
selection rules in photophysics. The rst is that there must be a signi cant
spatial overlap of the orbitals involved in the transition, as the integral over the
product of the two orbitals weighted by the dipole operator is proportional to
the transition dipole moment. The integral vanishes if the spatial overlap is
small, resulting in a weakly absorbing transition. The integral also vanishes in
particular cases where the symmetry of the orbitals involved in the transition
are similar. In those cases, one can use symmetry to determine if the integral
is necessarily 0.. In Figure 2.2, two orbitals of formaldehyde are shown. The
non-bonding orbital (non-bonding orbitals are denoted as n) of an oxygen
in formaldehyde is in the plane of the molecule, meanwhile th@ane is
perpendicular to the molecule plane. The rransition therefore has little
spatial overlap and and is referred to as a forbidden transition.
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Figure 2.2:n- and -orbitals in formaldehyde.

However, in a dynamical system, the angle between the planes will move,
resulting in a small overlap of the orbitals. This results in these types of
transitions 0 ) and other symmetry forbidden transitions to have a low
transition dipole moment.

The second rule requires that the states relevant for the transition must have
the same spin symmetry, meaning transitions between states of opposite spinis
forbidden (e.g. singlet state to triplet state transition). In reality, these types of
transition can occur due to spin-orbit coupling. However, this e ect is often
weak in molecules with light atoms, resulting in these types of transition to
have a low transition dipole moment.

The third rule is that absorption and the following excitation are so fast that
they can be seen as instantaneous compared to the nuclear motion. The new
state must compatible with the nuclear positions and momenta, or in quantum
mechanical terms, there must be an overlap between the nuclear wavefunction
of the excited state and the ground state. The probability of an excitation is
proportional to this overlap. Meaning that the most probable excitation is the
excitation to the vibronic state of the excited state that has the largest nuclear
wavefunction overlap with the ground state. The point on the excited state PES
at which the excitation occurs is referred to as the Franck-Condon (FC) point.

2.5.2 Deactivation pathways

Given that the excitation occurs, the molecule will become electronically
excited, from which it can undergo di erent processes. The rst process is
that the molecule will quickly relax to the lowest vibrational state, a process
referred to as vibrational relaxation. The molecule can then decay either by
radiative or non-radiative processes to the ground state. A schematic of all
processes can be seen in the Jablonski diagram illustrated in Figure 2.3. A
Jablonski diagram is a diagram that shows di erent electronic and vibrational
states of a molecule and the transitions between them.
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Figure 2.3: A general Jablonski diagram. From Ref. 3

Once in the lowest vibrational state, the system can undergo three types
of non-radiative processes. The rst is internal conversion (IC) which is the
transformation of electronic excitation to vibrational energy. This process
takes place through nuclear tunneling from the excited state's PES to that of
the ground state. In order for this process to occur, a strong overlap is required
between the vibrational wavefunctions of each state. The second is intersystem
crossing (ISC) which can be seen as a special case of internal conversion,
where the the resulting state is another excited state characterized by a di erent
spin multiplicity. This means that this process involves a simultaneous spin
ip.

There are dynamical processes that can mediate the types of transitions
mentioned above. Upon excitation of a molecular system, it can move on the
excited state PES. This PES can cross the PES of another electronic state,
making the system go from one electronic state to another by just changes in its
geometry. A point where two PESs cross is referred to as conical intersection.
Internal conversion can therefore occur by a dynamic process, mediated by
conical intersection.

Besides the two non-radiative processes, two radiative processes can occur
in the system. Fluorescence can occur between a singlet excited state and the
ground state (assuming its a singlet), which is when a photon, of the same
energy as the energy di erence between the two states, is emitted. The other
process, phosphorescence, also results in a photon being emitted, but here the
excited state is a triplet state. As already mentioned, this process is forbidden
due to spin symmetry and therefore has a long lifetime (up to 100 seconds).

The processes mentioned above only consider the excited molecule. There
are processes were the excess energy can be transferred to another molecule,
either by electron transfer or by the photon emitted from uorescence. The
latter is referred to as photosensitization and has been discussed in Section
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Chapter 3

Computational methods

All QM calculations were performed with a developer version of TeraClem
and all MM calculations were performed with OpenMMunless written
otherwise.

3.1 Protein preparation

The whole preparation process is illustrated in Figure 3.1.

The protein crystal structures were obtained from the protein data*bank
(PSP2: 5YR3, PSP3: 6L02). Both systems had two alternate structures.
For PSP2, both were kept initially, before one was disregarded (see Section
4.3). For PSP3, one was disregarded due to its non-existing interaction
with the chromophore. Non-structural water molecules were removed using
Chimera?®® The crystal structures do not include hydrogens due to limitations
of X-ray crystallography, and some groups are hard to distinguish from each
other due to similar electron density (e.g. N-H and O both have eight
electrons). Therefore, ipping of certain residues needs to be done to get
correct hydrogen bonds. Ring ips of residues to optimize the hydrogen bond
network and addition of hydrogens was performed using the python package
High Throughput Molecular dynamics (HTMB)at a pH = 7.0. For details
about alternate locations kept, residues removed or mutated and assigned
protonation states for each protein system, see Appendix B.

From the crystal structure of PSP3, the non-standard residue, BF6 (residue
ID 66), was extracted and hydrogenated with Chimera. The hydrogenated
non-standard residue was then optimized at the QM level using the B3LYP
functional with D3 dispersion correction and a 6-31G* basis set in order to
determine the optimized structure in gas phase and its bond orders. The
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optimized structure was then used in order to obtain force eld parameters.
AmberTools228 was used to obtain General AMBER Force F@I(GAFF)
parameters for BF6. An in-house script was then used in order to change the
equilibrium bond lengths to the average bond lengths between di erent atom
types in the non-standard residue. The same procedure was also done for the
angles in the chromophore. Torsional parameters for the methine bridge was
insert manually from a previous study on the GFP chromophore, H8DI.

The system was then solvated and neutralizing Mas were added to
obtain a neutral net charge using tleap, a program part of AmberTools22. The
solvation model was chosen to be the exible SPC/Fw water ntodeld the
19SB >2 force eld was used to describe the proteins. For solvation, a bu er
of 15 A was used together with a closeness (how far the solvent is placed from
the solute) of 0.75 A for the solvent and periodic boundary conditions were
employed.

This was followed by a minimization and equilibration of the systems at the
MM level. This was done in order to obtain equilibrated systems and correct
for their densities. The equilibration consisted of 16 NVT/NPT simulations,
with restraints in form of a three dimensional harmonic potential around each
atom's position (¥, Yo, Zo)

=k Xe)? (Y Vo) (z Zio)?

with k being the force constant. The restraints were on protein atoms and
proteins alpha carbons, loosening the restraints gradually on protein atoms
followed by loosening the restraints on the protein alpha carbons. Each
NPT/NVT simulation had a timestep of 0.5 fs and used a Langevin thermostat
with a friction coecient =1 ps!. For a detailed description of the
minimization and equilibration simulations, see Appendix C.

The minimization and equilibration was followed by a 100 ns production
run at 300 K with the same timestep and friction coe cient as the previous
simulations. The production run was then reimaged, putting BF6 at the origin,
using CPPTRAJ3
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Figure 3.1: A schematic that summarizes the protein preparation process.

3.2 AIMD and classical MD simulations

In order to review the FF parameters obtained for BF6 in the protein preparation
stage, a classical MD and AIMD simulation of the chromophore was performed.
An acetyl and N-methylamide group were attached to the N- and C-terminal

of BF6, respectively. The chemical structure of the capped compound is found
in Figure 3.2.

Figure 3.2: The chemical structure of the ACE/NME capped BF6.

For the classical MD simulation, a Langevin integrator with timestep of
0.5 fs, friction coe cient of 1 ps ! and temperature of 300 K was used and
the total simulation time was 7.5 ps.

A 7.5 ps AIMD simulation using DFT and B3LYP-D3/6-31@vas then
done on the chromophore. Here, the timestep of the simulation was 0.5 ps and
the temperature was kept at 300 K using Langevin thermostat was used with a
friction coe cient of 1 ps 1.

The dihedral angles over the methine bridge and the benzophenone bridge
were calculated for each step of the simulation. In order to compare the
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dihedrals over the benzophenone bridge, a classical MD and AIMD simulation
with same parameters as for BF6 was performed with benzophenone.

3.3 NEB calculations

Since dihedral angles are generally slower to equilibrate (as atoms would have
to travel longer distances), capturing the torsion forces in MM is important.
Going from one stable conformation to another is often separated by an energy
barrier.

A nudged elastic band (NEB) calculation with B3LYP-D3/6-31@as
performed with the keywordeb_freein TeraChem to capture the torsional
rotation of the benzophenone part of BF6 from one stable conformation to
the other.neb_freeallows for the endpoints to be free. For BF6, 17 images
were generated by Cartesian linear interpolation between initial and nal state,
resulting in a total of 19 images.

A NEB calculation with the same functional and basis set was performed
for benzophenone. Here with a total of 15 images, with the rst and lastimage
having the same dihedral angle as the rst and last image of BF6, respectively.
Once the transition path had been obtained, along with the energies for each
image, a single point energy calculation using MM was performed on the
images. For benzophenone, GAFF parameters were used.

3.4 Determination of QM region

In order to determine how large the QM region should be, a charge shift
analysis (CSA) was performed on PSP2 and PSP3. From the MM production
run, two random frames from each system were selected followed by a sphere-
cutting procedure, centering the protein in its middle. With the help of a
python script, all residues that had at least one atom with 5 A from any atom of
BF6 were included in the QM region, as well as their connecting peptide bonds
(given that the connecting residue was not part of the QM region). This lead to
aQMregion of 750 atoms including 30-40 link atoms for both proteins. This
was followed by a minimization of the QM region, freezing all MM atoms.
The minimization was performed with DFT usihg®BEh/6-31G, withl =
0.20 (default value in TeraChem and always used unless written otherwise).
Due to convergence issues, the minimization was stopped once the energy
di erence between two adjacent steps were less tharf Hartree. This
followed by a VDD-charge calculation of di erent subspaces of the minimized
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systems. The subsystems were de ned as all residues that have at least one
atom within a given radius from BF6. Nine di erent radii were used for each
frame and system; 0.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 A. Here, the
peptide bonds to residues not in the subspace are included. The di erent
subspaces inside the protein are shown in Figure 4.12.

The VDD-charges of the subspaces were obtained from a QM/MM single
point energy calculation on each subspace, WRBEh/6-31G.

3.5 Absorption spectrum

From the MM production run, a randomly selected frame was chosen followed
by a sphere-cutting procedure. A 200 fs AIMD simulation was performed
with ! PBEh/6-31G* at 300 K using a Langevin thermostat with a friction
coe cient 1 ps 1. Three di erent QM regions were used; one with only the
chromophore being considered at the QM level, one with the chromophore and
the electron transferring residue (ASP in PSP2 and TYR in PSP3) and one with
the chromophore and its adjacent residues and ASP/TYR. In all these regions,
the peptide bond to the adjacent residues considered at the MM level were
included in the QM region.

An AIMD simulation was also performed for the isolated methyl capped
chromophore in gaseous phase. A chemical drawing of the methyl capped
chromophore is shown in Figure 3.3

Figure 3.3: The chemical structure of methyl-capped BF6.

From the AIMD, 100 snapshots with 5 fs apart were extracted from
the end of the simulation with the help of the python package MD¥raj.
This was followed by single point energy time-dependent density functional
theory (TDDFT) calculations on each snapshot in order to calculate excitation
energies The absorption spectra were obtained by broadening the excitation
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energies with a normal distribution function, multiply them with the obtain
oscillator strength and then summed together. The mathematical expression
of this calculation can be seen in Equation 3.1.

f%mes;@tes 1 L B
| (eV) = fij pe 2 (3.2)
i

fi; is the obtain oscillator strength for roptn framei, is the standard
variation used in order to control the broadening of the spectrymisiEhe
energy di erence between the ground state and yaotframei.

The intensities were all normalized and shifted to the rst peak of the
experimental data.

The absorption spectrum does not generally give us any new information
as they are t (in the sense of shifting energies and adjusting intensities) to
the experimental data. However, computational methods can give insights
in the underlying transitions and their respective energies that make up the
spectra. With the help of calculated natural transition orbitals (NTOs) we can
characterize the transitions occurring in molecular compounds.

3.6 Characterization of excited states

BF6 can be viewed as a combination of the GFP chromophore, HBDI, and
benzophenone. Characterizing the excited states of HBDI and benzophenone
in comparison to BF6 can lead to understanding how electronic states mixes
and/or a ect each other when combining molecular parts. The electronic states
of benzophenone, HBDI and BF6 were characterized by single point energy
TDDFT calculations using the PBEh functional with a 6-31Gbasis. 15
states were calculated in the TDDFT calculations. The choice of functional
comes due to the fact that the popular B3LYP functionals have shown poor
results for intermolecular charge transfer excitations, and that long-range
corrected functional (e.d. PBEh) show more accurate restils.

It is not only changes to the molecule itself that can a ect the types of
electronic excitation in molecular systems, but also the environment around
the chromophore. Due to the di erent environments of BF6 inside PSP2 and
PSP3, single pointenergy TDDFT calculation was performed on both proteins,
considering the chromophore and residue 203 (ASP and TYR for PSP2 and
PSP3, respectively) at the QM level. Just like for the three compounds above,
the ! PBEh functional with a 6-31Gbasis was used, and 15 states were
calculated in the TDDFT calculations. For both systems, the minimized
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structure obtained from the CSA (mentioned in section 4.4) was used for the
single point energy TDDFT calculation.

The characterization of excitation was done by looking at the obtained
NTOs from the TDDFT calculation using VM.
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Chapter 4

Results and discussion

4.1 Validation of FF parameters

In this section, the validation of the force eld parameters for BF6 are
discussed. When dihedrals are discussed, they are mentioned as follows: X-
Y, indicating the 4-atom chain starting at atom X and ending at atom Y. The
relevant atom names of BF6 is shown in Figure 4.1. Example: Dihedral NB -
CE is the dihedral of atoms NB, CC, CD and CE.

Figure 4.1: Atom labels of BF6.

A validation is necessary in order to make sure that the behavior of BF6 is
similar in MM and QM. Speci cally, that similar distributions of bond lengths,
angles and dihedral angles are sampled. If the behavior is vastly di erent,
incorrect sampling is obtained in the MM production run. Bonds are expected
to behave reasonably well and be quick to relax in a QM/MM minimization
as it only depends on the relative distance between two atoms. The dihedrals
are however more slow to relax as they depend on the relative position of four
atoms. Due to this, it is not guaranteed to sample a correct distribution of



	Background
	Climate challenges and light as energy source
	Plant photosynthesis
	Photoactive proteins
	Photosensitizer proteins
	Scope of this project

	Theoretical background
	Molecular mechanics
	The AMBER force field

	Quantum chemistry
	Hartree–Fock theory
	Density functional theory
	Time-dependent density functional theory
	Nudged Elastic Band

	QM/MM
	Charge Shift Analysis

	Born–Oppenheimer molecular dynamics
	Langevin dynamics

	Photochemistry
	Selection rules in photophysics
	Deactivation pathways


	Computational methods
	Protein preparation
	AIMD and classical MD simulations
	NEB calculations
	Determination of QM region
	Absorption spectrum
	Characterization of excited states

	Results and discussion
	Validation of FF parameters
	Results of classical molecular dynamics
	Temperature
	Density

	Choice of alternate location of PSP2
	Charge Shift Analysis
	Absorption spectrum of PSP2 and PSP3
	PSP2 absorption spectrum
	PSP3 absorption spectrum

	Characterization of excited states
	Benzophenone, HBDI and BF6
	Benzophenone
	HBDI
	BF6

	Excited states in the proteins
	PSP2


	Conclusions and Outlook
	Conclusion
	Outlook

	References
	Derivation Kohn-Sham equations
	Protein preparation
	PSP2
	PSP3

	MM minimization & equilibration
	CSA subspace residue IDs

