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The first law of quantum mechanics is
you do not talk about quantum mechanics





Abstract

Arguably, humans are in need of both better diagnostic tools to prevent pro-
gression of diseases as well as greener catalysts for synthesis of chemicals.

Neurodegenerative diseases affecting neurons in the brain leads to demen-
tias, where Alzheimer’s disease (AD) is the most prevalent. It is estimated that
about 50 million people worldwide suffer from AD, a number that has more
than doubled during the last 30 years. Currently, there is no cure for AD, but in
order to slow the progression of symptoms it is crucial to develop biomarkers
for early detection and initiation of clinical interventions.

With theoretical tools it is possible to better understand the optical prop-
erties of fluorescent biomarkers, and thus contribute to steering the design of
biomarkers for distinguishing different types of disease-associated proteins. Lu-
minescent conjugated oligothiophenes (LCO) is a class of molecules that binds
to aggregates of misfolded amyloid-� proteins, facilitating in vivo-detection of
the pathological hallmarks of AD. By performing molecular dynamics (MD)
simulations and subsequent response theory calculations of a LCO, it could be
concluded that the differences in the spectroscopic fingerprints for the bound
and free biomarker were predominantly due to conformational changes of the
conjugated ⇡-system in the molecular backbone. The introduction of differ-
ent central units with donor properties yield donor-acceptor-donor electronic
systems that increase the range of spectroscopic detection of LCO biomark-
ers, without reducing the selectivity towards amyloid-�. It was also revealed
that in order to capture more of the two-photon absorption (TPA) signal it
would be optimal to design biomarkers with the dominant TPA signal at longer
wavelenghts.

The second part of this work is centered around computational enzyme
design, and how single point mutations can alter the flow of water in the active
site. The altered flow of water likely impacts the catalysis in the active site of the
enzymes. The enzymes considered in this work belongs to two different enzyme
classes, and catalyse different kinds of reactions. Squalene hopene cyclase (SHC)
is a monotopic membrane enzyme that catalyses the cyclization of squalene to
hopene, and !-transaminase catalyses the transfer of an amino and keto group
between an amino acid and a keto acid. Enzyme variants of both SHC and
!-transaminase, where single-point mutations have been introduced, display
different experimentally observed properties compared to their corresponding
wild-types (WT). By performing MD simulations, the flow of water in the active
sites of both enzymes could be tracked. Distinct differences in the flow of water
in the WT and enzyme variants could be detected. These changes are proposed
to influence the catalysis, and help to explain the experimentally observed
differences in the protein variants.
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Svensk sammanfattning

Behovet av bättre diagnostiska verktyg för att kunna detektera olika åldersre-
laterade sjukdomar ökar. Samtidigt ökar behovet av mer miljövänliga sätt att
syntetisera olika typer av kemikalier.

Neurodegenererande sjukdomar som påverkar hjärnan leder till olika typer
av demens. Den vanligast förekommande formen är Alzheimers, som 50
miljoner människor uppskattas vara drabbade av. Detta är en dubblering
av antalet sjukdomsfall som för 30 år sedan. I dagsläget finns inget botemedel
mot Alzheimers, men det finns läkemedel som kan bromsa utvecklingen av
symptomen. För att kunna starta behandlingen så tidigt som möjligt är det
kritiskt att ha tillgång till biomarkörer för att kunna detektera de felveckade
proteinerna som orsakar symptomen innan utvecklingen har gått för långt.

Med hjälp av simuleringar kan en djupare förståelse för de spektroskopiska
egenskaperna hos fluoroscerande biomarkörer uppnås. De kunskaperna kan
bidra till att styra designen av nya biomarkörer som är optimerade för att kunna
detektera olika typer av sjukdomsassocierade proteiner. Luminiscerande kon-
jugerade oligotiofener (LCO) är en grupp molekyler som binder till aggregat
av felveckade amyloid-� proteiner, och därmed möjliggör in vivo-detektion
av de patologiska kännetecknen av Alzheimers. Genom molekyldynamik-
simuleringar (MD) och efterföljande responsberäkningar av en LCO, kunde de
spektroskopiska profilerna för inbunden och fri biomarkör undersökas. Det
visade sig att det största bidraget härstammar från molekylernas konformation,
och att bidrag från Coulomb-interaktioner mellan biomarkör och omgivningen
är försumbara. Genom att introducera andra molekylära enheter istället för den
centrala thiophenringen erhölls biomarkörer med ett bredare detektionsom-
råde. Beräkningarna kunde också belysa problem med att den experimentellt
detekterade signalen från två-foton spektroskopi till största delen ligger utanför
det detekterade området, och att för att kunna öka möjligheterna för detektion
bör designen av biomarkörer förskjutas mot molekyler som emitterar ljus vid
längre våglängder.

Den andra delen av det här arbetet är centrerat kring hur punktmutationer
i enzym påverkar flödet av vatten i den aktiva siten. Ett ändrat flöde föres-
lås påverka katalysen som utförs av enzymen. De enzym som är studerade
tillhör olika enzymklasser, och katalyserar olika reaktioner. Squalene hopene
cyclas (SHC) är ett monotopiskt membranenzym som katalyserar omvandlin-
gen av skvalen till hopen. !-transaminas katalyserar reaktionen som överför
en aminogrupp och en ketogrupp mellan en aminosyra och en ketosyra. För
båda enzymer har punktmutationer introducerats, vilket lett till experimentellt
observerade skillnader i egenskaper jämfört med respektive enzyms vildtyp
(WT). Från MD simuleringar kunde flödet av vatten i den aktiva siten jämföras
mellan WT och de muterade varianterna, och distinkta skillnader av vattenflö-
den i den aktiva siten kunde identifieras. Det ändrade flödet föreslås påverka
enzymets katalytiska förmåga, vilket kan bidra till att förklara de experimentellt
observerade skillnaderna hos varianterna.
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FIGURE 1.1: By including the
environment of the reaction,
the complexity of the calcula-
tions are increased dramati-
cally.

1 . I N T R O D U C T I O N

As a result of progress within different scientific fields, humans
are able to live longer. With an ageing population it is only natural
that age-related problems become more frequent. For instance, the
number of people that are affected by Alzheimer’s disease today
has more than doubled during the last three decades. 1 In order
to minimize the global disease burden, new pharmaceuticals are
needed. With theoretical chemistry, new drugs can be modelled
to tune specific interactions with the target protein, and new
biomarkers can be developed.

The increased longevity is also associated with an increasing
population, leading to that there are new challenges to overcome,
for instance the increased need for various products. Connected
to this issue, we are faced with how to reduce chemical waste
from the various production processes. A possible solution for
reducing toxic waste products from manufacturing processes is to
use biocatalysts (enzymes) instead of traditional catalysts which
often contain inorganic compounds. In addition to being envi-
ronmentally friendly alternatives, enzymes also produce highly
stereospecific products, and can perform catalysis under milder
conditions than traditional catalysts.

The full potential of the field of chemistry is unraveled when
theory and experiments are combined. For instance, theoretical
chemistry can offer guidance to experimentalists on how to mod-
ify molecules by introducing specific groups to steer the design
towards molecules with desirable properties, or in which regions
the experimental setup should be tuned for optimal measure-
ments. It is also possible to perform simulations of potentially
dangerous (or expensive) experiments, or supply explanations for
unexpected experimental results.

When modeling our favourite molecules, it is critical to use
accurate models. Most chemical reactions take place in solution,
or in environments of larger macromolecules, such as proteins,
lipids or DNA. Since the molecular environment will influence
the molecule of interest, it is important to include atoms of the
environment around the molecules of interest in order to obtain
accurate results. Figure 1.1 displays an example where a protein
is inserted into a phospholipid membrane, and the whole system
is solvated with water molecules.

Nowadays, the field of theoretical chemistry has evolved into
being able to perform calculations of large molecular systems
on reasonable time scales. In this day and age, it is also feasible
to take complex heterogenous environments into account when
determining reactivity and molecular properties.

In theory, all atoms, both the specific molecule of interest as
well as its environment, can be studied by fully quantum me-
chanical (QM) methods. However, in practice this soon becomes

3



1 . I N T R O D U C T I O N

JR2K

SHC

ω-Transaminase

Aβ

FIGURE 1.2: Peptides (A� and
JR2K) and proteins (SHC and
!-Transaminase) included in
this thesis.

problematic due to the large number of solvent molecules that is
necessary to include in order to obtain an accurate description of
the environment effects. The results would be very accurate, but
it would take too much time and computational resources. There-
fore, various methods have been developed for describing the
environments with less costly calculations, while still keeping the
accuracy high. For instance, by treating the molecule of interest
with a high level of theory and, at the same time, describing the
environment with a coarser method. Work within this field was
awarded with the 2013 Nobel Prize in Chemistry.

In this work, four projects involve (very) different kinds of
proteins: the fibril of aggregated amyloid-�, A�, a synthetic pep-
tide named JR2K, Squalene hopene cyclase (SCH) and !-amino
transaminase. They will be further introduced below, and the four
different proteins are visualized in Figure 1.2.

Systems

In the different projects included in this work there are different
kinds of molecules involved. There are three key players, pro-
teins, biomarkers and water. Proteins consists of one or more
chains of different amino acids and depending on the order of
the amino acids, as well as external factors, protein folds into
different shapes. With different shapes comes different functional-
ities. Some protein transport nutrients, some act as gate-keepers
for traffic in and out of the cell, and a specific type of proteins,
enzymes, catalyse chemical reactions. When chemical reactions
occur, there is an energetic barrier, the activation energy, that
needs to be overcome for reactants to form a product. A catalyst
can reduce this barrier, thereby increasing the reaction rate. En-
zymes are biocatalysts, and they can speed up reactions in our
cells that would take millions of years to sub-second time scales.
Life as we know it would not be possible without enzymes.

There are about 20,000 different proteins in the human body, 2

based on the hypothesis that one gene equals to one protein. But
depending on different transcriptional and translational processes,
one gene can potentially give rise to up to 100 different proteins. 2

It is therefore not surprising that we do not yet know the function
of all the proteins in the human body. However, when proteins
somehow lose their function or behave in other undesirable ways,
diseases can emerge. Alzheimer’s disease is an example of this,
caused by misfolded amyloid proteins which aggregate together
forming insoluble fibrils. It is of high importance to be able to
detect the disease-associated structures as soon as possible in
order to initiate clinical interventions and slow the progression
of symptoms. Fluorescent biomarkers that bind to the protein
aggregates is an excellent new alternative to traditional methods.
The first part of this thesis is focused on spectroscopic properties
of luminescent conjugated oligothiophenes that bind to A�. The
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A I M O F T H E S I S

second part of this thesis is focused on the two enzymes SHC
and !-amino transaminase, and how altered flow of water in the
active site can impact the catalysis.

Aim of thesis

The aim of this thesis is twofold. The aim of the first part is to
investigate how the environment impact the spectroscopic prop-
erties of biomarkers. The aim of the second part is to study how
enzymatic catalysis is impacted by solvent effects. The overall
theme is to understand what effects arise due to conformational
changes introduced by the environment and what effects arise due
to electrostatic interactions with the environment, as illustrated
by Figure 1.3.

Environment

MoleculeLight QM

M
D

M
M

FIGURE 1.3: A molecular system is affected by its native environment,
and the interplay between the molecule of interest and the environ-
ment lead to conformational changes in the system, and can be stud-
ied by molecular dynamics, MD. A molecule can also interact with
light by absorbing and emitting light, these kinds of interactions can
be studied using quantum mechanics, QM. The environment will also
be influenced by polarization effects when the molecule of interest is
subjected to an external electromagnetic field. In order to study these
interactions, molecular mechanics (MM) can be applied. In order to
study photophysical phenomenon in this work, both MD and QM/MM
methods have been applied.
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1 . I N T R O D U C T I O N

Outline of thesis

Chapter 2, 3 and 4 contain theory that is relevant to the overall the-
sis. Chapter 5 include theory related to the present investigation
regarding calculations of spectroscopic properties of biomolecules,
and a summary of Paper I and Paper II, as well as an unpublished
work. Chapters 6 include theory related to the present investiga-
tion on solvent effects on enzyme catalysis, and a summary of Pa-
per III and Paper IV. Last but not least, the papers and manuscripts
are included, along with supporting information.
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2 . Q U A N T U M M E C H A N I C S

‘It seems as though we must use sometimes the one
theory and sometimes the other, while at times we may use
either. We are faced with a new kind of difficulty. We have
two contradictory pictures of reality; separately neither of
them fully explains the phenomena of light, but together
they do.’ (Albert Einstein, 1938 3)

Fundamentals

Classical mechanics can describe motions of macroscopic objects.
In microscopic systems this may not always be true. For instance,
quantum mechanics (QM) is typically required to determine chem-
ical and spectroscopic properties, and we then rely on the pos-
tulate that all such properties can be determined from the wave-
functions of the systems under study.

About 150 years ago Maxwell derived his theories on the wave-
like properties of electric and magnetic fields, proposing that light
is an electromagnetic wave. 4 However, when trying to describe
the radiation from a blackbody system he was faced with prob-
lems that could not be solved unless the radiation was assumed
to be quantized. In 1905, forty years after Maxwell presented his
equations, Einstein hypothesised that in order to explain the pho-
toelectric effect, electromagnetic radiation has to be quantized. 5

Around this time there were other physicists also studying
atoms and electrons. Bohr described how electrons could only
move in discrete orbits around the nucleus. Bohr also described
how light was absorbed or emitted when electrons jumped in
between these discrete orbits. This model has since been aban-
doned, but at the time it was an important development repre-
senting a step away from the classical model of atoms where the
electrons were assumed to move around the positively charged
nucleus without any specific radii for their orbits. Together with
the hypotheses of Maxwell and Einstein, the observations of Bohr
pointed to that light could not be fully described by the classical
model of light only having wave-like properties. It lead to the
conclusion that light also could be described as particles, and the
conception of the wave–particle duality.

All chemical systems can be described theoretically by a wave-
function, from which it is possible to obtain properties for the
system by applying different operators.

In general, a quantum mechanical operator maps one function
into another function. We are typically concerned with Hermitian
operators that correspond to physical observables in nature. In

7



2 . Q U A N T U M M E C H A N I C S

the specific case when the operation of such an operator gives the
function in return multiplied by a real scalar number, then the
function is known as an eigenfunction of the operator (represent-
ing an eigenstate of the system) and the scalar is known as the
associated eigenvalue (corresponding to a measurable value of
the observable). Measurement in the laboratory takes place on a
large number of quantum mechanical systems (molecules in our
case) and it is therefore appropriate to consider expectation values
in the comparison with experiments. For instance, the expectation
value of the Hamilton operator Ĥ0 of a time-independent system
corresponds to the energy of the system and it is expressed by

E = hĤ0i = h |Ĥ0| i (2.1)

The eigenvalue problem of the Hamiltonian is known as the
time-independent Schrödinger equation (SE) and it takes the form

Ĥ0 n = En n (2.2)

where  n is the eigenfunction with associated energy En. In
our work, these wavefunctions describe all particles (nuclei and
electrons) of the molecular system.I The Hamiltonian takes the
form

Ĥ0 = �

X

A

~2
2MA

r
2

A �

X

i

~2
2me

r
2

i +
X

i<j

e2

4⇡✏0|ri � rj|

�

X

i,A

e2ZA

4⇡✏0|ri � RA|
+

X

A<B

e2ZAZB

4⇡✏0|RA � RB|

(2.3)

where the first and second terms represent the kinetic energy oper-
ator of the nuclei and electrons, respectively. The next three terms
are the potential energy operators for the interactions between
electrons (electron-electron repulsion energy); between electrons
and nuclei (Coulomb attraction); and between the nuclei in the
system (nuclear repulsion energy). Furthermore, ~ is the reduced
Planck constant (h/2⇡), e the elementary charge, MA and me are
the mass of nucleus A and electrons, respectively, r is the Laplace
operator, Z the atomic number, and R and r are used for the
positions of nuclei and electrons, respectively.

When an external magnetic or electric field is applied to the
system, more terms are necessary to include in the Hamiltonian
operator than the five defined in Equation (2.3). This topic will
be further explored in a later section as we will consider spectro-
scopic properties.

(I) Cramer phrased it that the wavefunction is an oracle. When queried
with questions in the form of an operator, it returns answers. 6
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F U N D A M E N T A L S

The only atomic or molecular system that the SE can be solved
analytically for is the hydrogen (or hydrogen-like) atom. The
wavefunction for all systems of interest in the present study
are too complex to be determined exactly. As a simple illustra-
tion, even if only the spatial coordinates are considered (neglect-
ing spin), the representation of the wavefunction for an oxygen
molecule is surprisingly complex. For each of the 16 electrons
and two nuclei, we have three spatial coordinates, yielding a total
of 54 coordinates. Even if only ten grid points are considered
for each coordinate, a staggering 1054 complex numbers are re-
quired 7 for the representation of the wavefunction in this sparse
representation of the Hilbert space.II This is clearly not a way for-
ward in computational chemistry, and different approximations
have to be introduced in order to solve equations more efficiently.
The first one that will be introduced is the Born–Oppenheimer
approximation.

BORN–OPPENHEIMER APPROXIMATION

Since the electrons have so little mass compared to the nuclei,
their relative velocity will be so high that from the perspective of
the electrons, the nuclei can be considered as stationary. This led
to the approximation that the motions of the electrons and nuclei
can be decoupled and treated separately. 8 The total wavefunc-
tion can be expressed as a product of an electronic and a nuclear
wavefunction

 tot =  el nuc (2.4)

When solving the electronic SE, the nuclei are considered to be sta-
tionary. The Coulombic interactions between nuclei and electrons
are still included in the electronic Hamiltonian, which is defined
as

Ĥel = �

NX

i=1

~2
2me

r
2

i +
NX

i=1

NX

i<j

e2

4⇡✏0|ri � rj|

�

NX

i=1

MX

A=1

e2ZA

4⇡✏0|ri � RA|
(2.5)

The eigenvalues of this Hamiltonian determine the energies
of the molecular ground and excited electronic states. It is noted
that the electronic Hamiltonian has an implicit dependence on
the positions of the nuclei and this will therefore also apply to

(II) For comparison, if one DVD has the capacity of 1010 bytes, under
the assumption that each number takes one byte to store, it will require
1044 DVDs(!)
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2 . Q U A N T U M M E C H A N I C S

the electronic energies. This dependence of electronic energies on
nuclear coordinates defines the important concept of a potential
energy surface (PES) in chemistry upon which the nuclear motions
take place during for instance chemical reactions. Also, by vary-
ing the nuclear coordinates of the system, the PES is scanned and
the equilibrium structure is identified as the minimum on the PES.
In absorption spectroscopy, the equilibrium geometry of the elec-
tronic ground state is of particular importance as it defines the
vertical excitation energies in the Franck–Condon approximation.
This approximation is central in the present work.

VARIATIONAL PR INC IPLE

The exact wavefunction of a system can be difficult to determine
and we often have to settle with finding approximate wavefunc-
tions. 9 In doing so, a trial wavefunction,  trial, can be defined to
contain a number of variational parameters. For instance, such a
trial wavefunction can be constructed as a linear combination of
other known wavefunctions that in turn form a basis. The vari-
ational principle states that the energy associated with the trial
wavefunction will always be higher than the true ground state
energy, according to

h trial|Ĥ| triali

h trial| triali
� E0 (2.6)

Based on the variational principle, the optimal parameters of the
trial wavefunction are defined to be those that minimizes the
energy functional.

Hartree–Fock

An approximative form of the electronic wavefunction can be
constructed within the Hartree–Fock (HF) framework. The wave-
function for a many-electron system is then expressed as a Slater
determinant with elements that are known as spin-orbitals. A
spin orbital, �i(r) is a one-electron wavefunction consisting of a
spatial part (molecular orbital) and a spin function (↵ or �). By
construction, Slater determinants obey the Pauli principle and
changes sign when two electrons are interchanged. The Slater
determinant for a system with N electrons takes the form

 (r1, r2, ..., rN ) =
1

p
N !

���������

�1(r1) �2(r1) . . . �N (r1)
�1(r2) �2(r2) . . . �N (r2)

...
...

...
...

�1(rN ) �2(rN ) . . . �N (rN )

���������

(2.7)
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The Slater determinant thus describes a many-electron system
in terms of one-electron states, as illustrated in Figure 2.1.

Hartree–Fock

ε1

ε2

Virtual 
orbitals

Occupied 
orbitals

Many electron system

E

E0

E1

ε

Electronic structure diagram

εN/2HOMO

LUMO

. . . 
. . .

. . .

E2

FIGURE 2.1: A general overview of how a many-electronic system
(restricted, closed-shell) have different electronic states,  , with as-
sociated energies E. The electronic structure diagram displays the
different spin-orbitals, �, that the electrons populate and their associ-
ated electronic energy levels, ".

The elements in the Slater determinant (the spin orbitals, �)
and the associated energies, ", are determined from the canonical
HF equation

f̂�i = "i�i (2.8)

The one-electron Fock operator has here been defined as

f̂ = �
~2
2me

r
2
�

MX

A=1

e2ZA

4⇡✏0|r � RA|
+ V HF(r) (2.9)

where the V HF(r) is the external average potential from all the
electrons in the system. In the HF approach, each electron is
considered to move independently in a mean field of the average
charge of the other electrons in the system.

The individual one-electron wave functions need to be deter-
mined in practice. To address this issue, Hartree developed an
iterative method for optimizing the one-electron wavefunctions,
called the self consistent field (SCF) method. The first step is to
make a initial guess of the molecular orbitals of the system. Based
on the initial guess, the Fock operator can be formed and the HF
equations can be solved to obtain a new set of molecular orbitals.
If the changes in the orbitals are below a pre-defined threshold,
then the molecular orbitals are considered to be good enough.
Otherwise, the iterative process will continue until convergence
is reached. The process is schematically illustrated in Figure 2.2.
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Start here

Goal!

Make an initial
guess of  molecular 
orbitals ψ

Construct HF
equations

Solve HF 
equations

Is the change between 
ψ and ψ' small enough?

Self consistency!

Make ψ' input 
for next iteration

No Yes

Obtain new 
molecular orbitals, ψ'

FIGURE 2.2: A general overview of the Self Consistent Field (SCF)
method. The first step is to make an initial guess of the molecular
orbitals. The HF equations are constructed and solved, yielding im-
proved molecular orbitals. These are asessed compared to the previ-
ous molecular orbitals, and if the improvement is satisfyingly small,
then SCF has been obtained. Otherwise this iterative procedure contin-
ues until SCF is reached.

Within HF theory, the electron–electron repulsion is treated
by introducing the approximation that each electron experiences
an average field due to the other electrons in the system (as well
as the electrostatic field due to the nuclei). However, the instan-
taneous repulsion between electrons in a many-electron system
cannot be neglected if reliable electronic structures are desired.
The approximation that each electron only feels an average field
of the other electrons in the system leads to lack of electron cor-
relation, and is the most severe limitation of the HF method. For
example, the H2 molecule contains only two electrons, and when
treated with HF theory, these two electrons only feel the mean
field of the other electron. Since the instantaneous Coulomb re-
pulsion between the two electrons is not included in the method,
the electrons will not be restricted to simultaneously explore dif-
ferent spatial regions of the system (Coulomb hole). In reality, the
electrons are naturally repelled by each other, so the movement
of one of the electrons will impact the other electron (correlated
motion).
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+

+

σ-orbitalp-orbital p-orbital

π-orbitalp-orbitalp-orbital

FIGURE 2.3: Molecular orbitals
can be created from linear
combinations of atomic or-
bitals. Depending on how
the atomic orbitals overlap in
space, different types of molec-
ular orbitals are formed, �- and
⇡-orbitals are illustrated.

+

FIGURE 2.4: Covalent bonds
are often polarized. The addi-
tion of polarizable functions
adds flexibility by allowing the
orbitals to be asymmetric.

BASIS SETS

One approach to conveniently and efficiently express molecular
orbitals is to expand them as linear combinations of the atomic
orbitals, as illustrated in Figure 2.3.

The atomic orbitals are of Slater-type and more efficient calcula-
tions can be achieved by approximating the true atomic orbitals by
linear combinations of primitive Gaussian functions, or in other
words by introducing a basis set. A larger amount of basis func-
tions will normally lead to a better description of the molecular
orbitals, but will at the same time lead to more costly calculations.
In order to represent the molecular orbitals exactly, a complete set
of basis functions would be needed and, at the very minimum,
one basis function for each occupied atomic orbital is required (a
minimal basis set). Neither of these two extremes can be used in
the applied work of the present thesis and it becomes important
to choose an appropriate basis set for the calculation at hand.

There exists a plethora of basis sets but some categories can be
identified. Using two or three basis functions for each occupied
atomic orbital (double-zeta and triple-zeta, respectively) gives
a significant improvement, as well as larger computational cost,
compared to the minimal basis set. To reduce the cost, additional
functions can be added exclusively to the valence electrons since
in most cases, they are the ones that are involved in interactions
between atoms. These types of basis functions are called split-
valence, since the core electrons are still described by one function,
while the valence electrons are described by multiple functions.

Polarization functions can also be included for results of higher
accuracy. A polarization function allows the electron density to
conform to non-symmetric orbitals, for instance when exposed to
external electric fields. Figure 2.4 illustrates the effect of the addi-
tion of a polarization function to a p-orbital, yielding a polarized
p-orbital. An example of a basis set with these additional polar-
ization functions is Dunning’s correlation consistent polarized
valence basis sets. 10

When calculating properties of systems with loosely bound
electrons, like excited states or anionic systems, addition of diffuse
functions is required for high accuracy. The diffuse functions
improve the treatment of electrons far from the nucleus. Figure
2.5 illustrates differences on molecular orbitals when diffusive
functions are included or not for one of Dunning’s correlation-
consistent basis sets, 10 cc-pVDZ, and augmented with diffuse
functions, aug-cc-pVDZ. In this example, the highest occupied
molecular orbital (HOMO) of an anionic luminescent conjugated
oligothiophene, pentamer formyl thiophene acetic acid (p-FTAA),
has been determined with and without diffuse functions. Just by
visual inspection it is clear that there are differences in the extent of
the HOMO orbitals, in particular at the terminal carboxyl groups
that carry the negative charge.
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cc-pVDZ

aug-cc-pVDZ

FIGURE 2.5: HOMO orbitals of
p-FTAA visualized at an isosur-
face of 0.01 a.u. determined
with the cc-pVDZ and aug-cc-
pVDZ basis sets, respectively.
Differences in extent of the or-
bitals are especially noticeable
at the terminal carboxyl groups
that carry the negative charge.

The importance of including diffuse functions when excitation
energies are determined is demonstrated for p-FTAA in Figure
2.6. Here, the excitation energy between the ground state, S0 and
the first excited electronic state S1 is considered, and denoted
�Eex. This difference is also influenced by the charge of the sys-
tem. Therefore, both a neutral and anionic variant of p-FTAA is
considered in this example. The differences in �Eex for the neu-
tral system with and without diffuse functions included (��Eex)
was not very large, only 0.003 eV, corresponding to a difference
in transition wavelength of 0.2 nm. However, for the anionic
system the��Eex with and without diffuse functions was more
noteworthy, 0.077 eV, corresponding to a difference in transition
wavelength of 10.2 nm. This might perhaps not seem like an
especially noteworthy issue, but with increasing size of system
and amount of negative charge this effect cannot be neglected for
accurate calculations of excitation energies.

ΔEex=ES1
- ES0

ΔΔEex = ΔEex(cc-pVDZ) - ΔEex(aug-cc-pVDZ)

 

S
S

S
S

S
O

O

O

O

S
S

S
S

S OO

OHHO

ES0

ES1

Neutral = 0.003 eVΔΔEex 

= 0.077 eVΔΔEexAnionic

 

FIGURE 2.6: The lowest singlet transition in p-FTAA (neutral and anionic
forms), primarily corresponds to a HOMO–LUMO electronic transition.
The excitation energy �Eex is determined for different basis sets with
and without diffuse functions. The difference in �Eex is more pro-
nounced for the anionic molecule.
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Kohn–Sham density functional theory

A separate approach than using wavefunction theory was devel-
oped by Hohenberg and Kohn. 11 The foundation of the theory
is that the energies of a system can be determined from the elec-
tron density, and similar to the variational principle, the densities
that yield a lower energy is a better approximation of the ground
state geometry. 12 The Hamiltonian can be generated from only
the electron density, free from any wavefunction formalism. Den-
sity Functional Theory (DFT) has evolved to be one of the most
popular choices for electronic structure calculations nowadays. 13

The general idea is based on that the energy of the system can be
obtained from the probability density of the electrons in the sys-
tem, and that the molecular properties are given by the electron
density of the ground state.

The electronic energy is considered to be a functionalIII of the
electron density. The electrons interact with the external potential
of the attractive force from the positively charged nucleus. Sim-
ilar to the problem with wavefunction theory, the true density
functional is not known. The energy functional can be expressed
as

E[⇢(r)] = T [⇢] + Vee[⇢] +

Z
⇢(r)v(r)dr (2.10)

where ⇢(r) is the density function, T[⇢] is the kinetic energy, Vee[⇢]
is the interaction of electron density, and v is the external poten-
tial. However, T[⇢] and Vee[⇢] is not known for the true electron
density.

To bypass this problem, Kohn and Sham developed a new
methodology. For obtaining the electron density, Kohn and Sham
thought of a hypothetical reference system that was made up of
non–interacting electrons that move in an external field (similar to
the HF approach). The electronic density of the reference system
would be equal to the true electron density of the system. 12 By gen-
erating the Hamiltonian for the reference system, the one-electron
Kohn–Sham orbitals are obtained by the following expression

E[⇢(r)] = Ts[⇢] + Vee[⇢] + EXC[⇢] (2.11)

where the EXC is the differences of the kinetic and electron in-
teraction energies between the trial density and the true density,
called the exchange-correlation energy, EXC.

DFT is based on ab initio calculations, and as long as semi-
empirical parameters are not included in the functional it is con-
sidered to be a first principles theory. Another difference is that

(III) A functional is a function of a function, it maps a whole function to
one scalar
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LDA

GGA

Meta GGA

Hybrid GGA

Beyond 
hybrid GGA

Range-separated
         GGA

Heaven of chemical 
       accuracy

Earth (Hartree Fock)

FIGURE 2.7: Perdew’s vision of
Jacob’s ladder where increased
chemical accuracy is obtained
by climbing the steps of den-
sity functionals.

since the true form of EXC is unknown, there is no way of sys-
tematically improving the calculations of the ground state density
within DFT. Therefore, in order to move forward, some approxi-
mations of the correlation and exchange are needed.

The accuracy (and associated computational cost) of different
functionals on determining the EXC are ranked in the so-called
Jacob's ladder, 14 visualized in Figure 2.7. IV The most basic DFT-
approximation is the Local Density Approximation (LDA) 12 that
is based on the idea that in a local environment, the electron
density does not vary much. The exchange-correlation energy can
be approximated with an uniform gas of electrons with the same
density as the system of interest (also called the jellium model).
This approximation leads to that the exchange and correlation
contributions can be separated, and different expressions are used
to determine the two contributions.

In reality however, the local electron density does vary rapidly
in most molecules. Therefore, to improve the accuracy of the
results, a gradient dependency can be added to the functional.
The next approximation is dependent on both the electron density
as well as its gradient, and is called the Generalized Gradient
Approximation (GGA). An exchange functional is combined with
a correlation functional to generate the exchange-correlation func-
tional. An example of a widely used GGA functional is the BLYP
that combines the exchange functional Becke88 16 with correlation
functional developed by Lee, Yang and Parr, LYP. 17 Oftentimes
empirical parameters are used to parametrize the functional, and
the functionals are therefore more or less suitable for different
types of molecules. 6

To further improve the results, the second derivative of the
electron density can be added as well, these functionals are called
meta-GGA. The interaction between charges that are separated
cannot accurately be described by local EXC functionals. By in-
troducing exact HF exchange energy (determined for the Kohn–
Sham orbitals) and combine it with exchange functionals, yields
hybrid functionals. The correlation term is determined solely by
correlation functionals. The most popular hybrid functional is
B3LYP 18 which gained fame due to its accurate performance for
many different types of systems. 19

On the next step on the ladder are range-separated GGA func-
tionals, such as CAM-B3LYP 20 that includes a range-dependent
contribution of exact HF-exchange. At short inter-atomic dis-
tances, the majority of the exchange interaction is described by

(IV) The name originates from the old testament. Jacob dreamed about
a ladder between earth and heaven, where angels were ascending
and descending, Genesis 28.10–12.15 However, in Perdew's mind, it
is computational chemists that climb the ladder in their quest for high
computational accuracy and precision.
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DFT, while at longer inter-atomic distances a larger part of HF
exchange is included.

When calculating excitation energies, neither HF nor pure DFT
gives particular accurate results. HF tends to overestimate excita-
tion energies, while DFT often underestimates them. Therefore,
hybrid functionals with different amounts of exact HF exchange
were developed. The amount of HF mixed in the functional affects
the calculated vertical excitation energies. 21 When calculating elec-
tronic excitations, it has been found to be more optimal 22 to use
a functional that is Coulomb attenuated version of B3LYP, CAM-
B3LYP. 20 The hybrid functional increases the amount of exact
HF–exchange for longer distances of electron separation. At short
distances it contain 19% exact HF exchange, and 65% at long dis-
tances. Thus, the behaviour of CAM–B3LYP is different for small
systems where all distances between electrons are short (then it
performs similarly as B3LYP, which contain 20% exact exchange
at all distances), and larger systems where an increased amount
of HF exchange is included.
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FIGURE 2.8: Absorption spectra for p-FTAA determined with HF, CAM-
B3LYP and B3LYP compared to experimentally detected absorption.
Excitation energies calculated with HF tends to be overestimated,
while pure DFT tend to underestimate them. The Coulomb attenuated
hybrid functional CAM–B3LYP contains some part exact HF exchange,
and gives more accurate excitation energies. Experimental values23

for p-FTAA are included in dashed line in grey.

The introduction of exact HF exchange in DFT calculations has
been shown to increase the (typically underestimated) excitation
energies and is therefore recommended for calculations of general
excitation energies. 22 This is illustrated in Figure 2.8, where the
excitation energies have been determined for p-FTAA. The total
absorption during excitations from the ground state to the ten
lowest electronic excited states for the pentathiophene obtained
with the three different methods; pure HF (blue), a pure DFT
functional B3LYP (red) and the hybrid functional CAM-B3LYP
(purple) are plotted. Experimental data is included in dashed
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lines in grey for comparison, and the main peak agree nicely with
the CAM-B3LYP calculations for this system.

Other problems with DFT, besides the lack of systematic way
of improving the method is the so–called self–interaction error. Self–
interaction arises due to approximations in the EXC functional
that leads to that the electrons interact with themselves. The origin
of the self–interaction error is that the Coulomb energy of the
Hamiltonian is not cancelled by the exchange contribution (as in
the HF approach). 24 This contributes to the general problem with
underestimation of excitation energies in DFT. The effect is that
the energy of the HOMO is not the same as the ionization potential
of the molecule. Different variants of self–interaction corrections
have been implemented in order to compensate for this major
source of error in different ways. 25,26 Approximations in the EXC

lead to an incorrect asymptotic decay with increased distance
between electron and nuclei. 27 This is especially troublesome
when interactions over large distances are considered, such as
charge transfer (CT). To compensate for the erroneously fast decay,
non–local exchange is required to be included for better long range
decay of the potential. 28

Dispersion interactionsV are also difficult to treat with DFT. 29,30

Dispersion interactions depend on the electron correlation, but
since the EXC is often obtained by approximations of the local
density, the long-ranged interactions are not well incorporated.
The difficulties lie within obtaining a suitable long-ranged correla-
tion that does not affect the optimal contribution of the EXC. With
the introduction of Grimme’s empirically derived dispersion cor-
rections for intermolecular interactions in DFT (DFT-D), deviation
of interaction energies compared to reference values was signif-
icantly decreased. 31 Inclusion of dispersion also leads to more
accurate optimized geometries in systems where non-covalent
interactions are important. 32,33

(V) Fluctuations in the electronic distribution of a molecule that intro-
duce changes in electron density surrounding molecules, resulting in
long–range attractive forces between molecules
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Response theory

In spectroscopic measurements, an electromagnetic field is ap-
plied to a sample, and the field interacts with the molecules. 34

Energy is absorbed by the molecules in the sample. When pho-
tons are absorbed by molecules in an initial state, electrons can
be excited to a higher electronic state. The response is due to
the introduced perturbation in the form of an electromagnetic
field. When the system decays from the excited state, it can emit a
photon. Spontaneous emission is called luminescence, and when
the emission takes place between two electronic singlet states,
it is called fluorescence (visualized in Figure 5.6 in Chapter 5).
This photon carries information about the system. This process is
visualized in Figure 2.9.

S0

Sn

λ

λ'

FIGURE 2.9: In optical measurements, an external electromagnetic
field is applied to a system of interest. In this example, the system is
a water molecule in the ground state. The energy from the external
field is absorbed by the system, which leads to a response in the form
of an electronic excitation to a higher electronic state, with associated
re-distribution of the electron density. In the absence of an external
perturbation, the electron may decay to the initial state, and in this
process, a photon is emitted, and a signal can be detected.

Response theory is a theoretical approach to describe spectro-
scopic processes. An external disturbance (or perturbation) is
introduced on an initial state, and the effect of the perturbation on
the initial and excited states are evaluated computationally. The
energy of the system is exchanged between the molecules and the
electromagnetic field.

The external perturbation interacts with the system in equi-
librium, and the behaviour of the system upon subjection to per-
turbation is described by a response function. The system will
change dynamically over time, and its behaviour will therefore
be time-dependent.
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E

Energy levels of two 
states m and n

Matrix representation 
of the Hamiltonian

Matrix representation of the 
electric dipole operators

Up until this point, only time-independent theories have been
considered. Now the interest lies within how systems evolve as
a function of time, for instance how a system responds to being
subjected to a laser pulse, as illustrated in Figure 2.9. The time-
dependent SE reads as

Ĥ(t) (t) = i~ @
@t
 (t) (2.12)

and the time–dependent Hamiltonian is separated into the time-
independent unperturbed molecular Hamiltonian, Ĥ0 (defined
in expression (2.3)), and time-dependent operator giving the cou-
pling with the external field that describe the perturbation V̂ (t)

Ĥtot(t) = Ĥ0 + V̂ (t) (2.13)

The central aim of response theory is to determine the response
(and behaviours) of the electronic system due to external pertur-
bations through the use of response functions. When an electro-
magnetic field is applied to a system, the system responds with
changes in electric and magnetic dipole (and multipole) moments.
Response theory describes how these properties change based
on the influence of the external field. The external electromag-
netic field that is applied in spectroscopic measurements will from
now on be treated in the electric dipole approximation, where
the magnetic field will be ignored, meaning that F(t) represents
the external electric field, and µ̂ is the electric dipole operator
along the direction of propagation of the electric field, illustrated
in the figure to the left. The electric field has time dependent
fluctuations, and can be expressed as

F↵(t) =
X

!

F!
↵ e�i!t (2.14)

where F!
↵ are the Fourier amplitudes of the electric field, and ! the

frequency. Frequency dependent properties can then be expressed
as a Taylor expansion of the molecular polarization. In the follow-
ing equation, only the permanent electric dipole (µ0

↵) and the two
following terms of the Taylor expansion (linear polarizability, ↵
and first-order hyperpolarizability, �) are included

µ↵(t) = µ0

↵ +
X

!

↵↵�(�!;!)F!
� e�i!t

+
1
2
�↵��(�!;!1;!2)F

!1
� F!2

� e�i!t

+ ...

(2.15)

Equation (2.15) expresses the response of a polarizing field. The
processes in standard absorption spectroscopy, where one photon
is absorbed, and one electron is excited to a higher electronic
state, can be described by linear polarizability. In two-photon
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absorption, where two photons are absorbed simultaneously, it is
required to include first order polarizability.

The solution of the time–dependent SE at a point in time, t,
can be expressed as a linear combination of all eigenstates | ni

(defined in equation (2.2))

| i =
X

n

cn(t)e
�iEnt/~

| ni (2.16)

where En is the corresponding eigenvalue to each eigenstate.
When t=0, the system is described solely by the eigenstate of the
ground state, and associated coefficient c.

When applying an external perturbation (here an external elec-
tric field F(t) is considered) the system can be described by the
following expression

| i =
X

n

F↵(t)cn(t)e
�i(Em�En)t/~

| ni (2.17)

Inserting (2.17) in equation (2.12) and multiplying with the h m|

vector in order to project the equation on to the mth state vector
yields

i~ @
@t

cm(t) =
X

n

Vmn(t)cn(t)e
�i(Em�En)t/~ (2.18)

where Vmn are the matrix elements in the perturbation operator
V̂ (t). This equation can be solved by applying perturbation the-
ory, and expanding the coefficients cn in a power series of the
perturbation, where the solution to the Nth order is expressed as

c(N)

m (t) =
1
i~

Z t X

n

Vmn(t
0)c(N�1)

n (t0)ei(Em�En)t0/~dt0 (2.19)

The solution for the zeroth order coefficient c(0)m is equal to the
Kroenecker delta �n0, and by inserting the zeroth order solution
in equation (2.19), the solution of the first order coefficient is
obtained

c(1)m (t) =
1
i~

Z t X

n

h m|

X

!

V̂ !
↵ F!

↵ e�i!t0
| nie

!t�n0dt
0

=
�1
i~

X

!

h m|V̂ !1
↵ | ni

!m0 � !
F!
↵ ei(!m0�!)t

(2.20)

The second order response can be obtained by inserting this
solution in equation (2.19), but this exercise will not be performed
here.
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Linear and non-linear response functions are identified from
the time-dependent expectation value of an operator, ⌦̂, according
to

h (t)|⌦̂| (t)i = h⌦̂i(0) + h⌦̂i(1) + h⌦̂i(2) + ...

= h 0|⌦̂| 0i

+
X

!

hh⌦̂; V̂ !
� iiF!

� e�i!t

+
1
2

X

!1,!2

hh⌦̂; V̂ !1
� , V̂ !2

� iiF �2
� e�i(!1�!2)t

+ ...

(2.21)

where the perturbational corrections to the expectation value,
h⌦̂i(n), are found by insertion of the corresponding expansion of
the wavefunction as determined above. Finally, the sum-over-
states for linear response functions will become

hh⌦̂; V̂ !
� ii = �

1
~
X

k


h 0|⌦̂| kih k|V̂

!1
� | 0i

!k0 � !

+
h 0|V̂

!1
� | kih k|⌦̂| 0i

!k0 + !

�
(2.22)

In experimental measurements the absorbance of a sample
can be observed and the molar extinction coefficient can be de-
termined. When applying response theory, the probability of an
ground- to excited-state transition is expressed by the oscillator
strength

f0n =
2me

3~e2�En

X

↵

|h n|µ̂↵| 0i|
2 (2.23)

where�En is the transition energy between the ground, | 0i, and
excited state, | ni. Theoretical absorption spectra are obtained
from the oscillator strengths and the transition energies (discrete
bars) by applying a spectral line broadening function (typically
Gaussian or Lorentzian), as illustrated in Figure 2.10.

For calculations of transition energies and UV/vis spectra, the
time-dependent DFT (TD-DFT) 35 method is the most popular
approach in computational chemistry. Since it is an extension of
standard DFT, the same problem applies in the sense that the exact
exchange–correlation functional is not known. In practical work it
is assumed that this functional is time independent (the adiabatic
approximation) and we employ the standard (time–independent)
functionals, EXC, also in calculations of spectroscopic properties.

When comparing calculated spectroscopic response properties
with experimental results, it is often necessary to perform the cal-
culations for many different conformations of the system in order
to obtain a statistical and representative sampling of the distribu-
tion in configuration space, see further discussion in Chapter 4. 36
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FIGURE 2.10: A theoretical spectrum is obtained by calculating the
transition energy (�E) between the two states the transition occurs
via, as well as the oscillator strength for the corresponding transition
(f0n). In this figure, the bars in the spectrum correspond to each of
the three illustrated transitions (red, purple and blue). The bars are
the foundation of the final absorption spectrum delineated in grey.
To obtain this shape, a line shape function is applied to the vertical
transitions (further discussed in Chapter 4).

This is of course predominantly relevant for systems with great
flexibility. For instance, the benzene molecule is a non-flexible
system for which conformational sampling would not be very
important in comparison to the flexible systems considered in this
work.

This concludes the chapter on quantum mechanical theories
used to describe the electronic transitions in molecular systems.
A more in-depth section on different types of spectroscopies are
presented in Chapter 5). The next chapter will focus on the classi-
cal simulation of the nuclear dynamics needed for the sampling
of conformations.
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3 . C L A S S I C A L M O L E C U L A R
D Y N A M I C S

Basic principles

Classical Molecular Dynamics (MD) can be used to study, in
atomic detail, how a system of up to millions of atoms evolves
over time up to milliseconds, by applying the laws of classical
mechanics. 36 MD is useful when large molecules, like proteins,
are included in the system of interest, where QM is not (yet) a
realistic option. Another scenario when MD is suitable for is when
a number of configurations of smaller molecules are required to
be sampled in order to fully understand a process. Figure 3.1 illus-
trates the movement of a ligand from the active site of an enzyme
via a hydrophobic tunnel that connects the active site with the
exterior of the protein. This system contains about 70,000 atoms,
and would not be possible to study with QM since the current 37

limit for routine QM calculations is a few hundred atoms. I

t1 t2 t3

FIGURE 3.1: Movement of a ligand (squalene in red) are tracked over
time, from the active site of the enzyme (SHC in grey) through a tun-
nel connecting the active site with the exterior of the enzyme.

The input parameters for MD calculations can either be based
on experimentally obtained values, or ab initio calculations (or a
combination thereof). The parameters are specific for each atom
type (each element can be divided into subgroups, more on this
in the section on force fields below) included in the system, and
describe the mass, radius, charge and polarizability of the atoms.
The atoms thus have static properties in classical MD, as com-
pared to in QM where atoms are described as compositions of

(I) Although this number keeps increasing continuously with upgrades
of hardware, and development of more efficient codes. A recently re-
leased open source program reports benchmarkings with molecules
including over 800 atoms.38
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FIGURE 3.2: Non-bonded in-
teractions are only consid-
ered within a specific cut-off
radius. In this example, the
non-bonded interactions be-
tween the chlorine ion (green)
and all water molecules (red)
within 10 Å are considered.
The molecules in grey do not
have any non-bonded interac-
tions with the chlorine ion.

electron configurations. Electronic fluctuations are neglected in
MD simulations, so each atom is represented as a sphere where
the electrons are positioned at a fixed distance from the nuclei. 36

Force fields

A variety of force fields are available; specialized for different
kinds of systems, based on different sets of data, and adapted for
specific types of interactions. Most force fields contain parameters
that are obtained from experimental observations of a particular
system of interest, for instance proteins, 39 lipids 40 or DNA. 41 The
set of force field parameters are therefore usually very specific to
particular systems, and are therefore not always transferable to
systems with other properties. 36

However, common to most force fields, atoms are modelled as
well–defined points of mass and charge that propagate over time,
and whose motions are governed by the force field. Different
atoms of an element have slightly different properties depending
on their covalent partners. For instance, carbon atoms in ketones,
alkynes and carboxylic acid groups all display different bond
length and bond angles to neighboring atoms. Therefore it is suit-
able to split the description of each element into different atom
types. Each atom of the system is assigned to a specific atom type
that share same properties. The contributions of the forces that act
on the atoms are expressed as functions of the atomic internal co-
ordinates. The forces can be divided into bonded and non-bonded
interactions. Since bonds are not allowed to be broken or formed
during classical MD, the list of covalently interacting atoms are
static during the simulations. The non-bonded interactions on the
other hand, are only included for pairs of atoms that are located
within a specific inter-atomic cut-off distance, as illustrated in
Figure 3.2. Only the water atoms within a radius of 10 Å from the
green chlorine ion are included in the list of non-bonded interac-
tions. Due to the motions of the atoms during the simulations, the
list of non-bonded interactions are continuously updated to only
include the atoms within the set cut-off distance.

Non-bonded interactions constitute an expensive part of the
MD calculations. Thus this cut-off distance is important to be
kept relatively short, but still large enough to include relevant
interactions in the model. Different force fields have different
principles on how the non-bonded interactions should be included
and how often the list of non-bonded interacting parties should
be updated, but a typical cut-off range is around 10-15 Å. 42 When
applying PBC, it is important to consider a cut-off distance shorter
than half the box-size in order to avoid self-interaction errors with
the replica.

The potential energy of a system is composed of the sum of
all the bonded and non-bonded interactions. The covalent in-
teractions include bond-stretching, angle-bending and dihedral
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A

B C

D

E F

rAB
θABC

φEBCF

FIGURE 3.3: The bonded in-
teractions in MD are bond dis-
tances (rAB), angles (✓ABC)
and dihedrals (�EBCF).

torsions, as illustrated in Figure 3.3. All covalent bonds between
atoms are treated as springs with a specific equilibrium distance
(r0) for each type of atom pairs (i,j), and described by an harmonic
potential

Vbond(ri, rj) =
kb
2
(ri � r0)

2 (3.1)

where the constant kb depends on the particular atoms included
in the covalent bond. r0 is the equilibrium distance between the
covalently bonded atoms. The angular terms are described by
harmonic angular potentials

Vangle(ri, rj , rk) =
k✓
2
(cos ✓ � cos ✓0)

2 (3.2)

Vdihedral(�) = k�(1 + cos(n�� �0)) (3.3)

where an illustration of the angles (✓) and dihedrals (�) is pre-
sented in Figure 3.3. The non-covalent interactions include van
der Waals and electrostatic interactions, and are as previously
mentioned not determined between all pairs of atoms of the sys-
tem. The van der Waals interactions are usually approximated to
the Lennard–Jones potential

VLJ(r) = 4✏[(
�
r
)12 � (

�
r
)6] (3.4)

where � is the specific van der Waals radius (the interatomic
distance, r, when the potential is equal to zero), and ✏ is the mag-
nitude of attraction between the two particles. The Lennard–Jones
potential includes the short-ranged Pauli repulsion (r-12 term) and
the more long-ranged attractive dispersion force (r-6 term). In
most force fields, the electrostatic energy is usually defined as the
Coulomb energy between two point charges at a distance r

VC(r) =
1

4⇡"0

qAqB
"rr

(3.5)

where qA and qB are two point charges separated by a distance r,
"0 is the electric constant in vacuum, and "r the dielectric constant.
An additional type of electrostatic interaction, 1–4 interactions,
are between the outer atoms in a dihedral angle, e.g atoms A and
D (or E and F) in Figure 3.3. Electrostatic interactions are more
long-ranged than van der Waals interactions due to the inversely
proportional relationship to r-1 between the charges (equation
(3.5)) compared to r-6 and r-12 (equation (3.4)). The potential en-
ergy of the system can be determined (and propagated over time
as illustrated in Figure 3.1) based on the above mentioned input
parameters, initial coordinates of all atoms, and a pre-defined
functional form of the force fields. In order for the system to be
propagated, Newtons equations of motions are solved. However,
they are too complex to be solved analytically, and must there-
fore be solved numerically. Different integration methods are
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available, for instance the Leapfrog and Verlet algorithms that
are suitable for solving the differential equations that describe
systems that obey Newtonian mechanics. All the methods are
based on that the positions, velocities and accelerations of the
system can be expressed as a Taylor series. The Verlet algorithm
determine position and accelerations at a timepoint t in order to
determine positions of atoms at t+�t. The Leapfrog algorithm has
obtained its name based on that the velocities and positions are
calculated at different timepoints, so the velocities leap over the
positions, and then the positions leap over the velocities.

The propagation maps out a trajectory that describe the posi-
tion and velocities of the atoms in the system, while exploring the
configuration-space. The initial velocities are usually obtained
from a Maxwell–Boltzmann distribution that conform around the
desired temperature. The configuration-space is all possible con-
formations that the system can conform to. The trajectory (and
the region of configuration-space) that is explored during a MD
simulation is heavily dependent on the starting configuration.

In MD, the molecule of interest (and usually surrounding sol-
vent) are contained in a volume called the unit cell. By applying
periodic boundary conditions (PBC) the unit cell is surrounded
by its own replica in all spatial dimensions. This circumvents
problems at the boundaries where the unit cell otherwise will
experience the surrounding vacuum. With PBC the system does
not experience being in a finite box, and does not experience
boundaries between the unit cell and the replicas. One thing to be
cautious of when using PBC is that the box has to be sufficiently
large to avoid interactions between the molecule of interest and
its own replica in the neighboring boxes. However, this is also
related to the cut-off distance for non-bonded interactions. 36 Peri-
odicity can also be used to save computational cost if the system
of interest is made up of repeatable units. By only including atoms
of the repeatable unit and applying periodicity of one or more
dimensions, the full system can be modelled. In Paper I, a model
of an A�(1–42) fibril was used where a one-half helix turn was
modelled, and the full fibril was rendered by applying PBC. 43

The timestep between each step of the propagation of the sys-
tem is also an important factor to consider in MD simulations. A
too large timestep can lead to instabilities in the simulation. An
obvious drawback with using a small timestep is that it requires a
lot of computational resources in terms of core hours. An optimal
time step to simulate, both in terms of calculations of propagation
as well as resource-wise, would be in the same order of magni-
tude as the fastest vibrational movement in the system. If the
system includes hydrogen, then an appropriate timestep would
be in femtoseconds (10�15 s). The timestep can be increased by
the use of the SHAKE-algorithm that implements constraints on
bond geometries, and thereby reduces the degrees of freedom of
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t=0, T=0

t=t1, T=T1

t=t2, T=T2, P=P1

FIGURE 3.4: At t=0, the veloci-
ties of the atoms in the system
are zero. The system is heated
with a thermostat, until ther-
mal equilibrium is reached.
Then the dimensions of the
box are equilibrated with a
barostat.

the highest frequency vibrations. Therefore, a longer time step
can be used without risking decreased stability of the system. 44

Thermostats and barostats

In the microcanonical ensemble, the number of particles, volume
and energy (NVE) are controlled, and correspond to a system that
is completely closed. However, in experimental settings, it is usu-
ally temperature and/or pressure that is controlled. In order to
compare theoretical results with experimental results, it is neces-
sary to control the temperature and pressure of the MD simulation.
For most applications it is suitable to either use a constant number
of particles, volume and temperature (the canonical ensemble,
NVT), or a constant number of particles, pressure and tempera-
ture (the isobaric-isothermal ensemble, NPT). 45 Thermostats are
implemented in order to modulate the temperature of a system
around a desired value and ensure that fluctuations in tempera-
ture are kept within an acceptable range. In order to achieve this,
several methods are available. Either the velocities of the atoms
can be rescaled (while still satisfying the Maxwell–Boltzmann dis-
tribution), or the system can be coupled to an external heat bath
of a set temperature and a set rate of heat transfer (or a combina-
tion of both). Examples of popular thermostats are Berendsen, 46

Langevin, 47 v-Rescale 48 and Nosé–Hoover. 49,50

The thermostats used in this work are the Langevin (in projects
related to water dynamics, Paper III and IV) and v-Rescale (bind-
ing of p-FTAA to amyloid-� fibril, Paper I). They are both stocastic
thermostats that rescale the velocities of the atoms in a simulation
box while sampling the NVT ensemble. Since the velocities are
modified by the thermostat algorithm, the dynamic properties of
the system are altered. Different thermostats affect velocities in
different way, which implies that depending on what properties
are studied, different thermostats are suitable. If no thermostat is
employed, the microcanonical ensemble (NVE) is sampled. This
would correspond to the exact dynamics since it evolves according
to the exact Newtonian mechanics. Thermostats which randomize
velocities of particles (Langevin) have been reported to dampen
diffusion properties, when the coupling is strong. 51 If larger fluc-
tuations in temperature are alllowed, this will have less impact
on the diffusion properties, while at the same time maintaining
a sufficient temperature control. 51 However, previous reports of
tracking water motions in enzymes over an MD trajectory employ
Langevin dynamics without reporting deviant properties of water
diffusion. 52,53

Barostats control the pressure in the simulation box by rescal-
ing the dimension of a box during the simulation to maintain the
desired pressure. The Berendsen barostat was used for all MD sim-
ulations included in this work. Berendsen is a weak coupling bath
that is not stochastic in nature. In this work, NPT was used during
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the equilibrium phase of the dynamics, and once equilibrium was
reached, the production dynamics was performed under NVT.
The use of a thermostat during the equilibrium phase, where
usually the heating from 0 K takes place, gives the advantage of
dampening the velocities of the atoms in the system in the early
stages where forces might be large due to a non-optimal starting
conformation. The equilibrium phase is to relax the system to a
minimum conformation, where the convergence of properties of
interest have been achieved. During the production phase of the
simulation, when the pressure and temperature are stabilized, the
properties are sampled. In order to avoid sampling from a local
minimum instead of the global minimum there are different tech-
niques available. For instance, the temperature can be repeatedly
increased to help overcoming high barriers, or one can produce
multiple trajectories with different seeds of initial velocities.

In order to carry out propagation of a system, the starting po-
sitions of all atoms need to be defined. In this work, the starting
structures of the proteins are crystal structures from the Protein
Data Bank (PDB, https://www.rcsb.org/). As to model the pro-
teins in their native environments, the simulation boxes was sol-
vated with water, and neutralized by the addition of counter ions
(either Na+ or Cl-). Figure 3.4 display this process, at t=0, the
velocities of the atoms are zero, and initial velocities are usually
based on random seeds. Then the system is slowly heated to the
desired temperature with the use of a thermostat. After the tem-
perature is stabilized, the dimension of the box was equilibrated
with the additional use of a barostat that controlling the pressure
of the system.

Except in Paper II, MD have been applied in all projects in this
work. For the project involving flexible oligothiophenes (Paper
I), it was necessary to obtain a statistically representative set of
sampled configurations to compare with experimental results
(more on this conformational averaging in Chapter 5). In Paper
I, it was also important to follow the interactions between the
biomarker and the amino acids it binds to over time. In the
projects where water motions were studied in enzymes (Paper
III and Paper IV) it was important to sample snapshots from the
dynamics in order to reliably track the motions of water molecules
through the protein structures.

Chapter 1 and 2 summarise the established fundamental theo-
ries about how electronic structure theory and classical dynamics
can be applied to study systems of varying degrees of complexity.
The next chapter will introduce ways on how to combine the two
methods, and model different parts of a system using different
levels of theory. By combining classical and quantum mechanics it
is possible to use a high level of theory for the parts of the system
of high interest, and describe the environment at a lower level of
theory.
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FIGURE 4.1: The top panel illus-
trates an implicit environment
model, where the environment
is modelled by a continuum of
a macroscopic property of the
environment. The lower panel
illustrates an explicit environ-
ment model where each atom
of the solvent is described indi-
vidually.

4 . E N V I R O N M E N T M O D E L I N G

Environment models

Since most chemical reactions do not take place in vacuum, it
is preferable to model the systems in their native environment
to obtain more accurate results. However, with increased size
of the system comes great computational costs. Therefore, dif-
ferent strategies have been developed to avoid spending a lot
of computational resources on parts of the system that are less
interesting.

Environment effects can be divided into two main categories;
explicit and implicit. In the explicit models, each atom or molecule
are modelled as discrete units. This quickly leads to the need for a
great deal of computational resources. To circumvent this, implicit
methods can be used where instead of describing each atom in-
dividually, the environment can be described by its macroscopic
properties. These two main categories are illustrated in Figure 4.1,
where the top panel display a molecule embedded in an implicit
description of the environment, and the bottom panel an explicit
environment.

Polarizable continuum model

The most successful implicit environment model was developed
during the early 1980s, the polarizable continuum model (PCM). 54

The microscopic properties of the environment are in this model
replaced with a dielectric continuum with a specific dielectricity
constant, ✏. PCM has been continuously improved to today be-
ing considered almost the default model for including implicit
environment effects in QM studies. 55

When a discrete description of the environment is not neces-
sary, implicit methods are appealing due to the low associated
computational cost, and that they include an implicit statistical
average of solvent configurations. However, continuum models
have their drawbacks. For instance are they not optimized for
modeling heterogeneous environments such as proteins. Nor are
they designed to include important solvent interactions with the
solute, such as hydrogen bonds. Since there is no explicit struc-
ture of the solvent involved, those strong local effects are thus
neglected in implicit environment models.

Another obvious drawback with a continuum model is if you
want to study how the solvent molecules explicitly interact with
the solute. There are both direct and indirect effects of the solvent
on the solute. A direct effect influences the electronic charge
distribution of the solute. An indirect effect is how the explicit
water molecules interact with the solute and thereby affecting the
geometry of the solute. Inclusion of the molecular structure of the
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QM

MM

FIGURE 4.2: In QM/MM, differ-
ent parts of the system are
treated at different levels of
theory. The region of high inter-
est is defined in the QM–region,
while the rest of the system
where not as much detail is
required is in the MM–region.

solvent brings the potential to include hydrogen-bond interactions
between solute and the solvent, which improves the accuracy of
the results.

However, since continuum models have not been used in this
work, this section will not go into further details about these
methods.

QM/MM

In 1976, Warshel and Levitt 56 presented a method where the so-
lute is described by a QM part, the environment by a classical
molecular mechanics (MM) part, and the interaction between the
QM and MM parts of the system as a third part. This method is
called QM/MM, and is exemplified in Figure 4.2. During the last
40 years, this method has been further developed. The 2013 Nobel
Prize in Chemistry was awarded to Karplus, Levitti and Warshel
for their work on developing multiscale models where different
parts of the system of interest could be described at different levels
of theory. 58,59,57

The combination of different levels of theory is especially use-
ful when the explicit distribution and/or movements of the sol-
vent plays a role as well as when the environment directly affects
properties of the molecule of interest. However, this leads to that
the distribution of the environment needs to be defined in some
way, and the issue of how it should be sampled. In this work,
MD simulations have been performed to sample different config-
urations of explicit environment distributions (Paper I, Paper III
and Paper IV). The property of interest have been calculated for
the different sampled conformations, and an average determined
based on the different configurations (spectroscopic response in
Paper I and the unpublished work (Chapter 5), or diffusion of
water in Paper III–IV (Chapter 6)).

The most basic representation of the environment is to include
only atomic point charges as electrostatic embedding. The next
level would be to include electric dipole moments, and polariz-
ability. When polarization effects are absent from description of
water solvent, this will impact calculated excitation energies. 60

Osted et al. noted that to obtain the correct order of excitation ener-
gies it is necessary to include polarizable solvent water molecules
beyond the first solvation shell. For polar solvents (such as wa-
ter), it is essential to include induced dipole moments. Other
studies have shown that polarization effects should not be ex-
cluded from QM/MM calculations in order to obtain more ac-

(i) Levitt joked during a press conference that one fourth of the Nobel
prize should have been awarded to the computer chip manufacturers,
since without the development that has exponentially increased compu-
tational power, todays large scale calculations would not be possible. 57
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(+0.3345)

0.9572 Å
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qO: −0.8340

qH: +0.4170

FIGURE 4.3: Bond distances,
bond angle and charges (in
atomic units) that make up the
TIP3P–model. The Ahlström
charges are in parenthesis, the
Ahlström model also includes
polarization of the oxygen
atom (↵O=9.781 Å3).

curate results. 61,62,63,64 The quality of the MM parameters are of
utmost importance to properly describe the interactions between
the molecule of interest and its surroundings.

Discrete water models

The water molecule is one of the most studied molecules, 65,66,67

but there are still a vast amount of theoretical models available
since not one singular model has been able to capture all the
properties of surface and bulk water in the liquid phase. 68

During the MD simulations in this work, the water model that
has been used is the 3-point Transferable Intermolecular Potential
(TIP) with three interaction sites, the TIP3P model. 69,70 As the
name implies, TIP3P has three points of interaction (one for each
atom in the water molecule), and the model utilize Coulombic
interactions for all three sites, and Lennard–Jones for the oxygen
atom. The TIP3P model implemented in the CHARMM-force field
(employed in Paper I and the unpublished work in Chapter 5) is
slightly altered since it also include Lennard–Jones parameters for
the hydrogen atoms. 71 Since the model only has three sites, it is
computationally efficient, and therefore a popular choice. 68

Another water model was developed by Ahlström et al. 72 It de-
scribes charges for an equilibrated water molecule, and isotropic
polarizability for the oxygen atom, presented in Figure 4.3. 72

This model was used to describe water molecules in the MM–
environment where polarizable embedding (PEQM) was em-
ployed for TD-DFT calculations (Paper I and the unpublished
work in Chapter 5).

During the MD simulations, all water molecules will explore
slightly different configurations than the QM-optimized equilib-
rium structure, with varying lengths of bond distances and bond
angles. However, in this work these internal differences in water
molecule configurations are neglected, and the same parameters
are used for all water molecules in the calculations in Paper I and
the unpublished work in Chapter 5.

By using TIP3P for the MD simulations instead of the Ahlström
model that were used in the subsequent PEQM calculations re-
duces the required computational cost since polarization effects
are excluded from the sampling of the solvent distribution. Sev-
eral studies have stressed the importance of including polariza-
tion effects when performing QM/MM calculations, which mo-
tivates the choice of the Ahlström model for our PEQM calcu-
lations. 61,62,63,64 However, the TIP3P model has a static polariza-
tion effect included, since the dipole moment of the TIP3P water
molecule is slightly higher compared to what it is for a vacuum
calculation of a water molecule.
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0.01

0.001

0.0001

FIGURE 4.4: Isodensity surfaces
of p–FTAA at isovalues of 0.01-
0.0001, surrounded by water
molecules.

Polarizable embedding

When a system is exposed to an external electric field, local field
effects will arise in the system. In order to improve the quality
of parameters in the environment in a QM/MM calculation it
is possible to incorporate geometry-specific parameters instead
of using atom specific parameters. However, to only include
point charges in the description of the environment is inadequate
for calculations of response properties of electronically excited
states. 60 Another improvement that can be incorporated is to
add polarization effects for mutual polarization between the QM-
region and its environment. The polarizable embedding (PE) 73

allows mutual polarization between QM and MM regions.
In PEQM calculations it is necessary to consider the description

of the environment at a suitable level. The electrostatic part of
the environment is described by multipole moments and repre-
sents the permanent charge distribution of the environment. The
charges in the MM environment will polarize the QM region, and
the polarizable part of the environment is described by dipole-
dipole polarizabilities. Both charges and polarizabilities in the
MM part of the system affects the QM part in a self-consistent
way during the optimization of the wavefunction.

When performing calculations where the system is divided
into a QM region and an MM region, care must be taken to make
sure that the electrons in the QM region do not spill out into the
MM region. This is especially crucial to monitor when diffuse ba-
sis sets are being used. 74 The degree of electron spill-out depends
on both the environment and the QM region. When TD–DFT
calculations are performed, also the character of electronic tran-
sition has an impact on the degree of electron spill-out, since the
electron densities of excited states are more diffuse compared to
the densities of the ground state.

In Figure 4.4, the electron density of the ground state QM–
region containing p-FTAA and the polarizable embedded environ-
ment is visualized. The electron density is displayed at surfaces
of different densities (isodensity surface), expressed in percent-
age of the total electron density. This figure illustrate that only
at an isodensity of 0.0001, the density of the QM–region start to
interact with the MM–environment. The applicability of when
the standard PE can be used is discussed in the work of Reinholdt
et al. 74 The authors recommend 0.01 and 0.001 a.u. as cautionary
densities to observe closely for potential problems with electron
spill-out. Since this does not seem to be a problem for the sys-
tem illustrated in this example (the same system studied in Paper
I), this motivates the use of standard PE in Paper I (instead of
polarizable density embedding). 74

In the two projects included in this work where PEQM was
used (Paper I and the unpublished work in Chapter 5), the envi-
ronment was described by multipoles of the zeroth order (charges)
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and dipole-dipole polarizabilities. The parameters for the environ-
ment was obtained by two different approaches depending on if
the environment was made up of water or protein. For the water
molecules in the MM region, the polarizable potential derived by
Ahlström et al. 72 were used. They are constrained to reproduce
values of the permanent dipole of gas phase calculations. This
means that the same parameters were used for all water molecules
in the environment, independently on the fluctuations of the bond
distances and bond angles that arise during the MD simulation.

Benchmark calculations on how much of the environment that
is necessary to include in the MM region to reach convergence
of the transition wavelength were performed by determining the
transition wavelength for the dominant (S0 ! S1) transition with
different shell thickness of polarizable and non-polarizable water
molecules surrounding the p-FTAA biomarker. Figure 4.5 display
transition wavelengths as a function of water shell thickness and
a snapshot of p-FTAA, embedded in water environment consti-
tuting of 8 Å polarizable water molecules (colored in red) and ad-
ditional shell of 7 Å of non–polarizable water molecules (colored
in blue). For some data points the TIP3P water model was used
in the non-polarizable region (green circles). The TIP3P model
implicitly includes polarization effects in the charge parameters
(parameters presented in Figure 4.3).
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FIGURE 4.5: Calculations of transition wavelengths of biomarker p-
FTAA (inset) in water environment for the dominant S0 ! S1 excita-
tion (from a randomly selected snapshot from an MD simulation) for
varying inner shells of polarizable (colored in red in the right panel)
and outer non-polarizable (colored in blue in the right panel) water
molecules.
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However, the differences between these two models where not
very remarkable for these chosen shell thicknesses. This further
validates our choice of model to represent water molecules in the
non-polarizable region.

For the part of the environment that is composed of protein
atoms, a more complex procedure was implemented. Previous
work of Beerepoot et al. discusses the influences of polarization
effects from protein environments on excitation energies of chro-
mophores. The authors found that it is necessary to include about
20–25 Å of protein environment in order to reach convergence of
excitation energies. 75

Therefore, in Paper I and the unpublished work in Chapter 5,
a suitable region surrounding the selected QM-part was extracted
from snapshots of the MD trajectory. The parameters (charges and
polarizabilities) for the PE potential was determined by splitting
the environment into small fragments, and performing individual
ab initio calculations on each fragment. During the fragmenta-
tion process of the protein, all peptide bonds in the protein were
cleaved, and both ends of each fragment were capped with the
Molecular Fragment Conjugated Caps (MFCC) 76 method. This
process is illustrated for the amyloid–� fibril in Figure 4.6. Each
fragment is capped where the peptide bond was covalently bro-
ken with both a –CH3 group and a –NH3 group.

H N
H

H
H

O

H

H
H

H N
H

H
H

O

H

H
H

H3N

FIGURE 4.6: The amino acid sequence of of A� was cleaved along the
peptide bonds and each fragment was capped according to the MFCC
procedure.

Charges and polarizabilities were extracted using the LoProp
approach 77 with the LoProp for Dalton script. 78 The splitting of
the protein at each peptide bond, capping of each fragment and
generation of input files for each capped fragment was performed
with the assistance of the PyFraME tool. 79

The subsequent PEQM calculations in Paper I and in the un-
published work in Chapter 5 were performed with the current
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Phe20

Lys16

p-FTAA

Val18

FIGURE 4.7: Lys16, Val18 and
Phe20 in the binding pocket.

implementation of PEQM in Dalton. 80,81 The PE library, 82 a lay-
ered QM/MM embedding model that includes both an electro-
static and a polarizable component was applied. All charges and
polarizabilities were distributed on atom centers.

This process was quite cumbersome to perform for large sys-
tems. In order to avoid having to perform this whole process for
each extracted snapshot, benchmark calculations were conducted
to evaluate how much the charges and polarizabilities varies over
time. This was investigated for the amyloid-� fibril, whose struc-
ture is quite rigid during the molecular dynamics simulation. Due
to the rigidity of this system, the side chains of the amino acids
don’t explore many different conformations during the MD tra-
jectory. Therefore it was proposed to be possible to determine
charges and polarizabilities for one geometry and apply to all
other geometries, similar to how the Ahlström parameters were
used for all water molecules, despite the diverse set of geometries
of water molecules that are sampled during the trajectory.

Benchmark calculations of charges and polarizabilities where
performed for three residues in the binding pocket (Val18, Lys16
and Phe20, displayed in Figure 4.7), for 10 snapshots. It was found
that charges and polarizabilities were quite stable over time. The
standard deviation of charges for each atom over time was 0.02
a.u, and maximum standard deviation for polarizabilities for each
atom over time was 0.16 a.u. A more detailed presentation of
result of this benchmark is presented in Figure 3 in Paper I. This
result was convincing enough to calculate charges and polariz-
abilities for all atoms included in the selected environment only
for one frame, and use the same parameters for PE calculations
of all extracted frames from the trajectory (in both Paper I the
unpublished work in Chapter 5).

Benchmark calculations were also performed for a snapshot
from the MD simulations for four different lysine residues at dif-
ferent locations in the amyloid-� fibril. Three of the lysine residues
(A, B and D in Figure 4.8) are in the binding pocket where the
biomarker p-FTAA bind to the fibril along the �–sheet. These
three lysine residues are in the same position of each chain in the
�–sheet and have in that aspect the same environment to influ-
ence their geometry. However, in these ab initio calculations each
lysine residue is isolated in separate fragments (according to the
MFCC procedure). They are therefore not influenced by electro-
static interactions from their individual environments during the
benchmark calculations. But during the MD simulations the lysine
residues have been affected by their different local environments
that have influenced their individual conformations.

Lysine B and D are interacting with different regions of p-
FTAA, while lysine A does not interact with p-FTAA. The fourth
lysine (C) is in a different location in the chain, and experience a
completely different environment.
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FIGURE 4.8: Charges and polarizabilities for each atom type in the four
lysine residues. The parameters for each atom is plotted in one color
for lysine A-D. The variations in charges and polarizabilities for each
atom in the four residues is very small, the largest standard deviation
for charges are 0.01 a.u, and 0.15 a.u for polarizabilities.

Since the protein is split so that each residue is in an individ-
ual fragment for the ab initio property calculations, their local
environment will not directly affect their charges or polarizabil-
ities. However, the conformation of the side chain is indirectly
influenced by the environment, which can lead to differences in
charges and polarizabilities for the same residue in different frag-
ments. The result from this small benchmark study suggests that
for systems like the amyloid fibril, that are quite rigid and don’t
explore different configurations, it would be feasible to set up a
library of parameters for each type of residue in the system of
interest to use for PE calculations. However, for systems with
less rigidity, and/or systems that are not composed of repeating
units of the same chain, the situation is naturally more complex.
Then individual ab initio property calculations for each individual
residue of the system may be required in order to obtain high
accuracy of the environment parameters for the PE calculations.

Problems with setting up a library of parameters for each
residue are that the conformation can have an impact on the
properties, so one specific geometry of the residue needs to be
chosen for the parameter calculations. Another aspect to consider
is how much computational power should be invested in obtain-
ing the parameters. If the property calculations are only required
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to be generated once, then a high computational cost could be
invested since it would lead to a good quality of the environment
parameters of the embedding potential.

The choice of method does not necessarily need to correspond
to the method of the QM–region. It could be considered a good
practice to employ the same level of theory for the calculations
of fragment properties as for the QM–region of the system, as
this would lead to errors of same magnitude in the electrostatic
potential as in the QM–region. 83 Dunnings correlation–consistent
basis set aug–cc–pVTZ (as well as the smaller aug–cc–pVDZ)
have been suggested to yield small errors. 84,85 On the other hand
it might be desirable to use a lower level of theory in order to save
computational cost.

Either way, QM/MM methods gives the flexibility to treat the
most interesting parts of a system with a high QM level, while
treating the surrounding environment at a lower level. This leads
to that the large part of the computational cost can be focused on
the specific region of choice, while still be able to include effects
from the environment.

With the end of this chapter, all theories that have been applied
for the projects included in this thesis have been introduced. The
following chapters will focus on the systems that have been stud-
ied, and more details of theories and methods that are specific to
the two parts of the work are presented.
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B I O M A R K E R S

Today, there is no cure for Alzheimer’s disease, but there are
different types of clinical interventions that can slow the progress
of the symptoms. However, the buildup of the amyloid fibrils
usually start decades before the symptoms occur. With an ageing
population, this is an increasing problem. Therefore it would
be desirable to screen the population for amyloid buildup so
that interventions can be applied as early as possible before the
symptoms develop.

In order to perform rational design and develop improved
biomarkers for identification of amyloid-� it is crucial to have
a detailed understanding of which properties give rise to the
spectroscopic profile. Is it due to direct interactions with the
different environments, or changes in conformations of the optical
probes due to indirect interactions with the environment? And
how will the spectroscopic profile change if some moieties of
the probe is replaced, yielding different properties? These are
questions that will be discussed in this chapter.

Description of systems

The overall topic of Paper I-II (and the unpublished project in-
cluded in this chapter) is to study how properties of biomarkers
can be influenced by their environment, and how the properties
can be steered by introducing different functional groups.

In Paper I–II the focus is polythiophenes, a class of Lumines-
cent Conjugated Oligothiophenes (LCO) that is used for detection
of amyloid-�. This feature, in combination with their fluores-
cent properties, makes them excellent biomarkers for detecting
amyloid-� in vitro and in vivo.

In Paper I, the spectroscopic profile of a fluorescent biomarker
is investigated in two different environments to determine if it
is the environment that impacts the spectroscopic profile due to
polarization effects on the biomarker, or if it is the conformation
of the biomarker that impacts the spectroscopic properties.

In Paper II, other biomarkers from the LCO class are studied,
but it is the effect of the central unit of the thiophene backbone
on the spectroscopic profile that is the focus of this investigation.
The central unit is changed from a thiophene ring to acceptor
units, giving the system donor–acceptor–donor type electronic
structures. These new variants are investigated with different ex-
perimental and theoretical spectroscopic tools in order to evaluate
if this replacement can lead to an extended range of emission in
the visual spectrum for this class of biomarkers.

An unpublished work was also included in this chapter. The
focus of this project is to study how porphyrins and a synthetic
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FIGURE 5.1: Misfolded A�
monomers accumulate and
form elongated fibrils.

chain A
chain B

hydrophobic core

FIGURE 5.2: The amyloid fibril
is made up of two intertwined
chains, here colored in red and
blue. The hydrophobic core is
in the interface between the
two monomers.

peptide (JR2K) assemble, and the spectroscopic profile of the
dimeric porphyrin complex. More detailed descriptions of the
systems follow in the subsections below.

AMYLOID-�

A� is a fragment of the A�-precursor protein (APP) that is gener-
ated during proteolytic degradation of APP. The exact function of
APP is unclear, but it is known to be a membrane protein that is
expressed in different tissue cells. Occasionally these A� peptides
uncoil from their native fold, and end up in a misfolded secondary
structure. The misfolded amyloid peptides can be stabilized by
nearby identically misfolded peptides. They fragments aggregate
into long insoluble fibrils depicted in Figure 5.1. Each fragment
interact with hydrogen bonds to its neighboring fragment in a
�-sheet formation along the length of the fibril.

A�-fibrils are unusual since the same polypeptide chain can
aggregate in different conformations and form topologically dif-
ferent fibrils. This leads to that the fibrils can exist in several
different structural polymorphisms. 86 The specific type of fibril
structure can be determined with cryoEM.

In 2017, a near–atomic resolution model of a crystal structure
of the A� peptide was determined with a combination of nu-
clear magnetic resonance and cryoelectron microscopy (PDB ID:
5OQV). 87 The structure contains all 42 amino acids of the peptide
and reveal that the fibril is made up of two intertwined chains,
with a hydrophobic core, indicated in Figure 5.2.

Since the cells cannot degrade the fibrils, they continue to
accumulate and grow. These fibrils are toxic to the cells, 88 which
reacts with an inflammatory response, and in the end, apoptosis.
The synapses of the nerve cells have a high concentration of APP,
so when this process takes place in the brain it will lead to the
progressive loss of neurons (Alzheimer’s disease).

Currently there are only two methods that are being used
clinically for detecting amyloid deposits, Position Emission To-
mography (PET) 89 and Cerebro Spinal Fluid (CSF) analysis. 90

PET is very expensive, and since radioactive tracers are being
used in the detection process, this limits the application for large
population wide screenings. The screening process also needs to
be performed near a cyclotron since the half-life of PET-tracers
usually are only minutes, which limits the method even further.
CSF on the other hand is a very invasive procedure and not very
pleasant to go through. CSF has also been shown to be less reliable
compared to PET scans due to less standardized procedures. 89

Another promising emerging method of studying amyloid
structures is fluorescence spectroscopy. The class of LCOs have
been successfully used to identify and distinguish between differ-
ent types of morphological protein structures related to Alzheimer’s
disease. 91,92,93,94
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FIGURE 5.3: Elongated fibril of
misfolded A� (in purple) and p-
FTAA. The biomarker interacts
with the positive side chains of
Lys16 (marked in green) in the
proposed binding pocket along
the �-sheet.

LUMINESCENT CONJUGATED OLIGOTHIOPHENES

LCOs contain a backbone of thiophene rings, with low torsional
barriers (in the electronic ground state) that makes them very
flexible structures. The rotational barriers for the thiophenes are
low, and free rotations occur frequently at room temperature. De-
pending on the conformation of the backbone, LCOs give rise to
different spectral fingerprints. 95 A previous study by our group
has also investigated differences in spectroscopic properties for
an LCO in the ground state compared to the first excited state.
The backbone of the molecule is much more rigid in the excited
state due to a shift of the electron density from within the thio-
phene rings to inter-ring-bonds, and this gives rise to a different
spectroscopic fingerprint compared to when the biomarker is in
the ground state. 96

The dominant transition in absorption spectroscopy of LCOs is
the ⇡ � ⇡⇤ transition of the backbone of the conjugated thiophene
rings. This implicates that the planarity of the conjugated sys-
tem will have an impact on the spectroscopic profile. When the
⇡-system is not planar, the p-orbitals are not overlapping as much
as in a planar configuration, leading to less delocalization of elec-
trons along the backbone of the biomarker. 23 The Pentamer formyl
thiophene acetic acid (p-FTAA) belongs to the group of LCOs, and
has been proposed to bind to the elongated �-sheet structure
along the length of the amyloid fibril, as visualized in Figure 5.3.
The anionic carboxyl groups interact with the cationic side chains
of amino acids along the �-sheet highlighted in green. 43

p-FTAA is a particularly interesting biomarker, as it has affin-
ity towards both A� and Tau, 95 proteins that both are pathologi-
cal hallmarks of Alzheimer’s disease. There are also other LCO
biomarkers that are more specific to either A� or the Tau neurofib-
rillary tangles. Depending on whether p-FTAA is bound to A� or
Tau, it gives rise to different optical profiles, making it possible
to detect both proteins in a sample at the same time. With this
method it is possible to specifically label different morphological
protein aggregates with the use of only one biomarker. 95 This is a
clear advantage compared to traditional in vitro markers against
amyloids, such as Congo red 97 and Thioflavin T. 98 Another ad-
vantage is that LCOs can pass freely through the blood brain
barrier. 99

When the central unit of p-FTAA is replaced by other hetero-
cyclic motifs, it is possible to obtain fluorescent biomarkers that
cover a wider range of the visible spectrum. 100 This expand the
possibilities of detecting different morphological protein aggre-
gates that are implicated in several neurodegenerate diseases.
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JR2K

porphyrin

complex

FIGURE 5.4: The synthetic pep-
tide JR2K interacts with the
porphyrin and create a com-
plex made up by two units of
porphyrin and the interacting
peptide.

JR2K AND P OR PH YRI NS

JR2K is a synthetic cationic peptide that has the structure of a
random coil when free in solution. The peptide was designed to
form a heterodimeric four-helix bundle together with a negatively
charged peptide. 101,102 No homodimeric complexes are formed
due to electrostatic repulsion between the peptides. 103

It has previously been shown that addition of the positively
charged JR2K to negatively charged conjugated polythiophene
and porphyrin structures induces conformational changes in both
the peptide and porphyrin. 104 JR2K goes from random coil to a
helix-loop-helix structure (as the structure visualized in the top
panel of Figure 5.4). At the same time the backbone of the por-
phyrin (middle panel in Figure 5.4) is rearranged, which in turn
change the wavelength of the light that is emitted from the por-
phyrin. 103 The spontaneous self-assembly between the positively
charged JR2K and the negatively charged porphyrins creates a
chiral supermolecule, depicted in the lower panel Figure 5.4. 104

The possibility of constructing well-ordered biomolecules and
alter their conformations are interesting for controlling specific
interactions within the fields of designing new biosensors or ar-
tificial enzymes. This opens up for the possibility of assembling
electronic devices using synthetic peptides. 104

Sometimes, molecules exist in two different mirror images of
each other, a phenomenon illustrated in Figure 5.5. Molecules
that exists in two mirror images are said to be chiral if the mirror
images are not superimposable on each other. The mirror images
are stereoisomers, and have different properties, and interact
differently with their environment.

R1

H

R3
R2

R1

H

R3
R2

Mirroring 180° rotation

Can be superimposed

R1

H

R2
R3

  Cannot be 
superimposed

FIGURE 5.5: Stereoisomers are mirror images that cannot be super-
imposed. It is not possible to superpose stereoisomers on each other
by performing any kinds of rotations of the molecules. This leads to
different properties of the two enantiomers, and different interactions
with other molecules.

A chiral molecule rotates linearly polarized light, and the two
stereoisomers rotate linearly polarized light in equal magnitudes,
but in opposite directions, thus making it possible to distinguish
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them from each other. i A system can be chiral, even though some
of the building blocks that make up the system are achiral. For
instance, the porphyrin in Figure 5.4 has a symmetry plane, and is
thus not chiral. However, when two (or more) porphyrins interact
and form a complex with the chiral JR2K peptide, this complex
can be chiral since the porphyrins are introduced in the chiral
environment of the peptide. It is also feasible to induce chirality
in non-chiral molecules, such as polythiophenes and porphyrins,
by self-assembly with other molecules, like JR2K. 104,106 By com-
bining cationic synthetic peptides with anionic polythiophenes
or porphyrins it is possible to create materials with specific chiral
optical properties. Chiral porphyrins are normally optically active
in the ⇡- ⇡* transition region. 104

The next section presents briefly different spectroscopic tech-
niques that have been simulated in this work in order to study
properties of the systems.

Spectroscopies

Spectroscopy is an excellent tool to obtain a deeper understand-
ing of molecules. In the spectroscopic methods described in the
following subsections, external electromagnetic fields are applied
to be resonating with electronic transitions of the investigated
systems.

The Kohn–Sham orbitals in all molecules are energetically sep-
arated at discrete levels, where the energies are the eigenvalues
of the molecular Hamiltonian. The energy levels can be inter-
preted as ionization potentials of the electrons that occupy the
accompanying orbital space. 107

When there are no external fields interacting with the molecule,
it is considered to be in the ground state. Electrons can be excited
to higher energy levels if the electron interacts with an electro-
magnetic wave with a wavelength that match the energy gap to a
higher electronic state. 108 The energy from the incoming radiation
is absorbed, and the electron is promoted to an excited state. 109

In this work, the electronic transitions that have been studied
correspond to energies in the visible spectrum (400–700 nm). Elec-
tromagnetic waves in this range only contain enough energy to
excite electrons far away from the nucleus, the valence electrons.
In order to excite core-electrons it is necessary to use radiation
with higher energy, like X-rays.

From the excited state, the electron can return to the ground
state by emitting a photon. Both the absorbed energy, as well

(i) Chirality was discovered by Pasteur when he studied crystals
of tartaric acid, and observed that the crystals existed in two non-
superimposable mirror images of each other. Both were optically active
and rotated light in opposite directions. 105
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as the emitted energy can be detected with the use of spectro-
scopic tools. From this it is possible to gain information about
spectroscopic properties of molecules of interest. The following
subsections will present further details about absorption of one
and two photons, fluorescence spectroscopy as well as a third
type of spectroscopy, circular dichroism (CD).

ABSORPTION AND FLUORESCENCE SPECTROSCOPY

Experimentally, the absorbed radiation as a function of wave-
length is determined by detecting the difference in intensity of
the light that is radiated at the sample and the light that passes
through the sample. Different factors affect the probability whether
the absorption can occur; the intensity of the radiation, the transi-
tion dipole moment between the ground and excited state, and
the wavelength of the radiation.

The same transition criteria that were stated for absorption
spectroscopy also apply for the electronic transition from an ex-
cited state to the ground state. Emission of light from a molecule
can occur through two different processes; fluorescence and phos-
phorescence, 108 presented in Figure 5.6.
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Nuclear coordinates

S0

T1

S1

Fluorescence

Phosphorescence

Absorption

ISC

FIGURE 5.6: After a photon is absorbed, the molecule is excited to a
higher electronic state. The system can return to the ground state
through different processes. Fluorescence is the electronic transition
from an excited singlet state (S1) to the ground state (S0). Phosphores-
cence is the electronic transition from an excited triplet state (T1) to
S0. Inter-system crossing (ISC) is illustrated as a crossing from S1 to T1
that are close in energy.

Fluorescence is the electronic transition between an excited sin-
glet state and the ground state. Phosphorescence is the electronic
transition from an excited triplet state. The system can also return
to the ground state through a series of non-radiative transitions.
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FIGURE 5.8: The nuclear coordi-
nates in the electronic excited
state (E1) are rearranged com-
pared to the electronic ground
state (E0). A vertical excita-
tion from the ground state is
a fast process compared to
the time scale of nuclear rear-
rangements. Thus, an excited
electron reaches a higher vibra-
tional state in the electronically
excited state, and the system
is relaxed to the ground vibra-
tional state in the electronic
excited state before emission
occurs.
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FIGURE 5.7: In one–photon absorption, the molecule absorbs one pho-
ton and is excited to an electronically excited state. In two–photon
absorption, the molecule absorbs two photons. The fluorescence sig-
nal is the same for both absorption cases.

In this work, absorption and fluorescence spectra have been
calculated for LCOs that bind to amyloid-� fibrils in order to better
understand the origin of the differences in spectroscopic profiles
between bound and free biomarker (Paper I) and also how substi-
tutions of the central thiophene unit affect the spectrum (Paper II).
Both one-photon absorption (OPA) and two-photon absorption
(TPA) have been employed. For the linear OPA spectroscopy, the
strength of the absorption depends linearly on the intensity of the
incoming light, or more precisely, the amplitude of the electric
component of the electromagnetic field.

One photon is absorbed by a molecule in the ground state, and
is excited to a higher electronic state, as illustrated in the left panel
of Figure 5.7. In the non-linear TPA, two photons need to be
absorbed by the same electron in order to reach the excited state
(right panel of Figure 5.7).

The transition from the electronic ground state to a higher
electronic state is a fast process. The coordinates of the nucleus
take longer time to rearrange to the electronic re-distribution
in the excited state. Figure 5.8 describes the Franck–Condon
principle, 110 where excitation from the ground state to a higher
electronic state is described as a vertical transition since the nuclei
are in the same position in the excited state as they were in the
ground state. The Franck–Condon principle is thus based on the
Born–Oppenheimer approximation. 8

When calculating theoretical absorption spectra, the ground
state geometry is optimized, and vertical transitions are calcu-
lated using response theory. In fluorescence spectrum calculations
on the other hand, it is the excited state geometry that is opti-
mized, and TD-DFT calculations are performed on the optimized
excited state. The concept of TD-DFT calculations was presented
in Chapter 2.
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Right polarized

Chiral sample

Left polarized

FIGURE 5.9: In CD spec-
troscopy, a chiral sample is
irradiated with alternating left
and right circularly polarized
light. The difference in ab-
sorbed left and right polarized
light is detected.

CIRCULAR DICHROISM SPECT ROSCOPY

The electric field component of light oscillates perpendicular to
its propagation. If the electromagnetic field is unpolarized, the
direction of the electric field varies over time. An example of un-
polarized light is the field that is emitting from the sun. However,
if the direction of the electric field is well defined in one (or two)
plane(s), the light is polarized. An example of this is a laser.

There are different classes of polarized light, classified depend-
ing on the orientation of the electric field in relation to the propaga-
tion direction of the waves; linear, circular and elliptical. Linearly
polarized light has an electric field that only extends into one
plane. The circularly polarized light has two perpendicular com-
ponents with a phase difference of ⇡/2, and the resulting electric
field describes a circle. The elliptically polarized light consist
of two perpendicular components that have differences in both
phase and amplitude. Circular and elliptical polarized light can
have two opposite directions of rotation, left or right.

When circularly polarized light passes through an optically
active medium, the speed with which the right and left polarized
light travel will differ. Not only the speed will vary, but also the
extent of absorption. The CD spectra describes the difference
between absorption coefficients of the left and right polarized
light. A general illustration can be found in Figure 5.9.

In order for molecules to exhibit CD, they need to be chiral,
or optically active, meaning that they interact with left and right
circularly polarized light in different ways.

Electronic CD (ECD) is widely used to determine the configura-
tion of chiral molecules, and calculations of ECD can be applied to
study conformational changes in molecules, for instance proteins.
It is only during the last two decades that ECD calculations on
molecules larger than 10-20 atoms have become available. 111

Conformational averaging

In both Paper I and the unpublished work included in this chapter,
MD simulations of flexible oligothiophenes have been performed.
A large number of different conformations are needed to obtain a
representative amount of snapshots to compare theoretical results
with experimental spectrum, which are comprised of signals from
many different conformations of the molecules of interest.

A linear absorption (or emission) of a molecule depends on
the oscillator strength, which is the probability of absorption (or
emission). The absorption band also depends on the angular
frequency of the external electric field. A previous paper from our
group highlights the importance of performing conformational
averaging for calculations on optical properties of chromophores
with low torsional barriers. 112 Figure 5.10 illustrate how spectra
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are obtained of different snapshots of sampled conformations of
the biomarker p-FTAA.
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FIGURE 5.10: A spectrum is calculated for each extracted snapshot,
and a final spectra is generated from an average of all spectral profiles
of p-FTAA in different conformations.

The spectrum is averaged to yield one final total spectra that
contain contributions from all sampled conformations of p-FTAA
from the MD simulation. The inclusion of dynamic solvent effects
by calculating response properties of many snapshots extracted
from a MD trajectory gives rise to line broadening of the deter-
mined electronic transition in the spectrum. This method is very
time-consuming and needs vast computational resources, but
gives more accurate results compared to performing one calcula-
tion on an averaged structure from the MD trajectory.

The amount of conformations that was required to reach spec-
tral convergence was determined by plotting the averaged spectra
for an increasing number of extracted snapshots, and identifying
when addition of more snapshots did not alter the spectra profile.
An example of this is presented in Figure 5.11 that represents an
increasing amount of snapshots of p-FTAA residing in the binding
pocket of an amyloid fibril.

For this specific system, it could be concluded that the differ-
ence between including 200 and 250 frames is not very noteworthy.
Therefore, an extra 50 frames, so in total 300 frames were included
to get a safe margin when obtaining the final averaged spectrum.

4 9



5 . S P E C T R O S C O P I C P R O P E R T I E S O F B I O M A R K E R S

200 250 300 350 400 450 500 550

0-10

0-50

0-100

0-150

0-200

0-250

0-300

Wavelength (nm)
A

b
so

rb
a
n
ce

 (
a
rb

. 
u
n
it

s)

FIGURE 5.11: Absorption spectrum of an increasing number of snap-
shots of p-FTAA in the binding pocket of an amyloid fibril. The number
of frames that are included in each frame is noted to the right of each
spectral profile.

Summary of the research and conclusions, part I

This part of the work includes two papers about luminescent con-
jugated oligothiophenes that are used for detection of amyloid-�,
and in the unpublished work about spontaneous assembly of por-
phyrins and the synthetic peptided JR2K, and the spectroscopic
response of the formed complex. The central concept was to study
how the molecular configurations and the environment influences
the spectroscopic properties of the molecules.

PAPER I

Previous results from our group include simulations of lumines-
cent conjugated oligothiophenes (LCOs) in water. 96,113,23 A likely
binding site for the biomarker pentameric formyl thiophene acetic
acid (p-FTAA) to the amyloid-� fibril has also been proposed. 43

Experimentally, a red-shift of about 18 nm has been detected
for the bound p-FTAA, as compared to when the biomarker is
free in solution. Up until now, it has been unclear whether the
red-shift is due to changes in conformation of the biomarker, or
due to interaction with the environment.

In order to separate the direct and indirect contributions of the
environment on the spectroscopic profile, a MD simulation was
performed of a system containing a solvated amyloid-� fibril and
p-FTAA molecules. In this system, the majority of the biomark-
ers were free in solution, and some were bound to the proposed
binding pocket in the amyloid fibril. This made it possible to
sample a large number of possible configurations of the flexible
biomarker both while free in solution, as well as in the binding
pocket. TD-DFT calculations with polarizable embedding of the
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FIGURE 5.12: Theoretical and experimental absorption spectra of p-
FTAA in water environment (left, in blue) and protein binding pocket
(right, in red). Experimental data are obtained from Sjöqvist et al.23

environment (either binding pocket or water) were performed for
the extracted snapshots from the dynamics, and a final average
absorption spectrum was obtained for p-FTAA in the two differ-
ent environments. The calculated absorption spectra were created
from an average of 300 extracted configurations from the MD sim-
ulation, and are presented in Figure 5.12. The calculated spectra
were compared to experimentally measured spectra for p-FTAA
in each environment. The experimental data were adopted from
Sjöqvist et al. 114 The calculated spectra corresponded well to the
experimental, both in spectral shape and maximum absorption
peak. The dominant contribution for the absorption is arising
from the electronic transition between the ⇡-orbitals to the ⇡* in
the conjugated backbone of the thiophene rings. A red-shift of
about 23 nm (=0.17 eV) was obtained for p-FTAA in the binding
pocket compared to when free in solution.

The rotational barrier between the thiophene rings are low in
the electronic ground state. When p-FTAA is free in solution, the
molecule may explore many different conformations, leading to
that the p-orbitals of the conjugated thiophene rings of p-FTAA
will most often not be planar. When the p-orbitals are not in the
same plane, they will not form a very efficient overlap, and thus a
less efficiently conjugated ⇡-system.

In order to further investigate whether the difference in spec-
troscopic profiles are dominated by the planarity of the biomarker,
the dihedral angles between the thiophene groups were tracked
over the extracted snapshots of p-FTAA in water and binding
pocket. The distributions are presented in Figure 5.13. These plots
clearly display the drastic difference of planarity when p-FTAA
is free in solution (blue) or in the binding pocket (red). Since p-
FTAA is symmetric, the dihedrals ✓1 and ✓4 were pooled into the
label D1, and ✓2 and ✓3 were pooled into the label D2. In water, a
bimodal distribution of dihedral angles between thiophene rings
is observed, and all dihedral angles from cis to trans are explored.
When p-FTAA is in the binding pocket on the other hand, the
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FIGURE 5.13: Distributions of dihedral angles between the thiophene
rings in p-FTAA in water (blue) and in the binding pocket (red). Dihe-
dral angles are displayed from cis at 0�, to trans at 180�. The dihedral
angles are pooled into D1 and D2.

observed distribution is very narrow, only some small variations
in the dihedral angles around the all-trans conformation are pos-
sible due to the conformational restrain enforced by the binding
pocket.

To further disentangle the direct and indirect environmental
contributions to the spectral profiles, the planar all-trans p-FTAA
molecule was removed from the binding pocket and MD was
performed with a constrained, planar and all-trans conformation
of p-FTAA in water environment. The change in environment
from the binding pocket to water resulted only in a blue-shift
of 3 nm (=0.02 eV), indicating that the dominant contribution
of the red-shift observed with the bound p-FTAA is due to the
conformational change of increased planarity of the ⇡-system in
the binding pocket.

Not only was a red-shift of about 20 nm experimentally de-
tected when p-FTAA is in the binding pocket of the amyloid
�-fibril, but the intensity of the detected fluorescence was dras-
tically increased. In order to obtain a deeper understanding of
the underlying reasons for this effect, MD simulations were also
performed for the excited state of p-FTAA.

Classical MD do by methodological design not include elec-
tronic fluctuations, and only considers atoms as spheres where
the electrons are located at fixed differences from the nuclei. Thus,
the force field was updated to more optimally model the geom-
etry of p-FTAA in the excited state, based on a QM-optimized
geometry of p-FTAA in the first excited state. When going from
the ground state to the excited state, the molecular structure is
altered from a benzoid to a quinoid structure. The electron den-
sity is shifted from the intra-ring C–C bonds to the inter-ring C–C
bonds, leading to shorter bonds between the thiophene rings, and
longer bonds within the rings. The updated force field parameters
for modeling p-FTAA in the excited state were obtained from a
previous report from our group. 96
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(left, blue) and binding pocket (right, red). Experimental spectra are
adopted from Arja et al.115 and included in dotted lines.

The excitonii is mostly localized on the three inner rings, so the
outer rings still have the same flexibility as in the ground state,
and the excited state of p-FTAA was modelled accordingly.

A planarity score is also introduced, and is defined as

P =
X

i

||✓i|� 90|
90

(5.1)

where ✓i (in degrees) are the dihedral angles of the S–C–C–S se-
quence of atoms in adjacent thiophene rings. The dihedral angles
are indicated in Figure 5.13. The planarity score is a sum that
ranges over all the dihedral angles between the thiophene rings.
Each dihedral angle contribute with a value between 0 and 1.
Maximum planarity adds a value of 1 to the total sum, while total
perpendicular rings adds 0. A large value should thus be inter-
preted as a large planarity, which is associated wih a larger degree
of conjugation in the ⇡-system. The planarities for p-FTAA in
the ground and excited states are presented in Figure 5.15. These
results give an indication why no distinct shift in spectral profiles
were identified in the experimental fluorescence detections. The
distributions of planarities for p-FTAA in the excited state are
very similar, especially compared to the planarities in the ground
state. This means that in the excited state, p-FTAA is more re-
strained, and more similar to the conformation of p-FTAA while
constrained by the protein scaffold. In Figure 5.14, the average
spectra for 300 snapshots extracted from the excited state MD for
p-FTAA in water (blue) and the binding pocket (red) are shown.
Experimentally almost no discernible shift in spectral profiles was

(ii) An exciton can be seen as a quasi-particle that consists of the
electron-hole and the excited electron.
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detected in fluorescence measurements of p-FTAA in water or in
the binding pocket. 115

However, in our calculations a small shift was detected. We
attribute this discrepancy from the experimental results to short-
comings in the force field parameters used for the excited state
dynamics of p-FTAA. The experimental spectra also display a
split peak, especially for the bound p-FTAA, but also to a lesser
extent for p-FTAA in solution. The experimental spectra are dis-
played by dashed lines in Figure 5.14, and the data are adopted
from Arja et al. 115 A recent paper from Madsen et al. 116 identified
these as vibronic contributions of thiophene inter-ring C–C bond
stretches. Vibrational contributions will not be captured by the
methods applied in this paper, and therefore these theoretical
fluorescent spectra do not display the same spectroscopic profile
as the experimental spectra.
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FIGURE 5.16: Rotational barriers for the bithiophene model system
in the ground state (S0), first excited singlet state (S1), and the third
excited triplet state (T3).

Nonetheless, this does not explain the decrease of intensity
with p-FTAA in water compared to in the binding pocket. A dra-
matic increase of quantum yield is detected for the bound probe.
We propose that the reason for this effect is an increased inter-
system crossing for p-FTAA in water, followed by non-radiative
transfer. In order to get a more detailed understanding of this
aspect, calculations with a small bithiophene model system was
performed. Singlet and triplet energies were calculated along the
rotational dihedral coordinate. Calculations of the bithiophene in
the ground state (S0), first excited singlet state (S1), and the third
excited triplet state (T3) were conducted to obtain the rotational
barriers of the thiophene rings in the different electronic states.
From the plot in Figure 5.16 it can be concluded that when going
from a trans towards a cis dihedral, the potential energy surfaces
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FIGURE 5.17: The overall po-
sitions of the (S1) state in the
ground (top panel) and ex-
cited (bottom panel) states of
p-FTAA.

(PES) of S1 and the T3 states are very close in energy. The PES of
the S1 and T3 states cross at several geometries.

When p-FTAA is in the binding pocket, the conformation is
planar, and no rotations will occur between the thiophene rings.
However, in solution the thiophene rings of p-FTAA will rotate
and thus explore conformations that are less planar. The system
will therefore more often populate states where the PES of S1 and
the T3 are close to be degenerate which gives more opportunities
for ISC in solution compared to in the binding pocket.

In the two subplots of Figure 5.17, the position of the S1 states
are plotted in the ground (top panel) and excited states (bottom
panel) of p-FTAA for the 300 extracted snapshots. For the ground
state of p-FTAA in the binding pocket (red bars, top panel), the S1

state is most often the 5th electronic state. In water (blue bars, top
panel) it is more evenly distributed between states 5 to 7. However,
these calculations are performed with TD-DFT of the ground state
nuclear configurations. To obtain a better model, the calculations
were instead performed on structures extracted from excited state
dynamics. From this analysis it can be observed that in over 80%
of the 300 configurations, the S1 state is in the 5th electronic state
(red bars, lower panel), while in water half is in the 5th state,
and half in the 6th state (blue bars, bottom panel). This result
suggests that the probability of ISC occurring in solvent is larger
due to the increased flexibility. The increased flexibility of p-FTAA
in solvent enable larger extent of exploration of configurations
where the S1 and T3 states are close to be degenerate, compared
to when p-FTAA is in the restricted scaffold of the binding pocket.
Inter-system crossings followed by non-radiative transitions in
thiophene systems have previously been studied by Rossi et al
and proposed to be very efficient processes. 117

To conclude, in this paper we propose that the origin of the ex-
perimentally observed red-shift of the bound probe is dominantly
resulting from the conformational change due to the restricting
protein scaffold of the binding pocket. Coulombic interactions
and polarization effects between p-FTAA and the environment are
negligible. We also propose that the lower quantum yield from
p-FTAA in solution is due to inter-system crossing followed by
non-radiative transfer in solution, as compared to when p-FTAA
is in a more rigid conformation in the binding pocket. This feature
makes p-FTAA a great fluorescent biomarker for clear detection
of amyloid � aggregates.

PAPER II

A� exist in different morphological structures, 118 and in order to
distinguish between different types of conformational states of
A�-fibrils it would be optimal to have a library of biomarkers that
emit light in different regions of the visible spectrum.
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The replacement of the central unit of a pentametic oligoth-
iophene to either benzothiadiazole (BTD) or quinoxaline (QX)
groups gives rise to biomarkers with dramatic shift in their spec-
troscopic profiles compared to when the central unit is a thio-
phene ring. These variants are shown to detect amyloid aggre-
gates in a larger spectroscopic range and are therefore useful for
detecting differences in morphologies in different types of disease-
associated protein aggregates. 100 The structures in Figure 5.18
display three biomarkers; HS-84, HS-167 and HS-169. HS-84 has
a central thiophene ring, HS-167 has a BTD central group, and
HS-169 a central QX group. They all display specific binding to
amyloid aggregates in brain sections from Alzheimer’s patients,
as well as in vitro detection of recombinant amyloid fibrils. 100
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FIGURE 5.18: Chemical structures of the luminescent conjugated olig-
othiophenes included in this study. The central unit in HS-84 is a thio-
phene ring, in HS-167 a BTD unit and in HS-169 a QX unit.

The aim of this paper was to obtain a more in-depth under-
standing of the photo-physical properties of these three biomark-
ers. Experimental techniques to detect multi-photon excitation
properties and fluorescent lifetimes were combined with TD-DFT
calculations of response properties of the three structures, to de-
termine the effect of the molecular conformation on the spectral
profiles.

The drastic shift in emission spectral profiles are displayed
in Figure 5.19. The introduction of the central acceptor units
BTD and QX gives the biomarkers donor–acceptor–donor (D-A-
D) electronic structures that give rise to additional optical modes
for spectral assignment of disease-associated protein aggregates.

For HS-84, the main absorption peak is (as displayed in Figure
5.19) at around 435 nm, and is attributed to electronic excitations
from the ⇡-orbitals to ⇡*. The spectral profile of HS-167 display
instead two peaks at 360 nm and 470 nm, while HS-169 display
absorption at 360 nm and 505 nm. These second peaks have
previously been attributed to arise from charge-transfer in the D-
A-D-complexes, in addition to the ⇡-⇡* transitions that are present
for all three structures. 100
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and methanol (dashed lines).

Looking instead on the experimental emission spectra, HS-84
displays a single distinct peak around 550 nm, while HS-167 and
HS-169 display broader and less distinct peaks centered around
690 and 710 nm respectively, as presented in Figure 5.19. When
binding to amyloid � fibrils, HS-167 and HS-169 display a blue-
shift of about 50 nm, as well as a striking increase of intensity com-
pared to the free biomarkers. 100 They also display a weak emission
around 500 nm when in water solvent, but not in methanol, as
displayed in Figure 5.19.

In the theoretical part of the study, different conformations of
each biomarker were investigated. For each biomarker, a cis-cis, a
cis-trans and trans-trans conformation was studied. The dihedral
considered is the same as marked in the bithiophene model system
displayed in Figure 5.16. The cis-cis conformation was found to
be the most stable for HS-84 and HS-169, while the trans-trans
conformation was most stable for HS-167. Our hypothesis was
that the broadened peaks, as well as the less intense peaks around
500 nm of the fluorescence spectra for HS-167 and HS-169 could be
due to contributions of different conformations of the biomarkers.

The rotational barriers were determined going from cis-cis to
trans-trans, as well as from cis-trans to trans-cis. It was concluded
that the rotational barriers for the different conformations dis-
played some differences, and that the rotational barrier was in-
creased for HS-167 and HS-169 compared to HS-84, as illustrated
in Figure 5.20. The increased barriers are attributed to the fact that
the aromatic system is larger in these two variants compared to
HS-84, so a rotation that breaks the aromatic system will be asso-
ciated with a larger penalty compared to HS-84. In addition, there
are more favorable interactions between the central units and the
neighboring thiophene rings in HS-167 and HS-169 compared to
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HS-84, which also impacts the rotational barriers. The higher rota-
tional barriers for HS-167 and HS-169 implies that these variants
will more often exhibit planar conformations compared to HS-84,
and thus more often have a larger degree of conjugation in the
⇡-system, which will impact the spectroscopic profile.

While the rotational barriers between different conformations
of the biomarkers can explain the dramatic shift observed for
HS-167 and HS-169 compared to HS-84, it cannot explain the
existence of the second, less intense peaks observed in the fluo-
rescence spectra of HS-167 and HS-169, illustrated in Figure 5.19.
With the complementary results from TD-DFT calculations, these
peaks could be attributed to electronic transitions from different
electronic excited states. The less intense peaks around 500 nm
were attributed to originate from a combined band of emissions
from S2 and S3 which lies energetically close, back to the ground
state S0. The dominant peak consists of contributions from S1 to
S0.

These biomarkers were also investigated with multi-photon
excitation spectroscopy. For the two-photon absorption, different
electronic states are probed compared to one-photon absorption,
leading to that complementary information could be obtained
on the molecular structure through the different kind of spec-
troscopies. From the TPA calculations it could be determined
that the majority of the TPA-signal is below the detectable range
for this experimental setup. In order to be able to detect more
of the TPA-signal it would be desirable to steer the design of
future biomarkers towards molecules that emit light at longer
wavelengths.

In conclusion, the experimentally observed dramatic shift for
HS-167 and HS-169 is attributed to differences in rotational bar-
riers between the central unit and neighboring thiophene rings.
Increased barriers for HS-167 and HS-169 leads to that these vari-
ants will more often be in a planar conformation. A larger degree
of planarity means in turn a more efficient conjugation of the back-
bone, which impacts the wavelength of the detected emission.

The less intense peaks in emission spectra are due to combined
band of emission from S2 and S3 to the ground state, while the
dominant peak is due to emission from S1 to S0. We hope that
these results can aid future design of luminescent biomarkers that
are possible to detect different morphologies of A� structures,
while maintaining the selectivity of the biomarkers.

To conclude this section on spectroscopic properties of conju-
gated luminescent oligothiophenes, we believe that these results
will contribute to further rational design of biomarkers that can be
used for early detection of aggregates of amyloid � fibrils. Early
detection facilitates early interventions to slow the progression of
the symptoms of Alzheimer’s disease.
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UNPUBLISH ED WORK

In this third project, a chiral system is created when the synthetic
peptide JR2K associates with a porphyrin, forming a dimeric com-
plex. The dimeric complex embedded in water is visualized in
Figure 5.21. In this project, MD simulations of two negatively
charged porphyrins that assemble with two positively charged
JR2K peptides were performed. Different configurations of how
the peptide and porphyrin interact were explored, and the com-
plex made up of antiparallel form of JR2K peptides, with slightly
shifted and rotated porphyrins was observed to be stable over
time, and was further investigated with TD-DFT calculations with
PE. Self-assemblies between porphyrins and biomolecules with
optoelectronic elements have been shown to display split-type
ICD in the ⇡- ⇡* transition region as well as the sign of ICD pat-
tern. 103,104,119 This type of chiral complexes typically display ICD
activity due to the chirality of the whole system. The individual
porphyrins are not chiral themselves, and do therefore not display
a CD signal. 119

However, as could be concluded from ECD calculations, the
system we modelled of antiparalell peptides is not likely the
same as measured in experimental CD spectrum. Figure 5.22
displays experimental (dark blue, left) and theoretical (light blue,
right) absorption (top) and ECD (bottom) spectra. The absorption
spectra agrees between experiment and theory, both display a
single dominant peak, the experimental peak is at 445 and the
calculated at 465 nm. Although the absorption spectra seemed
very promising, the ECD spectra reveal further details.
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FIGURE 5.21: Chemical structure of the porphyrin and snapshot from
MD simulation with the dimeric complex between JR2K and the por-
phyrin. The polarizable part of the environment is within 15 Å of the
porphyrin (colored in red). Outside this region there is an extra 5 Å of
non polarizable water included (colored in blue).
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FIGURE 5.22: Experimental (dark blue) and theoretical (light blue) ab-
sorption (top) and ECD (bottom) spectra. The absorption spectra agree
well between theory and experiment, while the ECD reveals that the
modelled structure is not the same as measured in the experiments.

The simulated complex between JR2K and the porphyrin does
not give rise to the same spectral profile as the experimental ECD
spectrum and the calculated spectrum does not capture any of
the positive contributions that are existing in the experimental
system. It shows that ECD is a more powerful technique than
absorption spectroscopy. Nonetheless, the search for the correct
complex continues, and this configuration can be excluded from
the possible variants considered using this method.

The next section of this work will focus on solvent effects on
enzyme design, and how the flow of water in the active site can
impact catalysis.
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6 . S O LVA T I O N E F F E C T S O N E N Z Y M E
C A T A LY S I S

Enzymes

A catalyst is a substance that reduces the energy required for a
reaction to occur, the activation energy, without being consumed
during the reaction. By lowering the activation energy, it will be
easier for the reactants to form products. Figure 6.1 displays how
energy levels change during a reaction between reactants A and
B. When the two reactants approach each other, electronic repul-
sion occurs, and the energy needed for the reaction to proceed
increases. The energy required to reach the peak (the transition
state, TS) is the activation energy, denoted by the change in Gibbs
free energy, �G‡. A catalyst decreases the barrier, �G‡

cat, thus
increasing the reaction rate.

Enzymes are catalytic proteins that lower the activation bar-
rier of chemical reactions within all living organisms. Reactions
that otherwise would take hundreds or thousands of years can
take less than a second with the aid of our endogenous biocat-
alysts. 120 Exceptional cases of enzymes that enhance reaction
rates extremely with factors up to 1017 and 1026 have been re-
ported. 121,122 Even though humans have been employing enzy-
matic functions during thousands of years while baking bread,
making cheese and fermenting beer, the underlying mechanism
of the catalytic power of enzymes is not yet fully understood.
General consensus is that the stabilizing effect arise due to that
enzymes stabilize the TS more than the bound substrates (com-
pared to in solution), first described by Linus Pauling during the
1940s. 123,124

However, there are different theories to explain this phenomenon.
One of the most prevailing theories is the transition state stabiliza-
tion (TSS) theory formulated by Pauling. 123,124 He proposed that
enzymes destabilize the conformation of the bound substrates,
while at the same time stabilizing the TS. Another prominent
theory is the electrostatic stabilization theory, championed by
Warshel. 56,125 The basis for this theory is that the enormous power
of enzymes is attributed to electrostatic stabilization of the TS.
Then there is also a small contributing entropic effect, enzymes
fixate substrates in specific conformations, and bring the reacting
regions of the substrates close together. Though the origin of the
catalytic effect is not thoroughly comprehended at this point, an
increasing number of studies (both experimental and theoreti-
cal) have been focused on harnessing the power of enzymes for
human purposes, as illustrated in Figure 6.2.

There are many advantages with enzymes, they do not only cat-
alyze reactions, they also produce stereospecific products. Some
molecules exist in two different mirror images, as previously
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Enzyme
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substrate

Different 
substrate

(WT)

FIGURE 6.3: Modification of
the active site of the naturally
occurring enzyme, the wild-
type (WT), for optimizing (for
instance) the substrate binding
is called enzyme engineering.
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FIGURE 6.2: Citations of scientific papers including the
term "enzyme design" during the last decades. (Source:
http://apps.webofknowledge.com/)

illustrated in Figure 5.5. Specifically within the field of drug de-
velopment, only one of the mirror images (enantiomers) is desired.
Naturally occurring enzymes commonly have a high enantiospeci-
ficity, 126 meaning that they only accept substrates with a particular
stereochemistry. Due to the resulting high stereoselectivity of the
products, enzymatic synthesis of fine chemicals and drugs are
preferable to traditional synthesis, where both enantiomers are
produced. Current procedures include selective crystallization of
both enantiomers, and the separation and purification of the de-
sired enantiomer. A considerable problem is that a large portion
of the product has to be discarded since it is not the desired enan-
tiomer. This is not only cost ineffective, but involves also a very
hazardous aspect. Half a century ago it was surprisingly discov-
ered that two enantiomers of a pharmaceutically active substance
can have vastly different interactions with their target molecules,
and thus lead to different biological effects. The most notorious
event of this discovery was related to the substance Thalidomide
where one enantiomer has sedative properties, while the other
enantiomer was shown to have a toxic effect on embryos that
caused birth defects. 127,128 In the wake of this tragedy, both Euro-
pean Medicines Agency (EMA) and the American Food and Drug
Agency (FDA) implemented strict regulations that the pharma-
ceutical effects of both enantiomers must be characterized for a
drug to be put on the market. Enzymes are also more environmen-
tally friendly compared to traditional catalysts that often yield
unwanted toxic byproducts. And finally, enzymes are also safer
to work with since milder reactions conditions can be allowed.

When designing new biocatalysts, it is necessary to understand
the mechanism of the enzyme-catalyzed reaction. A description
at atomistic level of the active site is required to characterize key
residues that affect the activation energy of the catalyzed reaction.
The introduction of mutations in the enzymes DNA sequence
will lead to alternations in the chain of amino acids, and may
ultimately change the properties of the enzyme, as exemplified
in Figure 6.3 that illustrates how the shape of the active site of
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H
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C

FIGURE 6.4: Chemical struc-
tures of the substrate (squa-
lene, A), the first intermediate
of the polycyclization reaction
(B) and the product (hopene,
C).

a natural enzyme is modified in order to accommodate a non-
natural substrate.

The process where already existing enzymes are modified in
order to create optimized variants is called enzyme engineering.
The protein variant found in nature is denoted wild-type (WT).
The "simple" action of changing only the side chain of one amino
acid can have a substantial effect on the enzymes activity. The
change in activity (or substrate specificity) can be due to change in
size and/or shape of the active site due to the mutation. Another
factor can be that the hydrogen bond network in the active site
has been disrupted due to the difference in properties between the
native and the introduced amino acid side chain. The hydropho-
bicity/hydrophilicity in the active site can also be affected.

It is not always sufficient to analyze the enzymes crystal struc-
ture or amino acid sequence in order to understand how the
introduced changes lead to alterations of the enzymes properties.
With computational tools it is possible to more closely observe the
dynamic effects of changes in the protein structure at an atomistic
level.

This chapter includes two projects related to enzyme design,
both are collaborations between experimental and theoretical
work. In this second part of the thesis, the focus is on how the
flow of water in the active site can affect the catalytic mechanisms
in the enzyme.

The enzymes that are the focus in these two final projects be-
long to different enzyme classes, and are isolated from different
organisms. In Paper III the engineered enzyme is squalene hopene
cyclase (SHC) isolated from Alicyclobacillus acidocaldarius. In Paper
IV it is a !-amino transaminase, isolated from Chromobacterium
violaceum, and they will both be further introduced in the com-
ing sections. For these two enzymes both the WT and different
mutated protein variants have been studied.

Squalene hopene cyclase

Squalene is the biological precursor for all steroids, and is pro-
duced in all plants and animals. Squalene can also be used as it is
as adjuvant in vaccines and in parenteral emulsions for drug de-
livery. 129 SHC converts squalene to hopene, as depicted in Figure
6.4. Hopene is a pentacyclic hydrocarbon belonging to the class
of hopanoids and affects properties like permeability and rigidity
of plasma membranes. 130

Both squalene and hopene are triterpenes, molecules that con-
tain three terpene units. SHCs belong to enzyme class II of triter-
pene cyclases that catalyze the synthesis of hopene from squalene.
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ENZYME STRUCTURE AND ACTIVE SITE

SHC is a homodimeric monotopic membrane-bound enzyme. Its
crystal structure was resolved during the late 1990s by Wendt et
al. 131,132 The membrane-binding region is indicated by the purple
↵-helix in Figure 6.5. This region is hydrophobic and contains
amino acids with positively charged side chains that interact with
the negatively charged regions of the phospholipid membrane
and functions as an anchor for the protein. A hydrophobic tunnel
connects the active site with the exterior of the enzyme which is
embedded in a lipid bilayer. This is crucial for the enzyme func-
tion since the hydrophobic substrate squalene is delivered from
the lipid bilayer via the tunnel. Figure 6.5 displays a snapshot
from an MD simulation of SHC embedded in a phospholipid bi-
layer. The substrate (shown in green) is at this time point located
in the tunnel.

Membrane 
binding 
helix

Phospholipid
bilayer

Squalene

FIGURE 6.5: Snapshot from an MD simulation based on the crystal
structure of SHC (PDB: 1UMP). For the MD simulation, the enzyme
is inserted into a phospholipid bilayer (heads of phospholipids dis-
played in white). The enzyme is anchored to the membrane by an
↵-helix (shown in purple) that is submerged into the membrane. The
substrate (shown in green) is in this snapshot located in the hydropho-
bic tunnel that connects the active site with the interior of the lipid
bilayer.
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The substrate needs to be folded into a specific shape in order
to fit in the active site and be in an optimal conformation for
product formation. When the substrate enters the active site from
the hydrophobic tunnel it is gently chaperoned by the residues
in the active site into an optimal pre-folded conformation for the
complete polycyclization mechanism to occur.

A recent analysis of cavities in the crystal structure of SHC
with the CAVER software 133 identified three tunnels (PDB ID:
1UMP 134) that lead between the active site and the exterior of the
enzyme. The authors proposed that water molecules might move
in these tunnels to enable an entropy-driven reaction. 135 Single
point mutations were introduced in each of the three tunnels in
order to evaluate if this would change the movement of water and
with that impact the catalytic properties of the enzyme. Different
protein variants were generated by replacing a residue with a
small side chain in each tunnel by a bulky side chain (either
phenylalanine or tryptophan), leading to four protein variants:
S38W, S168W, S168F and F605W. S168 was replaced by both a
phenylalanine and a tryptophan, yielding two protein variants
for changes in this tunnel. A control variant, a mutation of a
residue not located in one of the identified tunnels, was also
included in the study (V440F). Figure 6.6 displays the location of
the introduced mutations with regards to the active site and the
different introduced variations. Except for the control, all protein
variants displayed altered temperature dependencies compared
to the WT, as well as altered activation parameters. 135

S168

S38
F605

V440

squalene

F605W

V440F

S38W

S168F

S168W

FIGURE 6.6: The active site of SHC with squalene shown in green. The
spatial positions of the introduced mutations, and the residue they
are changed to (either tryptophan or phenylalanine) are indicated in
different colors. S38 is shown in yellow, S168 in orange, F605 in cyan
and the control mutation V440 in purple.
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Since it was not exactly shown how the introduction of the
single-point mutations in the tunnels affected the polycyclization
reaction, we were interested in studying changes in the amount
of water, as well as the movement of water in the active site. We
studied whether the flow of water in the active site was affected
by the introduction of the bulky residues in the tunnels of the
enzyme.

REACTION MECHANISM

Squalene is a very flexible molecule, that upon entering the active
site it is guided into a highly specific prefolded structure that
resembles the structure of the pentacyclic product. The polycy-
clization reaction is initiated by a proton transfer from the catalytic
aspartate (D376) in the active site to the terminal double bond
of squalene. 136 This creates a carbocation that initiate the first
ring-closure step of the polycyclization reaction. The mechanism
involves eight steps through a series of carbocation intermediates
that propagate through the substrate, initiating carbon-carbon
ring-closure. The aromatic side chains in the active site stabilize
the carbocations during the catalytic cycle. The final step of the
mechanism is a deprotonation of the product where a proton
is transferred to a residue in the active site, yielding the final
product hopene. Other triterpene cyclases display a very similar
mechanism with specific prefolded substrate, stabilization of car-
bocationic intermediates by aromatic residues in the active site, as
well as the final deprotonation of the product.

Squalene extended in the hydrophobic tunnel Squalene pre-folded in the active site

FIGURE 6.7: Squalene is extended in the hydrophobic tunnel, but in
order to be accommodated by the active site, it needs to be folded
in a specific fold. The active site encourage a specific pre-fold that
facilitate the polycyclization reaction.
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FIGURE 6.8: Transaminases
catalyze the reaction where
one amino group and one keto
group are transferred between
two substrates.

In this work, four different stages in the catalytic cycle of SHC
were studied with MD and streamline analysis; the empty active
site, the substrate in a prefolded conformation, the protonated
substrate in the same prefolded conformation and the product in
the active site. The flow of water was studied at these different
time points during the reaction in order to evaluate if the flow of
water in the different protein variants change over time. Water
molecules in the active site, although often proposed to be ex-
pelled, have previously been shown to improve the steric fitness
of substrates in the active site as well as to provide stspbilizing
hydrogen bonds between enzyme and substrate. 137

!-amino transaminase

As alluded by the name of this enzyme, it belongs to the class of
transferases (EC 2). They catalyse reactions where a functional
group of one substrate is transferred to another substrate. In
amino transaminases, an amino group is stereoselectively trans-
ferred from the substrate (usually an amino acid) to a keto-acid,
as depicted in Figure 6.8. Some variants also accept aldehydes
and ketones as acceptors. Transaminases are divided into sub-
groups; one group that accepts substrates that have an amino
group in ↵-position to a carboxylate (↵-amino transaminases), an-
other accepting substrates with amino groups in a non-↵-position
(!-amino transaminases), and one group that does not require
carboxylate groups in the substrates at all. The enzymatic transfer
of an amino group between the two substrates is highly enantios-
elective, and thus yield chiral amines. Variants of transaminases
that can produce either R or S-enantiomeric products have been
observed, where the two variants have different architectures in
the active sites. This functionality makes them interesting targets
for further engineering.

A report published in 2013 estimated that about 40% of phar-
maceutical products on the market contain at least one chiral
amine center in their structures. 138 Since transaminases are excel-
lent at producing enantiometically pure chiral amines, enzymatic
production would be a perfect alternative to traditional organic
synthesis. In order to perform rational design of transaminases
to produce fine chemicals of our choosing, it is crucial to have a
detailed understanding of the enzyme structure and the reaction
mechanism in the active site of the enzyme.

ENZYME STRUCTURE AND ACTIVE SITE

The enzyme structure is composed of two identical monomers,
with the active sites for S transaminases are situated in the inter-
face between the two monomers (for R variants, the active sites
are buried in each monomer). Figure 6.9 displays chain A and
chain B, that together form the complete and active enzyme, in
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WT

W60C

FIGURE 6.10: The tryptophan
(W60) in the WT is replaced by
a cysteine in the W60C variant.

different shades of green. In order for the individual active site
to be catalytically active, the co-factor pyridoxal-phosphate (PLP)
needs to be covalently bonded to a lysine residue in the active site.
PLP is the metabolically active form of vitamin B6 and stabilizes
reaction intermediates in the active site during the catalytic cycle.
In Figure 6.9, the covalently bonded PLP (Figure 6.11) in the two
identical and operational active sites are displayed in red.

Chain A

Chain B

PLP

FIGURE 6.9: The two monomers that make up the complete enzyme
are colored in different shades of green. The interface of the two
monomers make up the two active sites of the dimeric enzyme. The
co-factor PLP in the two active sites are displayed in red.

Due to our limited understanding of the structure-activity rela-
tionship in transaminases, it has been difficult to explain outcomes
of engineering attempts for different protein variants. The enzyme
variant studied in this work is the WT and the W60C, where a
tryptophan in the active site has been replaced by a cytosine, as
illustrated in Figure 6.10. The crystal structure for the WT has
PDB ID 4A6T for the holo and 4A6R for apo. The crystal structures
for the W60C are presented for the first time in Paper IV. The holo
has PDB ID 6SNU, apo is still pending deposition in the PDB. This
single-point mutation affects the enzyme in several aspects; the
UV-vis absorption maximum is shifted (from 395 nm in the WT to
407 nm in W60C) 139, the pH optimum is shifted (from 8.3 in the
WT to 7.0 in the W60C) 140 and the co-factor dependence is altered
(W60C needs a higher concentration to reach maximum catalytic
activity). 140 Cassimjee et al. proposed that the generally accepted
reaction mechanism for transaminases was altered in the W60C
variant. 139
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Lys288

PLP

FIGURE 6.11: The co-factor PLP
is covalently bonded to Lys288
in the active site.

REAC TION MECHANISM

The generally accepted mechanism involves multiple steps; the
first is covalent binding of the co-factor to a lysine residue (Lys288)
in the active site, creating an internal aldimine, as illustrated in
Figure 6.11. This transforms the enzyme from its resting state
(apo-form), to its catalytically active form (holo-form). Then, in
general terms, the first substrate (the amino-donor) enters the
active site and transfers its amino-group to PLP. This substrate
co-factor complex is denoted external aldimine. The amino-donor
substrate is now transformed to a ketone (or aldehyde), and the
co-factor is released in the form of pyridoxamine phosphate. At
this step in the reaction, a second substrate (the amino-acceptor)
enters, and the amino group is transferred from the aminated
co-factor to the amino acceptor substrate. In the final step of
the reaction, the product is released, and the co-factor is again
covalently bonded to the lysine amino acid in the active site.

This mechanism has been the focus of a recent QM-study where
the most likely reaction mechanism was determined in the envi-
ronment of an active site model. 141 The presented reaction mecha-
nism contains in total eight isolated TS, and the rate-determining
step is a protonation step. This reaction mechanism is suggested
to be water-mediated, as water molecules are involved in six out
of the eight TS, either by donating stabilizing hydrogen bonds or
performing nucleophilic attacks. From this study it is not clear
whether the rate-determining step involves a water molecule or
not, since the difference in activation barrier with or without the
water molecule was only 0.5 kcal/mol. 141

Water molecules are heavily involved in the proposed reaction
mechanism. To further study how the introduced mutation affects
the environment in the active site, the flow of water in the active
site was studied in both the WT and W60C enzyme variant using
MD and streamline analysis.

Streamline analysis

The streamline analysis technique was developed by Vassiliev et
al. 52,53 in 2010 in order to visualize diffusion of water molecules
inside proteins. The movements of individual water molecules are
tracked during an equilibrated MD simulation and locations with
high directionally dependent (anisotropic) movement of water
molecules are identified.

The whole simulation box is divided into cubic elements (vox-
els) with an edge of 1 Å each. For each voxel that contain a water
molecule at time t, the position of the water molecule is localized
at time t+�t. From these data points a time-averaged 3D direc-
tion field can be obtained with detailed information about rate
and direction of water diffusion. Voxels that display a high linear

6 9



6 . S O LVA T I O N E F F E C T S O N E N Z Y M E C A T A LY S I S

FIGURE 6.12: Streamlines
(shown in blue) flowing through
a protein (shown in pink). The
streamlines move around the
bulky and hydrophobic side
chains (shown in green).

flow of water (seed points) are pinpointed. The flow of water is
traced through neighboring voxels in both directions from each of
these seed points, and in this way the streamlines are generates.
Certain restrictions can be applied; the allowed angle between cur-
rent and previous direction of water flow, diffusion rate (typically
at least 1.5 times higher than isotropic diffusion rate of water),
and the length of allowed streamlines.

A break in the visualized streamline can occur even though
the water is still flowing. For instance, if a streamline enters a
larger cavity, the strong directionality of the water is decreased,
or in a junction where streamlines with different directions meet.
By superposing the visualized streamlines on top of the structure
of the protein it is possible to determine whether the streamline
has stopped due to a physical barrier or due to decreased linear
motions of water molecules. This is visualized in Figure 6.12
where the protein backbone is colored in pink, and the streamlines
that flow through the protein are colored in blue. The bulky and
hydrophobic side chains of the amino acids phenylalanine and
tryptophan are displayed in green.

Summary of research and conclusions, part II

In this work movements of water molecules within two differ-
ent enzyme structures, SHC and !-transaminase, were tracked.
For both enzymes single point mutations had been introduced,
yielding unexpected experimental results.

The aim was to evaluate whether an altered flow of water can
be a contributing factor for experimentally observed changes in
catalytic activities of the two enzymes. In both Paper III and Paper
IV, the Amber suite 142 was used for MD simulations that were
based on the crystal structures of the enzyme structures.

PAPER III

SHC is a monotopic membrane-bound protein. However, the crys-
tal structure (PDB: 1UMP) did not include a membrane since the
protein was co-crystallized with a surfactant that binds to the ex-
posed hydrophobic regions of the protein. To compensate for this,
a phosphatidylcholine bilayer membrane patch was generated
using VMDs Membrane Builder plugin. 143 The membrane-bound
helix (colored in purple in Figure 6.5) was inserted into the mem-
brane, as visualized in Figure 6.5.

SHC was co-crystallized with a substrate-like inhibitor (2-
azasqualene) in the active site. For the MD simulations, the
inhibitor was removed and the native substrate squalene (the
chemical structure is visualized in Figure 6.4) was placed in the
active site instead.

The WT structure and five other different protein variants
with different single point mutations were simulated, namely;
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FIGURE 6.13: Superposition of the solvated and equilibrated protein
structures (membrane not visualized) of the six protein variants. The
WT is colored in blue, S38W in yellow, S168F in orange, S168W in
red, F605 in cyan and V440F in purple. Squalene located in the active
site is colored in green. No distinct difference in the overall protein
structure (left), or in the active site region (right) can be observed for
the variants.
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FIGURE 6.14: B-factors determined for each residue of the protein
structures from the last 100 nm of the MD-simulation for the WT (red)
and the other protein variants (blue). No major differences in flexibility
between the different protein variants could be detected.

S38W, S168F, S168P, F605W and the control mutation V440F. The
locations of these mutations are visualized in Figure 6.6. With the
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FIGURE 6.15: Streamlines (col-
ored in red) visualized around
S38 in the WT (top) and in the
S38W (colored in yellow) vari-
ant (bottom). By replacing
the small sidechain of serine
with the bulky tryptophan influ-
ences the flow of the water.

exception of the control mutant, the locations of the introduced
mutations are in previously identified tunnels between the active
site and the exterior of the protein. 135

For the MD simulations Amber’s primary protein model, ff14SB 39

force field, was used for the protein, lipid14 40 for the membrane
bilayer, TIP3P 70 as water model and GAFF 144 for the ligands
(squalene, intermediates and hopene). The simulations were prop-
agated for 150 ns, and the following analyses were performed on
the last 100 ns. Further experimental details can be found in Paper
III.

The root mean square deviations (RMSD) of an average struc-
ture for each of the solvated and equilibrated (last 100 nm MD
simulation) protein variants were determined. From these analy-
ses, as well as from visual inspection of the protein structures, all
superposed on the WT (depicted in Figure 6.13), it could be con-
cluded that the introduced mutations do not have a noteworthy
effect on the overall protein structure.

Since there was no major conformational change in the protein
structure, the next step was to see whether the mutations have an
impact on the flexibility of the protein variants. B-factors from the
last 100 ns of the MD simulations for each protein variant were
determined, and are plotted in Figure 6.14. No distinct conforma-
tional changes or large variations of the proteins flexibility could
be identified for the different protein variants. However, notice-
able differences in catalytic parameters could be experimentally
measured. In vitro kinetic characterization reveals that the protein
variants display prominent differences in entropic and enthalpic
activation energies, as well as different temperature dependen-
cies. 135 The authors hypothesized that the origin of the altered
activation parameters was due to a decreased flow of water in
these variants due to introduced tunnel-obstructing mutations.

A streamline analysis was performed in order to evaluate
whether the flow of water was affected by introducing bulky
sidechains in the tunnels. Figure 6.15 visualizes the streamlines
(shown in red) in the WT and the S38W variant in an area sur-
rounding the location of the single point mutation of S38 (shown
in yellow). Squalene is located in the active site during these
simulations and is marked in green in Figure 6.15. By visual in-
spection, it could be concluded that the introduction of a bulky
sidechain does influence the flow of water, at least in the local
area around the residue. In order to evaluate whether this could
be connected to the experimentally observed differences in cat-
alytic activity, 135 the flow of water was studied in the region
where the rate-determining proton transfer takes place between
the D367 and the terminal region of squalene. Figure 6.16 shows
the streamlines in the active site for the WT and five protein vari-
ants, including the control variant. There are visible differences of
the flow of water in the active site between the different protein
variants. Compared to the WT and control mutation, there is an
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increased flow of water between D376 and squalene in all other
protein variants.

This was unexpected, considering that the purpose of intro-
ducing these bulky sidechains was to obstruct the flow of water
in the tunnels. Nonetheless, the introduction of these single point
mutations alters the flow of water in the active site. The flow
of water was altered in such a way that the proton transfer that
initiates the polycyclization reaction may be hindered in some of
the protein variants. Since the solvation in the active site is altered,
this might explain the observed differences in detected activation
parameters.

FIGURE 6.16: Streamlines (shown in red) in the active site of the six
investigated protein variants of SHC. Squalene (shown in green) is
located in the active site. The region where the proton is transferred
from D376 (shown in blue) is highlighted with a yellow circle.

From this, it can be concluded that the flow of water is al-
tered not only in the immediate vicinity of the introduced bulky
sidechains, but also in more distant regions of the active site. How-
ever, the control mutation (V440F) that is not located in the active
site, does not seem to have a distinct impact on the flow of water
in the region where catalysis is initiated. The flow of water in this
variant is similar to the flow of water in the WT.

The streamlines are visualized based on the diffusion coeffi-
cients determined for all voxels in the simulation box. The distri-
bution of diffusion coefficients in a 5.5 Å radius around D376 is
visualized in Figure 6.17. The distributions for the different pro-
tein variants reveal that the WT and control mutation generally
have a lower diffusion compared to the protein variants where
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D376

Squalene

FIGURE 6.18: The transfer of
a proton from D376 to the
substrate initiates the polycy-
clization reaction.

FIGURE 6.17: Distributions of diffusion coefficients in a 5.5 Å radius
around the catalytic residue (D376) for the WT (red) and five protein
variants (blue). It should be noted that the experimental rate of water
diffusion is 0.25 Å2ps-1. 52

a bulky residue has been inserted in one of the tunnels (F605W,
S168F/W and S38W).

These four variants all have a lower activation entropy in com-
parison to the WT. 135 S38W has the most negative activation en-
tropy, 135 and it is also the variant with largest shift of distribution
of diffusion coefficients, as plotted in Figure 6.17. The same pro-
tein variant also has the highest Gibbs free energy barrier. The
introduced single-point mutations do not only alter the flow of
water to different paths in the protein but they also affect the
diffusion in the catalytic region.

Still, the streamline analysis only reveals the flow of water, not
the amount of water that is flowing. From Figure 6.16 it can be
concluded that the flow of water definitely is different between
the protein variants. It does not give information on how many
water molecules are residing in this area of the active site.

Therefore, the amount of water molecules within a 5 Å radius
surrounding D376 was tracked over the last 100 ns of the MD
simulation. It could be confirmed that also the amount of water
was lower in the WT and control variant as compared to the other
rationally designed protein variants.

To tie these results together with the hypothesis that the flow of
water impacts catalysis, the distance between the catalytic residue
D376 and the carbon that receives the proton in the substrate
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(displayed in Figure 6.18) was tracked during the total 150 ns
of the MD simulations for each protein variant. The results, as
plotted in Figure 6.19, reveal two findings.

FIGURE 6.19: The distance between the catalytic residue D376 and the
carbon of the substrate that receives the proton was tracked over the
full 150 ns of MD simulations.

Firstly, it illustrates the importance of performing simulations
in the 0.1 µs time scale (opposed to previous studies that sim-
ulate much shorter time scales and thus do not reach the same
conclusion 145), since the first 20-30 ns of the simulations are not
representative for the full trajectory.

Secondly, these results demonstrate that the distance for the
proton-transfer on average is shorter in the WT and control vari-
ant compared to the other variants. For all protein variants except
the WT and the control mutation, the average number of water
molecules in the region around the catalytic residue as well as
the average distance between a sidechain and the substrate are
increased. The reason for the increased distance could be due to
an increase of water molecules in this region. Additionally, we
propose that the catalytic mechanism could be altered in these pro-
tein variants. Instead of direct proton transfer (as in the WT, and
likely also in the control mutation), we propose that an indirect
proton transfer might take place through a Grotthuss-like mecha-
nism, 146 where the proton is transferred from the catalytic residue
to the substrate via one or more water molecules, as illustrated in
Figure 6.20. Kinetic isotope measurements indicate a deuterium
kinetic isotope effect consistent with both direct and indirect pro-
ton transfers, 135 and could not distinguish the mechanisms in the
different variants.

To conclude, the bulky side chains were introduced in order to
hinder the flow of water through the identified tunnels. However,
the opposite effect was observed in the MD simulations. More
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+

FIGURE 6.20: In the Grotthuss mechanism, also known as proton jump-
ing, a proton is transferred between different water molecules along
the hydrogen bond network.

water molecules and a higher flow of water molecules were iden-
tified in the region of the active site where the rate-determining
step takes place.

Associated with an increased flow of water in these protein
variants, an increased distance between the catalytic aspartate
and the substrate was discovered. Compared to the WT, all the
protein variants with an introduced tunnel-obstructing mutant
have a negative activation entropy. 135 Based on the observations
in this study, we propose a Grotthuss-mechanism for the rate-
determining proton transfer in the tunnel-obstructing protein
variants. This hypothesis is consistent with the experimentally
reported negative activation entropies and the theoretically deter-
mined longer distance for the proton to travel. However, addi-
tional studies are needed in order to fully understand differences
in catalytic steps in this complex system.

PAPER IV

The aim of this study was to elucidate differences between the WT
and W60C protein variants that could explain the experimentally
observed differences in UV-vis absorption, pH dependence and
optimal PLP concentration of the two protein variants. 140,139 In
this paper, the newly resolved crystal structure of the holo and apo
variants of W60C are presented. MD simulations were performed
on these crystal structures, as well as for holo and apo variants of
the WT. The simulations of !-transaminase were performed with
the Amber suite, ff14SB force field for the protein and TIP3P as
water model.

Since the optimal concentration of PLP at the maximum cat-
alytic activity is different in the WT and W60C protein variant,
the initial goal was to determine whether the introduced muta-
tion was associated with differences in the protein structures that
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WT

W60C

FIGURE 6.21: The active site
of the WT and W60C protein
variants. In the W60C a larger
cavity is opened up in the re-
gion of Cys263. This residue
is oxidized in the sulfonic form
(Ocs263) in the W60C, but not
in the WT.

could impact the binding of PLP. The only noteworthy differences
are that when the large sidechain of the native tryptophan is re-
placed with the smaller side chain of cysteine, this opens up the
lining of the active site, making it larger. However, the protein
backbone still has the same fold in the W60C as in the WT. The
introduced mutation do not affect the backbone to fold differently.
In this newly exposed region, there is another cysteine residue,
Cys263, that has become oxidized in the sulphonic form (Ocs263),
as illustrated in Figure 6.21. It could thus be concluded that no
drastic changes in the overall protein structure was introduced
with the single-point mutation.

The catalytic reaction mechanism was studied in an active site
model by Cassimje et al. 141 They proposed a reaction mechanism
where water molecules were involved in six out of eight identi-
fied transition states, either through nucleophilic attacks or by
adding stabilizing hydrogen-bonds to the TS structures. The rate-
determining step was proposed to be a proton-transfer. Based on
their results it cannot be determined whether this proton transfer
takes place with or without the aid of a water molecule, since the
difference in activation barrier for the two mechanisms was only
0.5 kcal/mol. 141

Since water was so heavily involved in the catalytic reaction
mechanism (possibly also involved in the rate-determining proton
transfer) combined with the difference in pH dependence, we
hypothesized that the introduced mutation could have an effect
of the flow of water in the active site.

Considering that a difference in co-factor concentration was
experimentally observed, we chose to perform MD simulations
on the non-active form, (apo) as well as the active form of enzyme
(holo), with PLP covalently bonded to the lysine residue. Neither
variant was simulated with any substrate in the active site, in
order to focus on differences in the PLP-binding. One hypothesis
was that the experimentally observed differences could be due to
an initial binding of PLP that was different in the WT and W60C
variants.

However, no major differences in orientation of the bound PLP
were observed in the solvated and equilibrated protein structures.
Following this observation, the amount of water in the active site
in an increasing radius of 3, 4 and 5 Å around PLP was tracked
during the MD simulations of the catalytically active holo variants.
Figure 6.22 displays the results for WT in red, and W60C in blue.
In all investigated water shell thicknesses, there are more water
molecules in the active site in the region around PLP in the WT
compared to in W60C.

From this analysis it can be concluded that already in the ac-
tivated (but empty) active site there are noteworthy differences
in the amount of water comparing the WT and W60C variants.
Already before any substrate has entered the scene, the environ-
ments in the two protein variants are different.
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FIGURE 6.22: Amount of water molecules within an increasing water
shell thickness radius of 3, 4 and 5 Å around the co-factor PLP in the
active site.

The rate-determining step is proposed to be a proton transfer
from Lys288 to the PLP-substrate complex, the external aldimine. 141

Streamline analyses were performed for the MD simulations of
the holo variants. The results of the streamline analysis is visual-
ized in Figure 6.23. The streamlines are colored in blue, PLP in
green, Trp60/Trp60Cys in orange, and Cys263/Ocs263 in yellow.
In the WT there is a marked flow of water between Trp60 and
PLP, while in the W60C where the sidechain of the tryptophan has
been replaced by the much smaller side chain of the cysteine, less
water is flowing. This is also consistent with the lesser amount of
water molecules in this region in the W60C compared to the WT
(Figure 6.22).

During the catalytic mechanism, the co-factor is stabilized
by a hydrogen bond from Asp259. 141 Since the WT and W60C
have their respective maximum activities at different pH and
concentration levels of PLP, we were interested to further study
the region between the hydrogen bond donating Asp259 and PLP.
The streamline analysis reveals that the flow of water is altered
also in regions that are further away from the introduced mutation.
The region between Asp259 and PLP displays a distinct difference
in the flow of water in W60C and WT. To evaluate whether the
altered flow of water was associated with an increased distance
between Asp259 and the pyridine ring in PLP, this distance was
tracked during the MD simulations. Figure 6.24 displays the
distributions of this distance for the WT and W60C holo variants.
A shorter distance will contribute to a more stabilizing effect.
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FIGURE 6.23: Streamlines (blue) in the active site. PLP is in green,
Trp/Cys60 in orange and Cys263/Ocs263 in yellow.

It can be concluded from these distributions that the distance
between Asp259 and PLP is often shorter in the W60C, and thus
should yield a more stabilizing effect.

The difference in experimentally measured pH dependence
for the two protein variants was 8.3 for WT and 7.0 for W60C,
which is quite a noteworthy difference. This will affect the pro-
tonation state of the co-factor since the pKa value of nitrogen in
the pyridine ring in PLP has been reported to be 8.2-8.3. 147,148

Therefore, a larger population of PLP will be protonated in the
W60C compared to in the active site of the WT at each enzymes
respective activity optimum. Protonation of PLP has previously
been suggested to be favorable for catalysis. 149 A protonated PLP
is more electrophilic and thus more susceptible for nucleophilic
attack. In the WT, fewer PLP molecules are protonated, and is
thus less catalytically active. The difference in protonation state of
PLP in the WT and W60C can be a contributing factor of the exper-
imentally observed difference in absorption maximum for the two
protein variants. A protonated PLP also has a larger stabilizing
effect on charged intermediates during the catalytic mechanism.

The protonation state of PLP can also contribute to explain
the experimentally detected difference in absorption maximum
for the two variants. The absorption maximum for the WT is
at a lower wavelength (395 nm), compared to the maximum of
W60C (407 nm). Unprotonated PLP in solution has a maximum
absorption at 360 nm, while protonated PLP in solution has an
absorption maximum around 420 nm. 147,150 140,139

The introduced mutation thus seem to impact the environment
in the active site in several ways; a larger cavity is opened up, a
cysteine residue in this newly opened space becomes oxidized,
and the flow and amount of water are altered in the W60C. It has
previously been suggested that it is not likely that the W60C vari-
ant have altered pH and co-factor dependence without a change
in the catalytic mechanism. 139

To fully model the complete reaction mechanism would be a
much larger endeavour, and outside the scope of this investiga-
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FIGURE 6.24: Distributions of the distance between the hydrogen atom
of Asp259 and the nitrogen in PLP in the WT and W60C protein vari-
ants. The insets indicate streamlines in this region. An increased flow
is observed in the WT.

tion. Since we did not perform MD simulations with a substrate
or TS-complex in the active site, we can only speculate on how
the altered flow of water might affect the individual steps of the
catalytic mechanism. What can be concluded however, is that
already in the first step of the reaction mechanism, the mechanisti-
cally heavily implicated water environment is drastically different
in the two protein variants. We propose that this is at least a
contributing factor to the experimentally observed differences for
the W60C variant.

To summarize this section of the thesis it can be surmised
that the rational design of enzymes is a complex process that has
the potential to lead to unexpected effects that can be difficult to
explain. In this work we have illustrated that something as simple
as an altered flow of water in the active site has a very likely effect
on the catalysis.
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