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ABSTRACT

It has been known that bird’s navigation mechanism relies on the geomagnetic
field; however, the primary sensor is still a matter of debate. One of the leading
hypotheses is based on the magnetic sensitivity of the radical pairs. According to
this model, inside the photoactivated proteins such as cryptochrome and photolyase,
flavin-tryptophan radical pairs are formed by photon absorption and electron transfer,
and they can undergo coherent singlet-triplet interconversion which is affected by an
external magnetic field.

Absorption spectroscopy has been predominantly employed to monitor such mag-
netic field effects. This technique requires relatively high sample concentrations.
Moreover, magnetic field sensitivity of individual molecules with different orienta-
tions is lost and only an average magnetoreception behavior can be observed. Re-
cently, fluorescence-based approach has emerged as an alternative experimental strat-
egy which is generally easier to perform and more sensitive. Despite this, up to now
fluorescence-based experiments only revealed the magnetic field effect in solutions
containing flavin and tryptophan, but not actual photoactivated proteins.

In this thesis, the magnetic field effect on flavin containing solutions and pho-
tolyases is detected by utilizing fluorescence-based experiments. In the presence of
around 28 mT magnetic field, up to -5.55% magnetic field effect is observed for the
solution of 1 M flavin adenine dinucleotide (FAD) and 300 uM Trp. The roles of laser
intensity, pH of the buffer, and magnetic field strength in the magnetic field sensitivity
are investigated for the FAD and Trp containing solutions. The fluorescence based
experiments are also conducted with photolyases. -1.34% and -1.01% magnetic field
effects are measured for the solutions of 170 uM Vibrio cholerae photolyase (VcPHR)
and 166 uM Escherichia coli photolyase (EcPHR) respectively. Moreover, simulations



to understand quantum coherence in the radical pair mechanism are performed, and
the fluorescence based observation of coherent interconversion is discussed. Finally,
we suggest conjugating the photoexcited proteins or flavin with dye molecules which
serve as acceptors in Forster resonance energy transfer (FRET). In this method, the
decay rate of the singlet and triplet states is further enhanced, revealing higher sen-

sitivity of magnetic field effect.



OZETCE

Kusglarin yon bulma mekanizmalarinin diinyanin manyetik alanina bagl oldugu
bilinse de, birincil sensoriin ne oldugu hala bir tartigsma konusudur. Bu konuda basta
gelen hipotezlerin biri radikal ciftlerinin manyetik alana karsi duyarlihigina dayan-
maktadir. Bu modele gore, cryptochrome ya da photolyase gibi fotoaktive protein-
lerin iginde, foton sogurulmasi ve elektron transferi ile flavin-tryptophan (Trp) radikal
giftleri olugturulabilir. Olugan bu radikal giftlerini tekli ve ticlii (singlet ve triplet) du-
rumlar arasinda digaridaki bir manyetik alana duyarli koherent bir dongiiye girerler.

Manyetik alan etkisini gozlemlemek i¢in agirhkh olarak sogurma (absorbsiyon)
spektroskopisi kullanilabilir. Fakat bu teknik orneklerin yiiksek konsantrasyona sahip
olmasini gerektirir. Buna ek olarak, farkli oryantasyona sahip molekiillerin manyetik
alana verdigi tepki tek tek olciilemez, sadece bu tepkilerin ortalamasi gozlemlenebilir.
Son zamanlarda sogurma spektroskopisine alternatif olarak floresan temelli bir yaklagim
ortaya konuldu. Bu metot daha hassas ol¢timler yapabilir ve deneysel olarak gergeklesti-
rilmesi daha kolaydir.

Bu tezde, manyetik alanin flavin molekiilu igeren ¢ozeltilerdeki ve photolyase pro-
teini tizerindeki etkisini floresan bazli deneyler kullanarak saptandi. 28 mT manyetik
alan varliginda, 1 pM flavin adenine dinucleotide (FAD) ve 300 uM Trp igeren ¢ozeltile-
rin -%5.5 e varan manyetik alan etkisi gosterdigini gordiik. Bu ¢ozeltiler kullamlarak
¢ozeltinin pH degeri, lazer giicii ve manyetik alanin giicii gibi parametrelerin manyetik
alana kargi duyarhliktaki roli aragtirildi. Floresan bazli deneyler, protein ¢ozeltileri
icin de yuritildi. 170 uM Vibrio cholerae photolyase (VcPHR) ve 166 uM FEs-
cherichia coli photolyase (EcPHR) i¢in sirasiyla -%1.34 ve -%1.01 manyetik alan etk-
isi olctildii. Buna ek olarak, kuantum koherensi anlamak i¢in simulasyonlar yapild:

ve bu konseptin floresan bazli deneyler ile gozlemlenmesi tartigildi. Son olarak, flore-

vil



san bazli deneylere bir gelizstirme olarak fotoaktive proteinlere ve flavin molekiiliine
boya baglamay1 6nerdik. Forster rezonans enerji transferi (FRET) olarak bilinen bu
teknikte boya molekiilleri alic1 olarak davranirlar. Boylece tekli ve ti¢lii durumlarin

azalim hiz1 arttirilarak, manyetik alan etkisi daha yiiksek hassaslikta gozlemlenebilir.
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Chapter 1

INTRODUCTION

1.1 Overview

The interaction with magnetic fields has been utilized to develop new technologies
for several years such as sensory systems [1], and imaging techniques [2]. However,
we can poorly understand natural processes that are affected by the magnetic field
[3]. In recent decades, the research on effects of low magnetic fields on biological
systems have gained importance. For instance, there has been proposed a mechanism
to uncover the association between childhood leukaemia and high voltage lines which

produces magnetic fields in the range of T at 50/60 Hz [4, 5].

Another example of the interaction between magnetic fields and biological systems
is magnetoreception. Magnetoreceptors are the magnetic sensors of organism such as
plants [6], some sea animals [7, 8, 9], mammals [10, 11], and birds [12]. They utilize
this system for several reasons, for example migration of birds. In addition to the

inherently obtained migration routes, these birds need a compass system [13, 14].

The compass system of migratory birds has been under investigation for many
years. The role of the geomagnetic field in the sensory system was proposed by
Wiltschko [15, 16, 17], since then, several experiments on birds have been conducted
to reveal the dependants of the mechanism.

Further research demonstrated that migratory birds utilize the inclination of the
geomagnetic field instead of polarity information in order to generate a map of their
routes [17, 18]. Moreover, the experiments on European robins showed that the

navigation system of migratory birds performs better at lower wavelength lights as
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shown in Figure 1.1 [19].

Figure 1.1: Experiments on European robins in different illumination conditions.
Smaller arrows on the outer edges of the circles show the flying directions of individual
birds. The arrow at the center represents the average of all the directions. The colors
of arrows indicate the ambient light [19]

Over the years, two hypothesises have been built to explain the avian magnetic
compass: magnetite based and radical pair based magnetoreception. Although this
thesis focuses on detection of the radical pair based magnetoreception, we should

discuss both hypothesises starting from the older one.

1.1.1 The Magnetite Particle Hypothesis

Magnetite is a iron-oxide crystal (FeaO3) which can be found in the form of crystal
particles. Particles in the size of ~50 nm can have permanent magnetic moment
which can be aligned with respect to the geomagnetic field by rotation [20, 21, 22|. If
particles are as small as 20 nm, they become superparamagnetic [21]. They can move
because of the attraction or repulsion by other particles. Therefore, magnetite based
hypothesis requires a mechanical sensor close to the particles so that the animal can

transmit magnetic information [23].
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Existence of Fe;O5 is proved for some animals such as worms and some bacterias
[17, 24, 25]. However, the existence does not indicate the magnetoreception or any
detection system [25]. The particles must have specifically located so that it can be
related to a specific operation in the body. Moreover, this system must be linked to
the neural system [25, 26, 27]. To illustrate, the magnetotactic bacteria have ability
to synthesize magnetite particles which leads to the orientation with the geomagnetic
field; however, this orientation is rather passive. There is no active magnetorecep-
tion system involved in the orientation. Although this result does not demonstrate
the magnetoreception, it implies that the magnitite particle can be produced by the
organism [17, 25].

The closest thing to a magnetoreception is a nerve in a birds’s upper beak which
contains iron minerals. The opthalmic branch of trigeminal nerve, V1, is proposed
as a magnetic map sensor for migratory birds [28]. V1 might be responsible for the
transmission of location information to the brain [29]. In conclusion, although the
research have considered that V1 can play role in the magnetic sensory system, the

mechanism is still undetermined.

1.1.2 The Radical Pair Mechanism

This hypothesis relies on the generation of radical pairs which can be sensitive to
magnetic field [30]. The requirement of the radical pair based compass system is the
change in the output of the reaction with respect to the direction of the geomagnetic
field [14]. However, this requirement is apparently hard to satisfy considering the
thermal energy level of molecules (kgT'). The Earth’s magnetic field (~50 pT) cannot
cause an interaction even comparable with the thermal energy of molecules. However,
once the radical pairs have sufficient energy by photoexcitation, they reach the state
away from equilibrium, and sensitive to small magnetic field changes [14].

After this idea was proposed [31], scientists verified it experimentally by showing
that radical pairs can react to magnetic field in mT range [32, 33, 34]. Moreover, the

experiments on the migratory birds suggested the light dependence of the compass
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system [35]. Although the agreement of these experimental studies with the theory
promoted the radical pair based model, it was unknown that whether the radical pairs
are the magnetoreceptors because of three reasons: First, there was no solid evidence
that weaker magnetic fields (¢7") have an impact on the radical pairs, second, the
molecule which should contain these radicals was uncovered, and the third, it was
unknown how the output of chemical reaction is transmitted to the brain of the
animal [14].

Even though first criticism is still valid for the radical pair mechanism, recently,
several models for the transmission of the signal have been proposed [36, 37]. More im-
portantly, the candidate molecule has been suggested with a lot of strong arguments.

This molecule called cryptochrome is explained in the following section.

1.1.8 The Candidate Molecules

After successfully explaining the magnetic field sensing by the radical pair mechanism,
the responsible molecule has been investigated for the magnetic compass system in the
animal’s body [38]. The strongest candidate has been cryptochrome with its ability
to absorb blue light [39, 40, 41, 42, 43] and its presence in the eye of migratory birds
[44, 45, 46].

Cryptochromes are similar to photlyases, and both of them are called flavopro-
teins since they contains FAD cofactor which is the blue light absorber [42]. In cryp-
tochromes, tryptophan triad (or chain) is located close to the FAD molecule (Figure
1.2) that allows rapid transfer of electrons [47, 48]. This provides photolyases the
capability of DNA repair after UV-damage [43]. For crytochromes, it results in the
genration of radical pairs [49].

Thus far, the in wvitro experiments showing the magnetic sensibility of cryp-
tochromes and photolyases became the most convincing evidence of the radical pair
based magnetoreception. Studies on Escherichia coli photolyase (EcPHR) and Ara-
bidopsis thaliana cryptochrome (AtCRY) exhibited response to the magnetic field
in mT level [50, 51]. Moreover, Drosophila melanogaster cryptochrome (DmCRY)
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Figure 1.2: FAD(red) and Trp-triad(blue) inside a Arabidopsis thaliana cryptochrome
(AtCRY) molecule (PDB code:1u3d)

which is an animal cryptochrome (fruit fly) was investigated [52]. However, the effect
of lower magnetic fields such as geomagnetic field is not observed for flavoproteins
yet. Therefore, further reseacrh is needed for the lower wavelength, and also for other

alternatives as a magnetoreceptor molecule.

1.2 Scope of the Thesis

This thesis aims to improve the existing methods to understand the mechanism under
the magnetic sensitivity of flavin containing solutions and flavoproteins in more detail.
In order to decide our direction, the theoretical background is given in the next chapter
starting from the definition of spin to the quantum coherence.

Chapter 3 discusses the quantum coherence in radical pair chemistry thoroughly.
the rate equation which interprets the reaction dynamics is simulated. The simulation

results is investigated to determine the requirements of an experiment which enables
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us observing quantum coherence by fluorescence data.

In Chapter 4, the fluorescence based observation techniques is introduced. The
magnetic field effect on flavin containing solutions is observed by utilizing these tech-
niques. The reaction scheme is analysed by varying several parameters in the experi-
ments such as the presence of donor molecule in the solution, pH of the buffer, laser
intensity, and magnetic field strength. Although this chapter is important to collect
evidences for the radical pair mechanism, flavin containing solutions are different from
the flavoproteins in some aspects.

Therefore, Chapter 5 is dedicated to crytochromes and photolyases. The reaction
scheme which is dissimilar from the the reaction scheme of flavin containing solutions
is discussed. The differences between the literature and our work are addressed.

The FRET enhancement to our fluorescence based techniques is proposed in Chap-
ter 6. The requirements for a dye conjugation is studied. Moreover, the modification
in the reaction schemes is debated.

In the final chapter, the results of the simulations and experiments are summa-
rized. The existing challenges and the possible solutions are reported. The future

directions for some areas are suggested.



Chapter 2

THEORETICAL BACKGROUND

2.1 Spin

Spin is the angular momentum that particles have intrinsically in addition to the
angular momentum due to their orbital motion. Dirac developed this concept and
there is no classical analogue for it.

Spin is defined by the vector, s, and it is associated with a spin quantum number
s. The projection of the vector on of the axis is represented by my = s,s — 1, ..., —s.
Unlike the classical angular momentum, spin quantum number can take half integer
values. Fermions (protons, neutrons, and electrons) are the particles with spin quan-
tum number of s = 1/2 whereas bosons such as photon have s = 0,1,2,... . The
amplitude of a spin vector (S?) and the projection of it in the z-axis (S,) can be

calculated as follows:
S? |s,ms) = h*s(s + 1) |s, ms) (2.1)

S, |s,ms) = mgh|s, mg) (2.2)

For an electron, s is 1/2 and allowed values of m; is turned out to be 1/2 or -1/2.
ms = 1/2 state is known as up state (|1) or |a)), and ms = —1/2 state is denoted as

down state (|{) or |3)).
S*[1) =31 /4]s,mys) Sy [T) = h/2|s,my) (2.3)

S2|}) = 3h%/4|s,m,) S|4y =—h/2|s,ms) (2.4)

Therefore, an electron can possess two orientations which are energetically degen-
erate if there is no magnetic field. Moreover, it is crucial to learn coupled spin states

to understand radical pair chemistry.
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A system with two unpaired electrons have total spin quantum number which can
be calculated as a summation of individual spins. The possible values for the total

spin quantum number can be represented as a Clebsh-Gordan series:
S:S1+52: (81+82),<81+82—1)...|81—82| (25)

Since the spin quantum number of a single electron is 1/2, total spin quantum number
can be either 0 or 1 for an electron pair. s = 0 state is called the singlet state, the
projection of it on the z-axis must be 0. On the other hand, s = 1 results in three
different projectionon the z-axis represented by m, = 1,0, —1. therefore, they are

called the triplet states.

1

|1S) = E(IN) ) (2.6)

7-) = 1) (2.7)
1

|To) = E(\TU + 1) (2.8)

T = [11) (2.9)

Coupled spins play important roles in several phenomena which allow radical
pairs to sense magnetic fields. Before investigating these phenomena, it is necessary

to analyse interactions of coupled spins with their environment.

2.2 Interactions

2.2.1 The Zeeman Effect

Electrons behave like magnetic dipoles due to their spins, and they can interact with
the external magnetic field. This phenomenon known as the Zeeman effect [53]. The

Hamiltonian can be written as:
H=—-/s-B (2.10)
Electron spin quantum number is related to magnetic moment by,

fis = geZBs (2.11)
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where g, is the electron g-factor,and up is the Bohr magneton:

B eh
e = 2m,

(2.12)

in which e is the charge of the electron, m, is the mass of the electron, and h is

the Planck constant. the magnetic dipole moment and the gyromagnetic ratio of the

electron are also related by ug = _ Xl Therefore, we know the ratio of angular

€
momentum to spin angular momentum of the electron by [54]:

_gee
Ve = 2me

(2.13)
Assume that we take only z-component of the spin vector into consideration, then:
e = —Yeltpmsh (2.14)
Therefore, the energy splitting can be calculated according to:
E = —y.mshB = gepipmsB (2.15)

Two different orientations of spin vector in the z-axis lead to the splitting of energy

levels as shown in Figure 2.1.

Energy

a

Figure 2.1: Energy splitting due to the external magnetic field for a spin-1/2 particle

The difference in the energy levels is proportional to the strength of external

magnetic field.

AE = g.upB (2.16)
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This interaction oscillates the direction of spin quantum vector. It can be associated

with the frequency called Larmor frequency [14]:

_%_ge/ﬁBB
kR h

For the coupled spins, energy levels split into three with respect to their m, values

Wi (2.17)

in the presence of external magnetic field. Since singlet state and one of the triplet
states have m; = 0. They coexist in the same energy level independent from the
strength of magnetic field as shown in Figure 2.2.

Energy

3

> B

Figure 2.2: Energy splitting due to the external magnetic field for a pair of spin-1/2
particles

However, this plot is only true when there is no other interaction. Therefore, we
should also investigate the effect of nuclear spins and electron-electron interactions

for more further understanding.

2.2.2  Exchange Coupling

Th exchange interaction describes the effect of two unpaired electrons due to their
exchange symmetry. It is related to the Pauli exclusion principle and there is no
classical analogue. The exchange interaction can split the energy levels of singlet and
triplet states even in the absence of any external magnetic field. The Hamiltonian

can be written accordingly as:

H=—2J(r)sy - sz (2.18)
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r represents the distance between radicals, and it determines the energy difference
between states. J(r) can be either positive or negative: however, it can be neglected
for larger distances (r>1nm) due to the exponential dependence. For smaller inter-
molecular distance, it prevents singlet-triplet interconversion and magnetic sensitive

respectively.

2.2.83  Dipole-Dipole Interaction

The magnetic dipole moment of two unpaired electrons can also interact with each
other, and lead to energy level splitting in the triplet states like the Zeeman effect.

The Hamiltonian can be formed as:

H:S]_'D'Sz (219)

D is the tensor which contains the direction of the effect. The dipole-dipole inter-
action is more effective than the exchange interaction due to the distance dependence.

However, it can be negligible for the solutions due to the anisotropy in the interaction.

2.2.4  Hyperfine Interaction

Unpaired electrons also interact with the nuclei of the atoms in radical pairs. This is
called hyperfine interaction, and it contains both electrical and magnetic terms. The
electrical component is negligible considering the usual distance between electron and
nucleus. However, if radical pair contains magnetic nuclei, the hyperfine interaction

plays important role in the spin dynamics.

Nuclear spin angular momentum is denoted by I. It can have projection m; =
—I,—1 +1,..,1 — 1,1 as other angular momentum numbers. However, it is zero
unless there are atoms with odd numbers of protons or neutrons or both. Some

isotopes can have magnetic nuclei, hence the natural abundance is also important.
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Natural Number Number | Magnetic
Isotope | Abundance | of protons | of neutrons Field
'H 99.985% 1 0 2.44
’H 0.015% 1 1 0.61
2c 98.892% 6 6 0.00
BC 1.108% 6 7 0.61
N 99.63% 7 7 0.29
N 0.37% 7 8 0.25
10 99.8% 8 8 0.00
70 0.037% 8 9 1.13

Table 2.1: Magnetic features of elements [14]

As shown in Table 2.1, nitrogen and hydrogen have non-zero magnetic moment and
almost 100% natural abundance. Organic molecules usually contains them. There-
fore, the hyperfine interaction can be added to effective magnetic field as an extra

term as:

Beff =B +mra (220)

where a is the isotropic hyperfine coupling constant. Since the external magnetic field
is the same for the electrons, hyperfine coupling must be different for them. Therefore,
they can precess with different Larmor frequencies which results in singlet-triplet

Interconversion.

2.3 Radical Pair Chemistry

Interaction between two spin angular momentum is not only important for radical
pairs, but also crucial to understand the spin conservation or Intersystem crossing
which are responsible for the optical properties of molecules such as fluorescence and
phosphorescence [55]. To this extent, we should first discuss the mechanism behind

spin conservation.
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According to the Pauli Exclusion principle, two identical electrons cannot occupy
the same quantum states simultaneously. If they are in the same energy levels, their
spin wavefunction must be opposite. Thus, we can consider ground state as a singlet

state since two electrons have opposite spin states as simply shown in Figure 2.3.

Excited State

hv ISC

b1 ! !

Singlet Singlet Triplet

Ground State

Figure 2.3: Photoexcitation of an atom in a singlet ground state followed by Inter-
system crossing (ISC)

If an excited electron is exposed to the interactions discussed above, its spin an-
gular momentum can be distorted. This process can result in triplet excited state,
and it is called Intersystem crossing (ISC).

Radical pairs can be singlet born, if photoexcitation of the acceptor molecule is
followed by a rapid electron transfer from a donor molecule. On the other hand, a
triplet born radical pair can be obtained if ISC is faster than the electron transfer.
In any case, radical pair can undergo singlet-triplet interconversion if there is an
anisotropic hyperfine interactions. In the absence of any external magnetic field, spin
angular momentums precess coherently. It is also called quantum coherence, and it
is the heart for the magnetic sensitivity of radical pairs.

On the other hand, the spin angular momentum of excited electrons can be dis-
torted due to the interactions with other electrons or the nuclei. It also breaks the
quantum coherence. It is crucial to maintain coherence longer than the lifetime of
singlet and triplet states. Therefore, long-lived radical pairs are necessary to sense an
external magnetic field.

As a final step, molecules turn back to their ground state spin selectively by a
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reverse electron transfer. It can be radiative or non-radiative. The radiative ways are

discussed in the following section.

2.4 Fluorescence and Phospherecense

Absorption of a single photon excites the electron to higher energy levels with respect
to the wavelength of the photon. If it is excited to the second energy level, it can
decay to the first excited state which is called internal conversion. An electron in the
first excited energy level can decay to the ground level, and radiate fluorescence. The
fluorescence lifetime can vary for different elements; however, it is approximately 10~
seconds. On the other hand, Intersystem crossing can also occur. Since the transition
from excited triplet to singlet ground states is not spin-allowed. The radiation lasts

longer (1079 s), and it is called phosphorescence.

S 2 A

Internal

Conversion

Intersystem
S 1 L l Crossing
\ Vibrational
1 Relaxation T1
Absorption
Fluorescence Phosphorescence

S0 ¥

Figure 2.4: Jablonski diagram for fluorescence and phosphorescence

In some cases, molecules can lose their ability to fluoresce permanently. This
phenomenon called photobleaching (or fading) caused by the change in spin state
of the electron. This results in covalent bond breaking. Therefore, molecule cannot

absorb and emit light. Photobleaching rate can vary for molecules.
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2.5 Summary

Spin angular momentums of two electrons can interact with each other, and coupled
spins are represented with a total spin angular momentum number. According to this
number, the energy levels of coupled spins can be modified by an external magnetic
field. It is difficult to observe this effect due to the thermal fluctuation. Radical pairs
generated by an electron transfer can undergo singlet triplet interconversion.

In the absence of any external magnetic field, the interconversion occurs coherently
due to the anisotropic hyperfine interaction. Fortunately, if radical pairs are long-
lived, the external magnetic field affects the population of the states, and enables the
detection of the magnetic field.

Fluorescence is a preferable signal to probe magnetic field effect. It gives the
ground state population under a continuous illumination; however, we should take

photobleaching into consideration.
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QUANTUM COHERENCE IN THE RADICAL PAIR
MECHANISM

3.1 Overview

Magnetic field sensitivity relies on the interconversion of singlet and triplet states after
the radical pairs. In the absence of any external magnetic field, the interconversion

occurs coherently due to the interactions discussed in the previous chapter.

The quantum coherence has been investigated indirectly by modifying the reaction
schemes by several ways. For example, an external magnetic field is applied to isolate
triplet states and break the coherence in the transition. Besides, the properties of
solution buffers have been varied systematically to alter the lifetimes of singlet and
triplet states. Although the effect of the coherent transition has been illustrated
theoretically and experimentally, there has been no research on the demonstration of

the quantum coherence in radical pair mechanism directly.

The observation of populations of either singlet or triplet states is challenging
because of the degeneracy in their energy levels. However, probing the modulation in
the ground state population indicates the change in the singlet state because of spin
conservation. Therefore, the fluorescence based techniques to probe ground state
population can be employed to observe the quantum coherence in the radical pair

model.

In this chapter, we aim to simulate a simplified version of the radical pair mech-
anism in order to understand the reaction dynamics. Then, we discuss the possible

experiments and the required conditions to conduct them.
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3.2 Reaction Scheme

Simulation of a complete reaction scheme might be time consuming. Instead, we
simplify it by representing some steps such as electron transfer or ISC with a rate

constant as you can see in Figure 3.1.

|ff)

A B Yrelax

|ss) | tt)

J
AN
: \
Rpump + Rprobe Yspon

lgg)

Figure 3.1: Jablonski diagram for the simplified reaction scheme of radical pair mech-
anism

Photoexcitation of molecules depends on R,ym, and R,.qe which we have full
control on. Once the molecules are excited with these rates, they can either go back
to ground state by emitting fluorescence, or they can form a radical pair with a donor
molecule.

In the absence of any external magnetic field, the interconversion between singlet
and triplet state is represented with the rate constant J. Molecules can decay back to
their ground state via singlet state due to the spin conservation. The non-radiative
decay from the triplet state is ignored for the sake of simplicity. Finally, it is important

to note that the rate equations does not contain the photobleaching.

3.3 Rate Equations

The simplified version of reaction scheme is converted to the rate equations that we

can simulate using computational methods. There are six differential equations which
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represent the change in the population of states as follows:

dgig = —[Rpump(t) + Rprove(t)] pgg + VsponPrs + VPss (3.1)
% = [Rpump(t) + Rprove(t)]pgg — [Vspon + Vretazlpys (3.2)
d;);s = —Vpss + VretazPrs + 1S (Pst — Prs) (3.3)
% = —iJ(pst — pts) (3.4)
dggt = _%pst + i%(pss — put) (3.5)
dg;s = _%/pts y i%(pss — Prt) (3.6)

The rate constants in these equations are chosen as determined in the transient
absorption experiments. 7, represents the singlet-born radical pair generation
which is 10! s7!. The spontaneous emission of fluorescence occurs quickly Yspon, = 10°
571, The reverse electron transfer leads to decay from the singlet state happens with

a rate constant of v = 10° s71. Last but not least, the rate constant J is chosen as

108 s71.

3.4 Simulation Results

The main goal of our simulation is to observe effect of pump laser in the population
of states and choose the probe according to the simulation results. In this method,
we assumed that all molecules are in the ground state initially, and a 5 ns pump
laser is applied at t = 2 us to the sample. Immediately, the ground state population
decreases as shown in Figure 3.2.

According to the simulation results, the ground state population increases after
a rapid decrease due to the pump laser for the given parameters. The existence of

quantum coherence alters the number of atoms turning back to the ground state.
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Figure 3.2: Pump laser applied in t = 2 us to excite molecules in the ground state
(upperleft). The instant reduction in the ground state with respect to the applied
illimunation (upperright). The oscillation in the number of atoms which decays to the
ground state from the singlet state (bottomleft). The period of oscillations is around
50 ns (bottomright).

Ideally, we can observe the ground state population with a weak probe light and de-

tect coherent transitions. However, there are several noise components and technical

limitations that should be overcomed.

The length of probe light must be smaller 50 ns because the period of oscillations
is approximately 50 ns. The delay time is also important to obtain oscillations in
the fluorescence data. However, since probe light is weak and short, the shot noise
dominates the fluorescence data. Therefore, it is crucial to repeat the experiment in
order to avoid the effect of shot noise. The number of experiment required can be

adjusted by changing the concentration of sample.
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Moreover, we can probe the population of the singlet state to observe coherent

transitions as shown in Figure 3.3.
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Figure 3.3: Singlet state population after the pump laser applied in t = 2 us

However, since the singlet and triplet states are degenerate, neither absorbance
nor fluorescence of the singlet state can be extracted seperately. Therefore, the only

signal which indicates the transitions becomes the ground state population.

3.5 Conclusion

The magnetic field sensitivity relies on the coherent interconversion between singlet
and triplet states of the radical pairs. The transition can be simulated to design an
experiment which allows the detection of quantum coherence and the measurement
of coherence time. However, in a basic reaction like ours, most of the reaction steps
are represented with a rate constant, and their effect cannot be included. Moreover,
several unavoidable effects emerging during the experiments such as shot noise or pho-
tobleaching are not introduced to our simulation; thus, we cannot estimate whether
we can suppress these effects or not.

As a further improvement, we can add noise components into the simulations
such as a decay for photobleaching or a poisson noise representing the shot noise.

Moreover, the experimental setup which satisfies these conditions requires advanced
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techniques and equipments for a synchronized sensitive measurement of fluorescence

emitted.
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FLUORESCENCE BASED DETECTION OF MAGNETIC
FIELD EFFECT ON FLAVIN CONTAINING SOLUTIONS

4.1 Background

Observation of magnetic field effect in radical pairs can be performed by probing either
absorption or emission of the specific form of the molecule. As discussed in Section 1.2,
absorption spectroscopy requires relatively high molecule concentration and high laser
power. In addition to the consumption of sample, photodegradation is a drawback
of absorption spectroscopy which is caused by high intensity laser source [56, 50].

Therefore, fluorescence microscopy comes to the fore as an alternative technique [57].

For flavoproteins or FAD containing solutions, fluorescence represents indirectly
the population of ground state in case of continuous illumination. Although the
ground state is not affected by the magnetic field, the number of molecules in the
ground state is influenced because the reactions is spin selective. When the Zee-
man effect modifies the rate of interconversion between singlet and triplet states in
the presence of external magnetic field, the population of intermediate states, and
the ground state change respectively. Therefore, the modulation in the fluorescence

caused by the modulation in the magnetic field.

This chapter includes the experiments on the radical pair mechanism of flavin
containing solutions. Although they have different reaction schemes, they both react
to the presence of an external magnetic field. Several parameters affect the magnitude
of this effect, which we discuss in the following sections thoroughly. However, the

experimental setup should be depicted before the results of the experiments.
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4.2 Experimental Setup

The aim of our experiments is to excite the flavin containing sample, and observe
fluorescence emission. Our experimental setup can be divided into four units: illumi-
nation, detection, magnetic field generation and data processing. These units except
data processing work coordinately for each run of the experiment, then data analyse
was performed separately after requiring data.

The illumination unit contains the light source,the excitation filter and the shutter.
For the light source, we employed two different lasers interchangeably. One of them
is a pulsed laser at 473 nm (Coherent Chameleon 80 MHZ Ti:Sapphire pulsed laser)
whereas the other one is a 450 nm continuous wave Indium Gallium Nitride laser.
Since our main samples are FAD containing solution or photolyases, we selected the
wavelength of the lasers in the absorption spectrum of FAD molecule to excite the
sample efficiently. Other wavelength components of the laser source are precluded
by the emission filter if there are any. Finally, the illumination is controlled by the
shutter which is connected to the camera for synchronized data acquisition.

The inverted microscope holds the air immersion microscope objective (Nikon CFI
Achro 60x 0.8 NA). The objective focuses light on the sample which is hold between
two coverglasses. Fluorescence which is maximum around 520 nm is collected by the
same objective and transferred to the emCCD camera (Hamamatsu) by a dichroic
mirror. The sensitivity of the camera is adjustable, which is optimized for the specific
experiment along with the other parameters. In addition to the fluorescence, the
reflection of the light exists in the detection path; therefore, we eliminate it with low
pass and bandpass filters as shown in Figure 4.1.

During the collection of fluorescence by the emCCD camera, we drive MagnaPulsa
to generate square wave magnetic field whose period and duty cycle are adjustable
by the user. The specifications of MagnaPulsa can be found in Appendix.

After the completion of experiments, we post-processed the data by Matlab in
order to observe total fluorescence coming from the sample, and calculate the magnetic

field effect (mfe). Normalized magnetic field effect in this thesis quantizes the change
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Figure 4.1: Experimental setup

in the fluorescence by the applied magnetic field. If fluorescence is a function of

magnetic field strength, mfe can be written as:

F(B) — F(0)

0 (4.1)

mfe=
The main concern in the magnetic field calculation is photobleaching which creates a
decay in the fluorescence data. The algorithms to calculate mfe are also discussed in

Appendix.
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4.3 Reaction Scheme

Flavin can be found in two molecule forms: FAD (flavin adenine dinucleotide) and
FMN (flavin mononucleotide) which are simpler and more stable than flavoproteins.
Therefore, they have advantageous over the proteins in order to understand radical
pair mechanism. However, they differ from flavoproteins in reaction scheme.

Flavin in the form of FMN or fully oxidized FAD can absorb blue light (F —
'F*). Excited flavin can either emit fluorescence or undergo ISC (*F* — *F*). Inter-
molecular electron transfer between the triplet flavin and a donor generates the triplet
radical pair (*[F*~ +D**]). As shown in Figure 4.2, triplet radical pairs inter-converts

singlet radical pairs coherently in the absence of an external magnetic field.

1F*
F*

[
8 e 3
= 5 F~ + D] %< °[F~ + D'*]|Radical Pairs
£l 8
18 N
o D
s| |8
= ® F~ + D Free radicals
F+D

Ground state

Figure 4.2: Reaction scheme of the FAD containing solutions [6]

Radical pairs can split in to two radicals if they diffuse apart from each other and
also merge to form pairs in either triplet or singlet form. The singlet radical pair can
return to ground state by a reverse electron transfer.

In the presence of an external magnetic field, two of the triplet states isolate and

the interconversion rate reduces. The population of singlet state and the ground
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state decreases with respect to the magnetic field. The reduction in the ground state
population directly impacts the fluorescence which we can observe by our experimental

setup.

4.4 Results

The aim of the experiment in this chapter is to investigate radical pair mechanism
easily, since FAD and tryptophan molecules are not sensitive to the environmental
conditions as proteins and they can exhibit response to an applied magnetic field.
As shown in Figure 4.3, 1 uM FAD and 300 uM Trp solution in a citric acid
buffer (pH = 2.3) reacts to 28 mT square wave magnetic field with a period of 700
ms and duty cycle of 28.57%. The magnetic field effect is calculated as -2.25% for

B (mT)

)l I

of

-
©

-
®

-0.5

-
g

-
o

Fluorescence (a.u)
mfe (%)

-
12

-
IS

13 " " " " " " 25 . " L " " . "
0 1 2 3 4 5 6 7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (s) Time (s)

Figure 4.3: Effect of 28 mT square wave magnetic field to the fluorescence of 1 uM
FAD and 300 uM Trp (left) and mfe for one period of magnetic field (right)

2.14 mW laser power (450 nm) at the back aperture of the microscope objective. The
magnetic field effect is in agreement with the reaction scheme shown in Figure 4.2. In
the presence of 28 mT magnetic field, the singlet state population and ground state
population decrease.

Although the magnetic field effect is observable from the fluorescence data in
time domain, the Fourier transform of the fluorescence data is generated to compare

with the Fourier transform of the magnetic field strength as illustrated in Figure 4.4.
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Figure 4.4: FFT of the fluorescence emitted by 1 uM FAD and and 300 M Trp in
the presence of 28 mT square wave magnetic field (left), FFT of the magnetic field
signal (right)

Fourier transform shows that the radical pair mechanism reacts to the magnetic field
effect immediately. We also check the effect of longer magnetic field exposure to
the solution. For this experiment, a permenant magnet is utilized, and it is moved
towards the sample manually. We repeated it twice for a longer data acquisition
time intervals. As you can see in Figure 4.5, the applied magnetic field decreases the

fluorescence as long as the magnetic field is applied.
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Figure 4.5: Effect of 28 mT magnetic field produced by a permanent magnet for 1
uM FAD and 300 M Trp

In the continuous illumination, there is continuous flow to the triplet channel for

triplet born radical pair. The applied external magnetic field maintains energy level
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separation which prevents transition to singlet state from the triplet states. Further-
more, it is important to understand the reason of the decay in the fluorescence level
with respect to time. Therefore, we check the emission spectrum of FAD. According
to Figure 4.6, the fluorescence level is decreasing even without any magnetic field, and

the maximum wavelength is unchanged. We also solve fluorescein dye absorbing in
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Figure 4.6: Emission spectroscopy of FAD molecules (left) and fluorescein (right) in
an acidic solution, excited by 473 nm pulsed laser

the same acidic buffer as FAD, and measure the emission spectrum at the same wave-
length as shown in Figure 4.7. Unlike FAD, fluorescein emits fluorescence without a
decay. Therefore, the fluorescence decays because of photobleaching.

The next task is to discover the acceptor and the donor in a flavin containing
solution. 450 nm laser excites the flavin, and flavin part can be found in both FAD

and FMN. However, two major candidates for donor molecules are Adenine and Tryp-

tophan.
Solution Magnetic Field Effect
FAD Yes
FAD + Tryptophan Yes
FMN No
FMN -+ Tryptophan Yes

Table 4.1: Magnetic fied effect on flavin containing solutions
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According to the results, FAD can transfer electron from both Adenine and Tryp-
tophan to form radical pair. FMN and Tryptophan pairs are also sensitive to the
magnetic field. However, the solutions that contains only FMN does not react to the
magnetic field. Therefore, it is obvious that the magnetic sensitivity relies on the
generation of radical pairs by an electron transfer.

Another parameter for the radical pair mechanism is pH of the solution buffer
which can modify the molecular structure, enhance or inhibit the electron transfer. It
is crucial to determine its effect on the reaction scheme. For a FAD containing solu-
tion, we only change the pH value. Therefore, we expected to measure the fluorescence

at the same level which is not the result as shown in Figure 4.7.
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Figure 4.7: pH dependence of fluorescence and magnetic field effect for 1 uM FAD
and 300 uM Trp solution

As discussed in [58], pH has a significant impact on the conformational change,
which can alter the absorption and emission wavelengths. Moreover, we observe the
degradation of solutions whose pH are larger than 4.06. There is a possible chance to
end up with solutions with lower concentration of FAD than the initially prepared.
Further investigation of pH is highly required to differentiate which mechanism in-

hibits the fluorescence and mfe for higher and lower pH values.
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Laser intensity dependence of the magnetic field effect must be also characterized
to optimize the experiments. We aim to obtain highest possible signal to measure
magnetic field effect. Besides, we prefer to avoid photobleaching by reducing the laser
intensity. There is a trade of between signal level and photobleacing. As you can see
in Figure 4.8, around 7 mW laser power on the back aperture of the microscope

objective, the fluorescence level is saturated by photobleaching.
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Figure 4.8: Fluoresence (left) and mfe (right) with respect to the laser power at the
back aperture of the microscope objective

Although we can explain the saturation in the fluorescence level with respect to
the laser intensity, it is interesting to observe saturation in the mfe. Assume that the
ground state population is similar, mfe must be larger for higher intensities because
the rate is higher which is not clear in our data.

Last but not least, we check the energy level splitting by changing the magnetic
field strength. As we can see in Figure 4.9, mfe increases with increasing magnetic
field.

The saturation around 15-20 mT is also expected. Once the energy difference
between triplet states increase, the interconversion rate decreases. However, since the

excitation power is the same, the number of molecule in singlet state will be the same
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Figure 4.9: Magnetic field effect with respect to the magnetic field strength on the
sample

after triplet states have enough energy differences for isolation.

4.5 Conclusion

Our fluorescence based experiments on flavin containing solutions achieve to detect
the effect of 28 mT magnetic field up to 5.5% depending on the parameters such as
laser intensity. Moreover, although the lifetimes of the states are not observed due to
the continuous illumination, our methods successes to investigate he effect of several
parameters on the magnetic field sensitivity.

As a future direction, the saturation in the magnetic field effect with respect to the
laser intensity (Figure 4.8) should be investigated using flavin containing solutions.
Although flavin contaning solutions and photolyases have different reaction schemes,

these experiments explain many steps in the reaction schemes.
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FLUORESCENCE-BASED DETECTION OF MAGNETIC
FIELD EFFECT ON PHOTOLYASES

5.1 Background

Detection of magnetic field effect on cryptochromes and photolyases is more challeng-
ing than the flavin containing solutions because proteins are more complex and more
sensitive to the environmental conditions such as temperature, pH or light. Therefore,
they require a controllable experimental setup. However, we aim to utilize the same
experimental setup (Figure 4.1). There have been studies which analyses the mfe
on crytochromes and photolyases by transient absorption spectroscopy [51, 52, 59];
however, fluorescence based techniques has been recently applied to experiments with
proteins [6].

In this chapter, our purpose is to investigate the radical pair mechanism for cryp-
tochromes and photolyases which are the candidate molecules for avian compass sys-
tem. We also propose future directions to understand the reaction scheme of flavo-

proteins.

5.2 Reaction Scheme

Crytochromes and photolyases are two flavoproteins which can play a role in magnetic
compass system. They contain FAD and Trp-triad (Trpa, Trpg, Trpc) as an electron
transfer chain. The distance between FAD and the nearest Trp (Trpa) or so called
terminal residue is 7.4 A, allows rapid electron transfer. However, cryptochromes and
photolyases differ from flavin containing solutions in reaction scheme.

Flavin in the form of fully oxidized FAD can absorb blue light (F — 'F*). Excited
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flavin can either emit fluorescence or take electron from Trp, which occurs rapidly to
form radical pair in the singlet state as shown in Figure 5.1. The transfer of electron
from Trp4 to FAD is followed by the sequential electron transfer from Trpg to Trpa,

and Trpc to Trpp.

1F* + D\
YF~+D*] < 3[F~ + D*]|Radical Pairs
o v
8 =
B =
.‘g % RP2 | Radical Pairs
=
8 § kD kF
5| |5
~ F+D*
F+D

Figure 5.1: Reaction scheme of crypthochromes and photolyases [6]

For the solutions, radical pairs can split in to two radicals if they diffuse apart
from each other and also they can merge to form pairs in either triplet or singlet form.
However, in cryptochrome, they have a fixed position. Therefore, second radical pair
(RP2) can be formed by protanation of flavin radical or deprotonation of the donor
or both [6] which do not react to the magnetif field. Moreover, the singlet radical pair
can return to ground state by a reverse electron transfer.

In the presence of an external magnetic field, two of the triplet states isolate and
the interconversion rate reduces. The population of singlet state and the ground state
increases with respect to the magnetic field because the radical pair is singlet born.
The increase in the ground state population directly impacts the fluorescence which

we can observe by our experimental setup.
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5.3 Results

According to our experiments, 170 uM VcPHR (Vibrio cholerae photolyase) in Tris
buffer (20 mM Tris-HCI, 200 mM NaCl, 1 mM EDTA and 50% glycerol, pH = 7.4)

reacts to the 28 mT magnetic field as shown in Figure 5.2.
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Figure 5.2: Effect of 28 mT square wave magnetic field to the fluorescence of 170 uM
VcPHR (left) and mfe for one period of magnetic field (right)

The average magnetic field effect for this experiments is -1.32%. Moreover, we
conduct experiments on 166 uM EcPHR (FEscherichia coli photolyase) solution as
you can see in Figure 5.3. The magnetic field effect is -1.01% for this protein in the
HEPES buffer (25mM Hepes, 100 mM NaCl, 1 mM EDTA, 1 mM NaN3, 50% glycerol
and pH = 7.4).

These two experiments show a reduction in the fluorescence data in the presence
of an external magnetic field, although an increase is expected because of the singlet
born radical pair mechanism given in Figure 5.1. Moreover, the transient absorption
experiments in the literature [51, 59, 60] observed a positive magnetic field on EcPHR
and AtCRY proteins, and [6] detected the positive mfe on AtCRY by using fluores-
cence based measurements. Therefore, the differences in protein sample preparation
become crucial for our case and previously suggested methods in the literature.

In addition to the FAD, photolyases can contain another lower wavelength light
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Figure 5.3: Effect of 28 mT square wave magnetic field to the fluorescence of 166 M
EcPHR (left) and mfe for one period of magnetic field (right)

receptor molecule called MTHF (methylene tetrahydrofolate) [61]. This molecule
plays an important role in DNA repair by absorbing UV light. In this mechanism,
the photoexcitation of MTFH is followed by FRET mechanism between MTHF and
FAD that have distance of 16.8 A [61]. Considering the complexity of proteins, this
mechanism can affect the radical pair mechanism for only our case because some of
the previous works intentionally remove MTHF to avoid unwanted signals [59, 51].

Another condition that must be satisfied before the photoexcitation of FAD is to
make sure that all FADs are in fully oxidized form. Pretreatments with potassium
ferricyanide can be performed to oxidize all FAD molecules beforehand [51].

As a future work, we aim to check the effect of these modification for our proteins.
Moreover, we can try to excite these proteins in the wavelegnth of MTHF absorption
and check the FRET mechanism.

On the other hand, our experiments are self-consistent as you can see in Figure 5.4.
The Fourier transform of the modulation is also matched with the Fourier transform
of magnetic field applied with MagnaPulsa.

We also apply 12 mT magnetic field to the VcPHR solution during 5 s. The dura-
tion of the magnetic field does not have any impact, the fluorescence level decreases
with respect to the magnetic field strength.

We also changed the magnetic field strength for the experiments with permanent
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Figure 5.4: FFT of the fluorescence emitted by 170 uM VcPHR sample in the presence
of 28 mT square wave magnetic field (left), FFT of the magnetic field signal (right)
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Figure 5.5: Effect of 12 mT square wave magnetic field on the fluorescence of 170 M
VcPHR (left). mfe shown for one period (right)

magnet and obtained the values in Table 5.1 for 170 uM VcPHR.

Magnetic Field Strength (mT) | mfe (%)
6 -0.21
12 -0.30
21 -0.60
70 -1.29

Table 5.1: Magnetic field effect on 170 uM VcPHR, magnetic fields are applied by
the permenant magnet

In addition to the modulation in the fluorescence, there is also a decay which
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represents the presence of photobleaching in both Figure 5.2 and Figure 5.4.

5.4 Conclusion

The magnetic field effect on flavoproteins is also detected using our fluorescence based
technique. The differences in the protein structures results in the negative magnetic
field effect on proteins. Therefore, we aim to explain the reason behind triplet born
radical pair mechanism in this experiment.

In addition to the research on the reaction mechanism, we are motivated to ob-
serve orientation dependence of the magnetic field effect. Since the crytochromes are
important to study in this manner, we aim to enhance our techniques to reach single

molecule fluorescence observations.



Chapter 6

FRET ENHANCEMENT TO FLUORESCENCE
MICROSCOPY

6.1 Background

Flavoproteins are complex molecules, and they are challenging to investigate. In
recent years, the artificial structures have been generated to understand several pa-
rameters which play important role in the magnetic field effect [62, 63]. One method
to create an artificial molecules is Forster Resonance Energy Transfer (FRET) by
dye conjugation. FRET is an energy transfer from donor to acceptor without any
photon emission from the donor [64]. Besides, it is well-known and widely used in the

observation of biological samples by fluorescence microscopy.
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S A /A . 0
0 A 4
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Figure 6.1: Jablonski diagram of FRET mechanism. Sy and S; represent the ground
state and first excited state respectively.
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As illustrated in Figure 6.1, the energy levels of two molecules must overlap. In
other words, the emission spectrum of the donor must overlap with the absorption
spectrum of the acceptor [64]. Moreover, the distance between donor and acceptor
impacts the FRET rate dramatically. The rate is calculated as [64]:

br(r) = —— (5) 6.1)

D T

7p is the lifetime of donor molecule without any FRET mechanism. Ry is the
Forster distance and, it is typically 2-9 nm which is suitable for the dye attachment
to flavoproteins and FAD.

In addition to the distance requirement, FRET acceptor must satisfy spectral
overlap with the emission spectrum of flavin, and it must not be affected by the
external magnetic field.

Above mentioned issues as well as the possibility of FRET mechanism are dis-

cussed in this chapter for photolyases and flavin containing solutions separately.

6.2 FRET for Photolyases

Dye conjugation to proteins has been a well understood process amongst biologists,
and there are various methods to attach dye molecule to the surface of proteins. One
of them is NHS ester conjugation [65]. As described in Figure 6.2, a dye molecule
(NHS Ester Reagent) can connect to any amine group in the protein surface [66]. this

type of conjugation can produce stable attachment for our experiments.

0
0 ? 0 D\Q

N NH, . N

- pH79 -
O @ @@ N

NHS Ester Primary Amine Stable Conjugate NHS
Reagent on Protein (amide bond)

Figure 6.2: NHS Ester conjugation for protein-dye attachment. R denotes the dye
molecule, and P represents proteins [66]
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Photolyases posses aminoacids like the other proteins. Amongst these aminoacids,
lysine has amine group, and it can accept dye molecules if it is located on the protein
surface. cryptochromes and photolyases have more than 10 lysines on their surfaces

as illustrated with red in Figure 6.3.

Figure 6.3: Lysine aminoacids(red) in the flavoproteins: VcCRY1 (left) and EcPHR
(right)

In the selection of a proper dye, three requirements must be satisfied: 1) Suitability
for NHS ester bound, 2) spectral overlap, and 3) no magnetic sensitivity. Several dyes
for the NHS ester conjugation are available in the market; for instance, ATTO 565
NHS Ester or ATTO 590 NHS Ester can overap with the energy levels of singlet and

triplet states.

OH

NH,

HsC ClO. CHj

Figure 6.4: Molecular structures of ATTO 565 NHS Ester (left) and Lysine (right)
which are the two components of the dye conjugation for FRET mechanism

However, it is crucial to note that NHS Ester conjugations must be performed in



Chapter 6: FRET Enhancement to Fluorescence Microscopy 41

a amin-free buffer such as HEPES. Otherwise, dyes sticks to the buffer, instead of
lysine aminoacids.

The magnetic field experiments with ATTO dyes do not demonstrate any magnetic
sensitivity. Therefore, they can be conjugated to proteins to modify the reaction
scheme.

The FRET mechanism between a photolyase and an acceptor dye updates the

reaction scheme as follows:

Radical Pairs

UF-+D*] < 3[F+ D'+]|
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Figure 6.5: Reaction scheme of radical pair mechanism with FRET modification for
singlet born radical pairs

Due to the degeneracy of singlet and triplet states, the acceptor is able to couple
to all four states in the absence of any external magnetic field. However, according
to the kr value, FRET mechanism can dominate the reaction scheme, and it might

suppress the generation of the second radical pair.

6.3 FRET for Flavin Containing Solutions

FAD and dye attachments is relatively more complicated than the dye conjugation to
proteins. In our case, we aim to attach 5(6)-Carboxy-X-rhodamine to alloxazine, the
core of flavin molecule.

The attachment of the dye molecule to the flavin core, will allow FRET mechanism
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Figure 6.6: Molecular structures of 5(6)-Carboxy-X-rhodamine (left) and alloxazine
(right) which are the two components of the dye attachments for FRET mechanism

since the distance betwen them will be very small. Hence, the reaction scheme is

updated as follows:

F*
F*\l
Radical Pairs
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Figure 6.7: Reaction scheme of radical pair mechanism with FRET modification for
triplet born radical pairs

Due to the degeneracy of singlet and triplet states, the acceptor is able to couple
with all four states in the absence of any external magnetic field like the singlet born
radical pairs. However, according to the ky value, FRET mechanism can dominate

the reaction scheme, and it can enhance the decay to the ground state.
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6.4 Conclusion and Further Work

The issues in this chapter is still under investigation and it is a future direction for us.
The dye attachment to the protein and flavin is quite challenging. However, FRET
mechanism will open a new discussion by modifying the reaction scheme.

In addition to the application of flavin as a donor, we can find a donor such as
MTHF in crytochromes to built FRET mechanism. This also change the reaction
scheme since it eliminates the photoexcitation of FAD. This can be interesting in

terms of photobleaching as well.
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CONCLUSION AND OUTLOOK

The radical pair based model has been studied over the years, and it is still a
challenging purpose to pursue. Discovering its relation with the avian compass system
will not only solve the mechanism of magnetoreception but it will also lead to the
research area which focuses on the effect of low magnetic fields on biological processes.
Therefore, we aim to observe the magnetic sensitivity of radical pairs and enhance

the observation techniques.

The experiments demonstrated in this thesis require the theoretical knowledge of
spin chemistry and quantum interactions. Moreover, the electron transfer mechanism
must be studied thoroughly. The electron transfer mechanism and lifetime of states

are also significant concepts to address (Chapter 2).

The magnetically sensitive part of the mechanism relies on the coherent transitions
between singlet and triplet states. Although it can be observed indirectly; for instance,
by applying magnetic field, we discussed the possibility of the fluorescence based
experiments to observe these transitions in Chapter 4. As an outlook, we aim to add

environmental conditions to the simulations.

Observation of magnetic field effect on flavin containing solutions and photolyases
is achieved. We also investigated the effect of pH, laser intensity and magnetic field
strength easily thank to fluorescence based techniques (Chapter 4). We also conducted
experiments on VcPHR and EcPHR which are more complicated than FAD molecule.
The results of these experiments create a path for us to further understand the reaction

scheme for proteins (Chapter 5).

We also introduced one of our short term goals: FRET mechanism between flavin

and a dye. This artificial structure is aimed to modify the reaction scheme, and it can
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lead to enhanced fluorescence level. As an outlook, we aim to achieve higher fluores-
cence signal to go single-molecule level detection of magnetic field effect. Formation

of FRET mechanism presented in this thesis will serve to this mission.
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Appendix A

MAGNAPULSA

MagnaPulsa is a home-built magnetic pulse produces. It is driven by a micropro-
cessor and supplied DC power externally. The period and duty cycle of the pulses
can be adjusted by the user, and signal is triggered by a button.

r

Figure A.1: Internal design of our home-built magnetic pulse producer

MagnaPulsa has a very short rising and falling time in the us range which is
important for the magnetoreception experiments because the lifetime of states are in
this range.

MagnaPulsa send signals to the electromagnet which is made of a solenoid wounded

on a ferrite core.
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Figure A.2: Solenoid of MagnaPulsa wounded over a ferrite core

The solenoid is placed on to the sample holder with a translational stage. The stage
also adjust the magnetic field strength by moving the solenoid in vertical direction.
The maximum magnetic field is generated by MagnaPulsa is 35 mT (T = 500 ms

Duty.C = 50%) when the supply voltage and current are optimum for operation.



Appendix B

MAGNETIC FIELD EFFECT CALCULATION

Magnetic field is calculated according to Equation 4.1; however, several noise
components affect its credibility. Therefore, the following algorithm is developed to
obtain an average magnetic field through the experiments.

Figure B.1 shown one run of the experiment which is approximately 10 seconds.
We ignore the first 2-3 period of magnetic field because photobeaching dominates that
region. Starting around t = 3 s, we calculate the magnetic field effect in each period

and take the average over N period.
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Figure B.1: Average magnetic field effect over N periods

The calculation of magnetic field effect for each period is also affected by the
photobleaching. Therefore, we average the region shown with red boxes in Figure

B.2, and obtain F(0) data.
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Fluorescence - 1 ;M FAD + 300 ;:M TRP - Normalized
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Figure B.2: Magnetic field effect for one period

Then, we take the average of the data point in blue box as F(B) data and calculate

the normalized magnetic field effect as follows:

F(B) — F(0)
= —t B.1
mf€1 F(O) ( )
and average normalized magnetic field:
Ymfe;
= B.2
mfe N (B.2)

We repeat the calculation for each repetition of the experiment, and take their

average and standard deviation for credible results.
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DATA PROCESSING

C.0.1 Total Fluorescence Calculation

clc
clear all

Files=dir ('*. tif );

% Variables

number_of_frames = 2800;

fps = 100;

% Initializations

total_intensity_array = zeros(length(Files),number_of_frames);
norm_total_intensity_array = zeros(length(Files),number_of_frames);

total_average = zeros(length(Files) ,1);
total_average_bleaching = zeros(length(Files),1);

% Read the images and find total fluorescent for each image
for k=1:length(Files)

for i=l:number_of_frames

image (: ,:,i)=imread (Files (k).name,i);

end

for j=l:number_of_frames

summation (1 ,:,j)=sum(image (:,:,]j));
total_intensity (:,j) = sum(summation(1,:,j),2);
end

total_intensity_array(k,:) = total_intensity;

norm_total_intensity_array(k,:) = (total_intensity —total_intensity (1))...

/(max(total_intensity —total_intensity (1)));

total_average(k,1) = sum(total_intensity)/length(total_intensity )...
/max(total_average (k,1));

total_average_bleaching (k,1) = sum(total_intensity (end—50:end))...
/length (total_intensity (end —50:end));

end
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t = linspace (0,number_of_frames/fps, length(total_intensity));

% Intensity Plots

figure

for i= 1l:length(Files)

plot (t,total_intensity_array (i,:))
hold on

end

xlabel (’Time(s)’)

ylabel (’Fluorescence ’)

title (’Fluorescence — FAD+TRP’)
legend (Files .name)

hold off

figure

for i= 1:length(Files)

plot(t,(total_intensity_array (i,:) —total_intensity_array(i,1))...
/max(total_intensity-array (i,:) —total_intensity_array(i,1)))

hold on

end

xlabel (’Time(s)’)

ylabel (’Fluorescence ’)

title (’Fluorescence — FAD4TRP Normalized )

legend (Files .name)

hold off

figure

for i= 1l:length(Files)

plot (smooth(norm_total_intensity_array (i,:))
hold on

end

xlabel (’Time(s) )

ylabel (’Fluorescence ’)

title (’Fluorescence — FADYTRP Normalized ’)
legend (Files .name)

hold off
C.0.2 Fast Fourier Transform

for i = 1l:length(Files)

a = total_intensity_array (i,:);
% figure

% plot (a)

% title (Files(i).name)

a = a(1500:end —100);
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t.a = t(l:length(a));
L = length(a);
Fs = ones(length(Files),1)*100;

fit_eq-a = fit(t-a’,a’,’exp2’)

f_a = fit_eq_a.axexp(fit_eq_a.b xt_a) +fit_eq_a.ckxexp(fit_eq_-a.d*xt_a);

noise_a = a —f_a;

figure

plot (t-a ,a)

hold on
plot(t.a,f_a,’r’)

hold on

plot (t_a ,noise_a,’g’)
xlabel (’Time(s)’)
ylabel (’Fluorescence ’)
title (Files (i).name)

legend (’Original ’,’2 — Exponential Fit’,’ Noise’)

fft_noise_.a = fft(noise_a);

fft_a = abs(fft_noise_-a/L);

fft_a = fft_a (1:L/2+1);

fft_a (2:end—1) = 2« fft_a (2:end—1);
£ = Fs(i)*(0:(L/2))/L;

[all_pks ,locs|] = findpeaks(fft_a)

figure

plot (f, fft_a)

findpeaks (fft_a ,f,’ Threshold ’ ,mean(all_pks))

xlabel (7f (Hz)’)

ylabel (’|Data(f)]|’)

[pks, location]=findpeaks(fft_a ,f,’ Threshold’ ,mean(all_pks));
text (location ,pks,num2str(location ’, ’%.3f’))

title (Files (i).name)

end

C.0.3 MFFE Calculation

for i= 1:length(Files)

figure

plot (smooth ((total_intensity_array (i,:) —total_intensity_array (i,1))...
/max(total_intensity_array (i,:)—total_intensity_array(i,1))))

xlabel (’Time(s)’)
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ylabel (’Fluorescence )

title (Files (i).name)

Files (i).name

initial (i) = total_intensity_array (i,4);

final (i) = total_intensity-array (i,500);

end

closel = 0;
close2 = 0;
close_total = 0;
open = 0;

mfe = 0;

total_period = 85;

close_period = 50;

number_of_data=10;

delay = 5;

a = smooth(norm_total_intensity_array (1,:));

first_high_point = 412; %must be determined by us

a = a(first_high_point:end);

plot (a)

mfe=0;

for g = 0:2

closel = mean(a((gxtotal_period)+delay:(g+*total_period)+number_of_datat+delay))
close2 = mean(a(((g+1)xtotal_period)+delay:((g+1)xtotal_period)+number_of_datatdelay))
close_total = (closel+close2)/2

open = mean(a(((gxtotal_period)+close_period+delay):((g+total_period)...
+number_of_datat+close_period+delay)))
(gxtotal_period)4close_period+delay:((gxtotal_period)...
+number_of_data+close_period+delay)

mfe(g+1) = —((close_total —open)/close_total)*100

end

mfe_array (1)= mean(mfe)



