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Zusammenfassung
Vögel, insbesondere ziehende Singvögel, sind für ihre Wanderungen aus den Brutgebieten
in ihre Überwinterungsgebiete und wieder zurück mit einem für uns Menschen sehr beeindruckenden Navigationssystem ausgestattet. Dieser so genannten Vektornavigation liegt
ein Mechanismus zu Grunde, mit dem das Erdmagnetfeld perzipiert werden kann. Das
Ziel heutiger Studien ist die Aufklärung der dazu gehörigen biophysikalischen Grundlagen.
So wird aktuell eine Licht induzierte chemische Reaktion, die gegenüber dem Magnetfeld
sensitiv ist und auf Radikal-Paaren basiert, postuliert. Im Mittelpunkt dieser Reaktion
steht das Protein Cryptochrom, das in der Retina des Vogelauges gefunden wurde.
In dieser Arbeit werden zunächst die biologischen, biochemischen sowie photophysikalischen Grundlagen der Magnetfeldrezeption bei Vögeln beschrieben. Für ein genaues
Verständnis der Funktionsweise der zu Grunde liegenden Mechanismen ist eine detaillierte Kenntnis der strukturellen und funktionellen Eigenschaften des in Frage kommenden
primären Rezeptor-Moleküls Cryptochrom erforderlich. Von hoher Bedeutung für zukünftige
Studien - idealerweise an einzelnen Molekülen - ist dabei, dass eine hohe Qualität und
Reinheit der Cryptochrom-Proben gewährleistet wird. Daher gilt es, entsprechende Methoden bereitzustellen, die eine Güte-Kontrolle der Proben ermöglichen.
Im Rahmen dieser Arbeit wurden daher verschiedene Proben von Cryptochrom der Gartengrasmücke Sylvia borin mittels Absorptions- und Fluoreszenzmessungen auf ihre optischen Eigenschaften hin untersucht. Dabei konnte ein vielversprechender Fortschritt in
der Probenqualität festgestellt werden. Für präzise quantitative Messungen der Reinheit
werden jedoch weiterentwickelte Methoden vorgeschlagen.
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Chapter 1
Introduction
Many animals from bacteria to mammals and birds are able to sense magnetic fields (e. g.
Johnsen and Lohmann, 2008; Wiltschko and Wiltschko, 2005) - a fact that has
fascinated humans already for long. For example birds can perceive the geomagnetic field
in order to determine the direction of their migratory flights. One of the major challenges
is the fact that sensory perception of magnetic field is inaccessible to humans. However, the characteristics of the avian compass have been studied in detail by behavioural
experiments. An overview with respect to this topic is given in chapter 2.
Despite decades of research in this field the biophysical mechanisms underlying magnetoreception in birds remain speculative. Currently the most widely discussed model
is proposing a light-induced magneto-sensitive chemical reaction based on radical pairs
(Ritz et al., 2000). It is thought to take place in the eyes of birds. As a candidate for a
possible receptor molecule Cryptochromes have been suggested. Further information on
this potentially important protein is given in chapter 3. These proteins were indeed found
in the eyes of migratory birds like garden warblers Sylvia borin and have been successfully
cloned. The feasibility of a Cryptochrome-based compass depends on a large number of
structural and functional characteristics of the protein. Therefore detailed experimental
and theoretical studies, ideally on a single molecule level, are needed. By this, further support could be gained for Cryptochromes being a candidate for the basis of a radical-pair
based magnetoreceptor in birds.
Actually, cloned Cryptochrome from garden warblers is available. This Cryptochrome,
however, possesses binding pockets for two chromophores, one of them being flavin adenine
dinucleotide (FAD). As the non-covalently bound cofactor FAD is thought to be one
of the radicals in the suggested radical-pair reaction, Cryptochrome samples used for
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detailed investigations have to contain the FAD cofactor bound properly. Right now this
seems to be challenging. Consequently, a first and highly important step in advancing
photophysical studies on single molecule level is to provide methods which allow for careful
inspection of the sample quality, in particular the protein-binding of FAD. In this work, we
study the optical properties of different garden warbler Cryptochrome samples by means
of absorption and fluorescence measurements.
The photophysical fundamentals of absorption and fluorescence are considered in more
detail in chapter 4. The practical part of this work, the methods of analysing the mentioned samples as well as the presentation of the according results and their discussion, is
content of chapters 5 to 7. Chapter 8 summarizes this part in the form of conclusions.

Chapter 2
Magnetoreception in birds
Migratory birds are capable of finding their way on their biannual flights between breeding
and wintering grounds without any need of external tools as humans compasses, maps
or even GPS satellites. Juvenile migratory songbirds are challenged even more than
juveniles of some other, larger birds as e. g. geese, which do their first flight together
with their parents: Juvenile migratory songbirds usually have to find the way to their
wintering grounds on their own. So, on the one hand, there has to be some genetic
programme which tells these birds where to fly. On the other hand, these birds need
some built-in mechanisms to be able to find this way. The clock-and-compass model (see
e. g. Berthold, 2000; Mouritsen, 1998) suggests that the offspring of night-migrating
passerines conduct vector navigation on their first flight. Thereby they could precisely
reach their wintering quarters by just doing a series of flights in a specified direction for a
specified duration defined in a heritable migratory programme. This mechanism requires
that these birds are capable of determining the correct direction for their flights at night.
This could be done by watching the stars or utilizing the directional information provided
by the geomagnetic field. The first possibility implies the need of a clear view to the
starry sky, whereas the latter one is pretty much independent of weather conditions. The
use of geomagnetic field information requires the ability of the birds to perceive magnetic
fields of low intensity (≈ 0.5 G).
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2.1 Behavioural experiments
To find out more about the nature of the avian compass behavioural experiments were
carried out with wild-caught birds. In Emlen and Emlen (1966) “A Technique for
Recording Migratory Orientation of Captive Birds” was described first. So called Emlen
funnels - shown in Fig. 2.1 in their original form - are still used in modified forms today.
Fundamentally this technique is based on the urge of night-migratory birds to try to continue the flight on the programmed route when they are caught from wild on migration.
This results in a behaviour known as nocturnal migratory restlessness (German: Zugunruhe): At night the captured bird is hopping in the direction in which it would usually
fly at that time. In an Emlen funnel this directional activity is recorded - originally with
an ink pad and blotting paper on the funnel-shaped walls (cf. Fig. 2.1). Later typewriter
correction paper was introduced (Rabøl, 1979) to avoid the contamination of birds with
ink. Recently the use of thermal paper as replacement for typewriter correction paper
was proposed (Mouritsen et al., 2009). All variants of Emlen funnels allow to find out
the heading of a bird during its nocturnal migratory restlessness behaviour. This provides
the possibility to test the migratory behaviour of a bird under various conditions, e. g.
under changed magnetic fields. Several behavioural studies carried out in the field (e. g.
Cochran et al., 2004) have shown the importance of magnetic field information in
addition to celestial cues for navigation. A review of cue-conflict experiments is given in
Muheim et al. (2006).

Figure 2.1: Schematic view of an Emlen funnel for recording migratory orientation (from
Emlen and Emlen, 1966)
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2.2 Characteristics of the avian compass
In various behavioural experiments many characteristics of the avian compass could be
revealed.
In principal there are two possibilities for an avian compass to be realised: On the one
hand the avian compass could be a polarity compass functioning like well known human
made compasses and distinguishing between the two magnetic poles. On the other hand
there is the possibility of an inclination compass only providing axial information of
the magnetic field, but no information on its polarity. The question whether tested
birds exhibit an inclination or polarity compass has been answered by exposing them to
artificial magnetic fields (cf. Fig. 2.2). By reversing the horizontal component of the local
geomagnetic field the total field vector is flipped horizontally. In contrast the inversion of
the vertical component leads to a total field vector flipped vertically. The use of a polarity
compass would enable a bird exposed to such modified fields to discriminate between the
field with the reversed horizontal and the inverted vertical component. As experiments
have shown e. g. european robins, Erithacus rubecula, cannot distinguish between these
fields (cf. Wiltschko and Wiltschko, 1972). This means that they only use the axial
information provided by an inclination compass.

Figure 2.2: Illustration of the functional mode of the inclination compass (from
Wiltschko and Wiltschko, 2005)
Furthermore behavioural experiments have shown that the function of the avian compass
is light-dependent. Migratory orientation in captive birds is only found if light with
wavelengths below approx. 565 nm, i. e. green and blue light, is provided (e. g. Muheim
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et al., 2002; Wiltschko and Wiltschko, 2002). A dependency on light intensity
was also observed: higher intensities lead to disorientation.

Figure 2.3: Orientation experiments revealed that the function of the avian compass
depends on the wavelengths of provided light (from Wiltschko and
Wiltschko, 2005)
Other experiments have shown that caged migratory garden warblers, Sylvia borin, perform head-scanning behaviour (Mouritsen et al., 2004a). While in the natural geomagnetic field birds move toward their migratory direction after head scanning, in a
zero-magnetic field the movement after a head scan becomes random. Accompanying,
in the zero-magnetic field the birds almost triple their head-scanning frequency. These
findings indicate that the magnetic sensory organ is located in the bird’s head and head
scans are used to detect the direction of the geomagnetic field.
In addition, evidence from neurobiological studies supports the hypothesis that the primary receptor responsible for magnetoreception is located in the eyes of birds. In Heyers
et al. (2007) a link between the retina and brain structures highly active during magnetic
compass orientation is described.
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2.3 Radical-pair mechanism
The biophysical mechanism underlying the avian compass has to fullfill all the properties found in behavioural experiments as described in 2.2. A model first proposed by
Schulten et al. (1978) was refined much later in the year 2000 by Ritz et al. and is
currently the most widely discussed model for magnetoreception in birds. The so-called
radical-pair mechanism apparently seems to explain all features observed in orientation
experiments and predictions of this model were confirmed again by behavioural experiments.
The radical-pair model is based on the theoretical demonstration that geomagnetic (and
even weaker) fields can change reaction yields of chemical reactions in which so-called
radical pairs take part. A radical pair consists of two radicals, i. e., two molecules with
one unpaired electron on each, formed in tandem. The unpaired electron spins may be
either antiparallel (↑↓, called singlet state, S) or parallel (↑↑, triplet state, T). The interconversion yields between singlet and triplet state are governed by interactions between
the magnetic moments associated with each electron spin and internal as well as external
magnetic fields.

Figure 2.4: A simple reaction scheme for a magnetosensitive reaction as basis of a magnetic
compass (from Rodgers and Hore, 2009)
In the initial step one of the participating molecules, let us label them A and B (cf.
Fig. 2.4), is excited by an incident photon. Consequently, an electron is transferred from
the excited molecule, e. g. B ∗ , to the other molecule, in this case A. Then B is called
electron donor, while A is the electron acceptor. The created pair of radicals is now
assumed to be in its singlet state (but initial triplet state could also be possible). As
one spin flips interconversion from the singlet to the triplet state or vice versa is possible.
This interconversion step is influenced by an external magnetic field. Here, different
orientations of the external field in respect to the orientation of the radicals can lead to a
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preference for either the singlet or the triplet state. This requires an anisotropy in one of
the interactions, presumably in a hyperfine interaction, which is an intraradical coupling
between the magnetic moment of a nucleus and the magnetic moment of the unpaired
electron of the corresponding radical. Thus, if e. g. parallel orientation of external field
and radicals prefers interconversion to the triplet state and orthogonal orientation to the
singlet state, this would change the reaction yield of reaction product C. In the singlet
state a backreaction to the intial pair of molecules AB can occur as indicated in Fig. 2.4.
So parallel orientation would basically lead to a higher yield of C.
Ritz et al. (2000) proposed that this anisotropy in the reaction yield of the radical-pair
reaction could lead to modulation patterns in a bird’s vision, e. g. by having influence on
the sensitivity of light receptors in the eye. In Fig. 2.5(a) a simple model of a bird’s eye
is shown. Two rays, ray 1 and 2, are striking an ideally spherical retina in positions 1

(a)

(b)

Figure 2.5: Model of a bird’s eye (a) and simulation of possible visual modulation patterns
resulting from the geomagnetic field (b) (from Ritz et al., 2000)
and 2, respectively. Assuming that the pair of molecules A and B is oriented normally
to the retina in each position and using the assumptions made above, with the given
external magnetic field the yield of reaction product C would be higher in position 1 than
in position 2. Supposed that a higher yield of C decreases the sensitivity of the light
receptors in the eye, a dark spot around 1 in the bird’s vision would be the consequence.
Visual modulation patterns for different alignments of the bird to the magnetic field are
illustrated in Fig. 2.5. In particular an external magnetic field aligned to the axis of
the bird’s eye would result in a dark spot in the center of the retina, regardless of the
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polarity of the field lines. This coincides with the behavioural result that birds use an
inclination-only compass (cf. 2.2).

Figure 2.6: Visual modulations patterns resulting from the geomagnetic field (inclination
of 68◦ , northern hemisphere) for a bird flying parallel to the horizon heading
toward N, NE, E, SE, S, SW, W and NW (from Ritz et al., 2000)
While Fig. 2.5 shows alignments of a bird quite unusual during normal migratory flight
operation, in Fig. 2.6 more realistic situations are illustrated. Heading north (N), a dark
spot would be found on the lower rim of the visual modulation pattern, heading south
(S), it would appear in the top of the visual field. But this is only true for the northern
hemisphere. In the southern hemisphere just the opposite would be the case. So, more
general, the patterns are just indicating poleward and equatorward instead of north and
south, respectively.
However, it should be mentioned that these modulation patterns are supposed to be
understood as an example to demonstrate how a radical-pair reaction could influence the
visual sense of birds. Even so, such patterns could look quiet different to these if realised
in some biological ogranism. Moreover, the way in which a radical-pair reaction could
interact with the visual perception of a bird is still not well known.
Support for the radical-pair mechanism is also provided by behavioural experiments (Ritz
et al., 2004, 2009). The orientation of birds was disturbed by exposition to weak oscillating magnetic fields, indicating resonance effets in a radical pair. The results are
consistent with the suggestion that superoxide O2− could be involved in magnetoreception
(Solov’yov and Schulten, 2009).

Chapter 3
Cryptochrome
3.1 A protein as a possible primary receptor molecule

Figure 3.1: Crystal structure of the photolyase-like domain of Arabidopsis thaliana
Cryptochrome 1 (AtCry1) (from http://www.rcsb.org/pdb/explore.do?
structureId=1U3C)
The involvement of Cryptochromes as primary receptor molecules for a radical-pair based
magnetic compass has been suggested by Ritz et al. (2000). Cryptochromes are proteins, so highly specific large-sized biomolecules. These proteins, highly similar to Photolyases, are known to play a role in the regulation of circadian rhythms in many animals
as well as humans and in the hypocotyl elongation in the plant Arabidopsis thaliana (Ahmad and Cashmore, 1996). The crystal structure of the photolyase homology region
(PHR) of Arabidopsis thaliana Cryptochrome 1 (AtCry1) (Brautigam et al., 2004) is
depicted in Fig. 3.1.
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As Cryptochromes possess the chromophore flavin adenine dinucleotide (FAD) as a noncovalently bound cofactor they are well suited to provide the basis of a magnetosensory
system in birds. This flavin cofactor absorbs light in the blue range, by this means
possibly activating a radical-pair process. The absorption range of the flavin is consistent
with the working range of the avian compass (cf. 2.2). Fig. 3.2 shows an electron density
map of AtCry1 with the cofactor FAD and a tryptophan (Trp) chain possibly involved in
magnetic field effects highlighted.

Figure 3.2: Cofactor FAD and Trp-chain in Arabidopsis thaliana Cryptochrome 1
(AtCry1) (from Solov’yov et al., 2007)
Cryptochromes were also found in birds. Cryptochrome 1 (Cry1) and Cry2 exist in the
retina of migratory garden warblers (Mouritsen et al., 2004b). gw Cry1 is concentrated
in specific cells, particularly in ganglion and large displaced ganglion cells forming the link
between retina and visual pathway. Furthermore a higher expression level of Cry1 in these
cells was reported for migratory compared to nonmigratory songbirds at night. Besides,
cytosolic gw Cry1 is ideally located as a candidate being the primary receptor molecule
for an avian, light-mediated compass.
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3.2 Magnetic field effects in Cryptochrome
Magnetic field effects were investigated theoretically for Arabidopsis thaliana Cryptochrome 1
by Solov’yov et al. (2007). The authors demonstrate by calculations that geomagnetic fields effects in form of radical-pair processes can produce a significant increase in
protein’s signalling activity. A schematic illustration of the suggested electron hole transfer and electron spin dynamics in the FADH-Trp-chain radical pair is shown in Fig. 3.3.
In this mechanism the cofactor flavin adenine dinucleotide (FAD) bound to the protein
is excited by a photon. In the following, FAD is protonated to FADH+ and a radical
pair is formed, consisting of FADH and one of the three tryptophan residues of the protein, Trp400+ . An electron is now transferred from Trp377 to Trp400+ and then from
Trp324 to Trp377+ . Electron back-transfer from FADH to one of the three tryptophans
is only possible if the spins of both unpaired electrons are in a singlet state (antiparallel)
rather than a triplet state (parallel). External magnetic fields could alter probabilities for
these two states and in this way change electron back-transfer rates. As Cryptochrome is
brought to its active state by flavin in its FADH form the external magnetic field would
also influence cryptochromes signalling activity.

Figure 3.3: Electron transfer in FADH-Trp-chain (from Solov’yov et al., 2007)
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3.3 Photophysics of Cryptochrome
The photophysics of Cryptochrome from Drosophila melanogaster (d Cry) were studied
quite intensively (Shirdel et al., 2008). Here, vibrational structure in absorption
spectra (Fig. 3.4) characterizes the presence of the protein with the cofactor FAD bound.
The fundamentals of this indicating feature will be discussed in 4.1.1. Besides, quenching
of fluorescence (see 4.2.2) is observed, i. e. a drop in fluorescence intensity compared
to unbound FAD. Hereby, fluorescence quenching is signalling the bound state of the
cofactor FAD. By measuring fluorescence quantum yields fluorescence quenching can be
quantified.

Figure 3.4: Absorption coefficient spectrum of dCry compared to free FAD (data from
Shirdel et al., 2008)
Experimental data on the photophysics of avian Cryptochrome is quite rare. In Liedvogel et al. (2007) transient absorption experiments have been carried out on gw Cry1a
and gw Cry1-PHR. They show that gw Cry is excited by blue light and indications were
found from transient absorption spectra and transient absorption time profiles that excited
gw Cry forms radicals with millisecond lifetimes (cf. Fig. 3.5). In transient absorption measurements a gw Cry1a sample was excited by a short laser pulse (355 nm). Consequently,
a population of excited molecules is found possessing a modified absorption spectrum.
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(b)

Figure 3.5: Transient absorption spectra (a) and transient absorption time profiles (b) for
gw Cry1a (from Liedvogel et al., 2007)
With time the upraised absorption contributions decrease as reflected by the five graphs
in Fig. 3.5(a) for different times after flash excitation. The time-evolution of the absorption signal is shown in Fig. 3.5(b) for two different wavelength regions, from 490 to 550 nm
and 550 to 630 nm in blue and red, respectively. From the fitted single and double exponential decays one obtains two radical lifetimes which are known to be 4 ms and 14 ms
long. Hence, two relatively long lived radicals were formed (Liedvogel et al., 2007).
Furthermore the response of gw Cry absorption spectra to long-time illumination at 420
to 470 nm was studied (Liedvogel et al., 2007). In Fig. 3.6 the absorption spectra of
gw Cry1-PHR and gw Cry1a are shown for different illumination times. By illumination
with blue light the absorption bands centered at 450 and 366 nm vanish, indicating the
fully reduced FADH− form of the flavin cofactor.
The involvement of the processes observed in the above mentioned measurements is indicated by solid arrows in the photocycle proposed by Liedvogel et al. (2007) shown
in Fig. 3.7. More detailed studies are outstanding. Furthermore one should notice that
vibrational structure around 450 nm is not at all as pronounced as in d Cry (cf. Fig. 3.4).
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(b)

Figure 3.6: Absorption studies on Cryptochrome holoprotein from migratory garden warblers (a) gw Cry1-PHR for different illumination times from 0 s (black) to 340 s
(green) and after reoxidation (red dashed line) (b) gw Cry1a for illumination
times from 0 s (black) to 540 s (green) and after reoxidation (red dashed line)
(from Liedvogel et al., 2007)

Figure 3.7: Proposed photocycle for gw Cry1a with experimentally supported processes
marked with solid arrows (from Liedvogel et al., 2007)

Chapter 4
Photophysical fundamentals
4.1 Absorption
4.1.1 Absorption
When an atom or molecule is excited by an incoming photon this process is called absorption. This term refers to the deletion of the photon whose energy has to be equal
to the difference between two energy levels: one of these has to be occupied, the other
unoccupied. Upon absorption of the photon this electron is then promoted from its inital
ground state to the energetically higher excited state corresponding to the energy of the
photon.
In principle this could lead to the assumption that in an absorption spectrum lines with
exactly defined frequencies would be observed. Indeed this is not the case as according
to the Heisenberg uncertainty principle the energies of both involved levels cannot be
exactly determined (Fig. 4.1). However, the energy of the transition is not fixed. This
leads to a broadening of the original line in the absorption spectrum. The so-called natural
line-width corresponds to the sum of the uncertainties for both involved energy levels.
Nevertheless, there is an effect resulting in much broader line-widths observed in absorption studies carried out on molecules in solution. In general a molecule in a polar (e. g.
aqueous) solution will be surrounded by dipoles. These dipoles interact not only with
each other but also with the electron charge of an electron considered to be excited by an
incident photon. Consequently, the Coulomb interaction between the surrounding dipoles
and the electron charge will shift the energy levels of the electron. Actually, the effect
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Figure 4.1: Line broadening in an absorption spectrum (adapted from Welz and Sperling, 1999, p. 76)
will have different extent for the levels of ground and excited state, i. e. the energy corresponding to the transition will deviate from the initial one. Since the alignment of the
surrounding dipoles is not static, the transition energy will fluctuate with time. Thus, a
broad distribution of transition energies will be observed, as transitions occur on a larger
time scale than the fluctuations. Hence, the absorption spectrum will consist of broadened
lines from single transitions which possibly will overlap and often form absorption bands
containing more than one transition. If the overlap is large enough it is not obvious that
such an absorption band is composed not only of a single transition.
However, broadening of transitions well be suppressed if e. g. a chromophore becomes
bound to a protein. In this case, the environment of the chromophore will be more
static than in free solution. Consequently the fluctuations of considered energy levels will
decrease and the absorption spectrum will become more resolved. This could be used as
an indication for the bound state of the chromophore.
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4.1.2 The Beer-Lambert Law
Absorption of light by a medium can be quantified experimentally by measuring the
fraction of photons which are not absorbed by the medium, also called transmittance
T (λ) of the medium at a certain wavelength λ:
T (λ) =

Iλ
Iλ0

(4.1)

Here Iλ0 and Iλ are the light intensities of the incident and outgoing beam, respectively.
The absorbance A(λ) of the medium is then defined as
A(λ) = log

Iλ0
= − log T (λ).
Iλ

(4.2)

The Beer-Lambert Law now states that the absorbance A(λ) is proportional to the length
l of the light path in the medium, described by
A(λ) = log

Iλ0
= a(λ)l
Iλ

(4.3)

where a(λ) is called decadic absorption coefficient. In this thesis the Napierian absorption
coefficient α(λ) defined as
α(λ) =

1
1 Iλ0
1
ln
= − ln T (λ) = A(λ) ln 10 = a(λ) ln 10
l Iλ
l
l

(4.4)

will be used, expressed in m−1 or often cm−1 . For the intensity Iλ of the light beam leaving
the medium with (Napierian) absorption coefficient α(λ) and length l follows directly
Iλ = Iλ0 e−α(λ)l .

(4.5)

As the absorption coefficient is independent of the thickness of the sample, but not its concentration, the molecular absorption cross-section σ(λ) is useful for comparing solutions
of absorbing molecules with different concentrations:
σ(λ) =

α(λ)
α(λ)
=
N
NA c

(4.6)
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where N is the number of molecular entities of the absorbing species in a unit volume of
the solution, NA Avogadro’s number and c the concentration of the absorbing species in
the solution, e. g. in mol l−1 or mol cm−3 .

4.2 Fluorescence
4.2.1 Fluorescence
The excited state of a molecule is not stable. Thus, the promoted electron will release its
additional energy in one or in a combination of the possible processes shown in Fig. 4.2:
internal conversion, fluorescence, intersystem crossing, phosphorescence, delayed fluorescence and triplet-triplet transitions. While in Fig. 4.2 the thick horizontal lines mark

Figure 4.2: Perrin-Jablonski diagram (top) and illustration of the relative positions of absorption, fluorescence and phosphorescence spectra (bottom) (from Valeur,
2001)
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the electronic states, the thin ones represent the associated vibrational levels. Usually
at room temperature an electron in an outer molecular orbit will be found in its fundamental electronic ground state S0 . From this initial singlet state excitation to one of
the energetically higher lying singlet states S1 , S2 , . . . is possible. De-excitation can now
occur in one of the ways mentioned above. Fluorescence transitions always start from
the lowest vibrational energy level of the electronic singlet state, while phosphorescence
occurs after intersystem crossing from a triplet state (T1 , T2 , . . .). This is because the
electron will loose additional energy before due to vibrational relaxation. Fluorescence
and phosphorescence transitions are characterized by simultaneous emission of a photon
with energy equal to the energy difference of the corresponding transition.

4.2.2 Fluorescence quantum yield
The probability for a photo-excited molecule to release its additional energy via emission
of a fluorescence photon is expressed by a quantity called fluorescence quantum yield ΦF .
Thus, this quantity reflects the ratio of the number of emitted fluorescence photons to the
number of absorbed photons. The fluorescence quantum yield ΦF is generally calculated
by integration over the fluorescence quantum distribution EF :
Z
ΦF =

EF (λF ) dλF .

(4.7)

As there are various possibilities for an electron in the lowest vibrational level of S1
to decay to one of the various vibrational levels of the electronic ground state S0 , the
fluorescence quantum distribution EF represents the distribution of the probabilities for
these transitions corresponding to different wavelengths λF . The fluorescence quantum
distribution EF is usually not measured directly, but is connected to the fluorescence
intensity IF by

IF (λE , λF ) = k EF (λF ) I0 (λE ) 1 − e−α(λE ) l
(4.8)
where I0 (λE ) is the intensity of the incident beam and α(λE ) the absorption coefficient
of the sample at the excitation wavelength λE . l is the optical path in the sample and k
is an instrumental factor. IF will usually be obtained from instrumental data by dividing
by the exposure time texp . With (4.7) and (4.8) follows:
R

ΦF =

IF (λE , λF ) dλF
.
k I0 (λE ) (1 − e−α(λE ) l )

(4.9)
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By using a fluorescent reference solution with known fluorescence quantum yield ΦF,R it is
possible to eliminate the instrumental factor k and to calculate the fluorescence quantum
yield ΦF of the sample:
R
ΦF
=
ΦF,R

IF (λE ,λF ) dλF
I0 (λE ) (1−e−α(λE ) l )
R
IF,R (λE,R ,λF ) dλF

I0 (λE,R ) (1−e

−αR (λE,R ) l

.

(4.10)

)

Here an index R marks a quantity referring to the reference. If sample and reference
are excited at the same wavelength λE = λE,R with same intensity I0 (λE ), (4.10) can be
simplified to
R
I (λ , λ ) dλF
ΦF
1 − e−αR (λE ) l
R F E F
.
(4.11)
=
−α(λ
)
l
E
ΦF,R
1−e
IF,R (λE , λF ) dλF
From Eq. 4.11 the fluorescence quantum yield ΦF of the investigated sample is obtained by
applying the measured fluorescence intensity spectra IF (λE , λF ) and IF,R (λE , λF ) for the
measured sample and reference, respectively, as well as the known fluorescence quantum
yield ΦF,R of the reference.
As mentioned above, the fluorescence quantum yield quantifies the chance of absorption of
a photon being followed by emission of a fluorescence photon. However, there are processes
competing with this intrinsic de-excitation, e. g. intermolecular electron or energy transfer
(Valeur, 2001, p. 72). These competiton between different de-excitation processes is
accompanied by a drop in fluorescence quantum yield and the loss in fluorescence intensity
is called fluorescence quenching. In a chromophore bound to a protein e. g. energy transfer
from the chromophore to the protein may occur, thus leading to fluorescence quenching.

Chapter 5
Experimental
5.1 Sample preparation and treatment
Cryptochrome samples (gw Cry1-PHR) were provided by M. Liedvogel (IBU, University of
Oldenburg) in cooperation with DIARECT AG, Freiburg. gw Cry1-PHR protein (510aa,
M =≈ 56 kDa) was expressed in Sf9 and Sf21 insect cells, respectively. Protein concentration was determined via Bradford assay (see Bradford, 1976) after purification.
There were three different samples used in this thesis. The appropriate data is shown in
Tab. 5.1. Whereas samples A and B were prepared in exactly the same way, but with
different expression systems, Sf9 and Sf21 respectively, sample C has been subjected to
an additional step of up-concentrating the sample by squeezing out buffer through a filter
membrane. To achieve an even higher concentration by this step, the composition of
buffer was changed to 25% glycerol for sample C instead of 50% glycerol for samples A
and B. In all cases buffer (pH 7.4) contained 20 mM HEPES and 80 mM NaCl.
In case of sample C there is a SDS-PAGE plot available, shown in Fig. 5.1. It demonstrates
the presence and purity of the ≈ 56 kDa weighing protein.

A
B
C

Original label
Lot 1415/F4
Lot 1416/F4
Lot 1430

Expression system
Sf9
Sf21
Sf9

Protein concentration
18.75 µM
6.25 µM
251.8 µM

Buffer composition
50% glycerol
50% glycerol
25% glycerol

Table 5.1: Data of used gw Cry1-PHR samples.
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Figure 5.1: SDS-PAGE to control quality of the purified protein (sample C)
As they are sensitive to light and temperature Cryptochrome samples were stored at 80◦ C in dark all the time. Just before each measurement the used sample was unpacked
in darkness (only dim red light provided for safe working) and melted at 0◦ C. The needed
amount was taken out and directly inserted into the cuvette. While the filled cuvette was
stored in darkness at 4◦ C afterwards, the remaining sample was quick frozen with liquid
nitrogen and stored again at -80◦ C. During all operations ambient light was reduced to
dim red light.

5.2 Reference solutions
As there were mainly studies carried out examining the properties of absorption and
emission spectra of the Cryptochrome samples possessing a possibly bound FAD cofactor,
the use of references showing the desired spectral features was required. On the one hand
Flavin adenine dinucleotide (FAD, Flavin adenine dinucleotide disodium salt hydrate,
M = 829.51 Da; purchased from Sigma-Aldrich, order number F6625) in its oxidised
form was dissolved in a buffer solution to have a comparison to free FAD. On the other
hand Glucose oxidase (GO, Glucose oxidase from Aspergillus niger ; Sigma-Aldrich, order
number 49180) with cofactor FAD bound was used to have a reference for bound FAD.
Additionally, for the fluorescence measurements Lumiflavin (LF, M = 256.3 Da; SigmaAldrich, order number L4879) was required as reference with known fluorescence quantum
yield (cf. section 4.2.2). All references were present in powder form and dissolved freshly
in buffer with the same composition as of the Cryptochrome samples.
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5.3 Spectroscopic studies
5.3.1 Absorption studies
Absorption studies were carried out with a commercially available UV-Vis spectrophotometer (Varian Cary 100). It was used in double beam mode with an empty cell as
reference. The sample could be cooled with a Peltier element connected to a water cooling device. To avoid condensation on the walls of the cuvette at low temperatures, the
sample compartment was flushed with nitrogen.
Transmission mode was used with baseline correction. The transmission signal of the solvent was always measured under same conditions as the sample and consequently the true
transmission signal of the sample dye could be achieved by dividing transmission of sample by transmission of solvent. Absorption quantities were then calculated as described
in 4.1.2.

5.3.2 Spectral fluorescence studies
Spectral fluorescence studies were performed with a self-assembled fluorimeter shown in
Fig. 5.2. It consists mainly of a light source, namely a Xenon lamp, with intense emission
in the UV-Vis range, some lenses for focusing light properly, the cuvette containing the
sample itself, an interference filter for selecting the excitation wavelength, and a spectrograph equipped with a CCD camera. Additionally two polarizers were used under magic
angle (54.7◦ ) conditions to avoid polarisation effects (see Valeur, 2001, pp. 163).
White light emitted by the Xenon lamp was getting vertically polarised by passing the
first polarizer P1 before blue excitation light was selected by an interference filter with
peak transmittance at λE,1 = 428 nm or λE,2 = 369 nm, respectively. In case of λE,1 an
additional grey filter (NG11, 0.3) was used to decrease excitation intensity. In any case an
UV cut-off filter (WG300) was used to filter out any remaining UV rays. Subsequently,
light was focused with a quartz lens (QS, f1 = 5 cm) onto the sample. Fluorescent light
was collected by another lens (QS, f2 = 10 cm) and subsequently focused with a third
lens (QS, f3 = 16 cm) onto the entrance slit (slit width s = 0.10 mm) of the spectrograph
(Acton Research SpectraPro 500i). In front of the entrance slit the second polarizer P2
was placed with an angle of 54.7◦ to the vertical for magic angle fluorescence detection.
This polarizer was left out for some measurements which will be tagged accordingly, to
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Figure 5.2: Schematic representation of used experimental setup for spectral fluorescence
studies
get higher intensities and thus a better signal-to-noise ratio on the detector. For detection
of fluorescent light a CCD array was used which was cooled down to −100 ◦ C with liquid
nitrogen.
As in absorption measurements, the sample was cooled down by a Peltier element connected to a water cooling system. To avoid condensation on the walls of the cuvette the
sealed sample holder was flushed with gaseous nitrogren. Excitation and emission light
paths were shielded from each other and all important parts, especially the sample holder,
were shielded from ambient light with thick black paper.

Chapter 6
Results
6.1 Absorption spectra
In order to have a reference for the bound and unbound state of FAD absorption spectra of GO, where FAD is bound as a cofactor, and of free FAD were calculated from
corresponding transmission spectra.

6.1.1 Free FAD
Fig. 6.1 shows a transmission spectrum T (λ) of free FAD dissolved in a buffer solution
containing 20 mM HEPES, 100 mM NaCl and 25% glycerol at pH 7.4. This transmission
spectrum is already corrected for the contribution of the buffer by dividing the measured
transmission spectrum for the FAD-buffer solution through the transmission spectrum of
the buffer itself. By using Eq. 4.4 with a given length l = 1.5 mm of the light path inside
the cuvette the absorption coefficient spectrum α(λ) was derived from the transmission
spectrum T (λ). In case of the above mentioned FAD sample the resulting absorption
coefficient spectrum is shown in Fig. 6.2. The two absorption bands around 375 nm and
450 nm, respectively, will be used for comparisons. As the absorption cross-section σF AD
of FAD is known, the concentration of FAD in the actual sample can be calculated. Using Eq. 4.6 with σF AD (450 nm) ≈ 4.4 × 10−17 cm2 (from Shirdel et al., 2008) and
αF AD (450 nm) = 6.275 cm−1 results in a concentration of cF AD ≈ 237 µM for the corresponding solution.
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Figure 6.1: Transmission spectrum of free FAD dissolved in buffer (25% glycerol, 20mM
HEPES, 100mM NaCl, pH 7.4)

Figure 6.2: Absorption coefficient spectrum of free FAD dissolved in buffer (25% glycerol,
20mM HEPES, 100mM NaCl, pH 7.4)
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6.1.2 Glucose oxidase-bound FAD
The recorded absorption coefficient spectrum for GO-bound FAD is given in Fig. 6.3
alongside with an absorption spectrum of free FAD. The concentration can be estimated
to cGO ≈ 23 µM in this case. Looking for spectral features it is apparent that especially
the peak around 450 nm becomes quite structured in the spectrum of the bound FAD.
One prominent peak is rising up on the right side and a weak one on the left.

Figure 6.3: Absorption coefficient spectrum of GO-bound FAD dissolved in buffer (50%
glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) compared to free FAD

6.1.3 Cryptochrome sample A
The absorption coefficient spectrum α(λ) of gw Cry1-PHR sample A is presented in
Fig. 6.4. Although FAD is transparent for wavelengths above approx. 550 nm, the measured spectrum does not come to zero in this region. This can be explained by scattering
on large sized particles as e. g. unfolded protein. Therefore a correction for a scattering
contribution αsca (λ) ∝ λ−2 is introduced. The scattering contribution as well as the resulting corrected absorption coefficient spectrum is shown in Fig. 6.4, too. The corrected
absorption coefficient spectrum, now smoothed, is displayed together with free FAD in
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Figure 6.4: Correction for scattering of the absorption coefficient spectrum of gw Cry1PHR sample A in buffer (50% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4)

Figure 6.5: Smoothed absorption coefficient spectrum of gw Cry1-PHR sample A in buffer
(50% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) compared to free FAD
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Fig. 6.5. Whereas the right absorption band centered at 450 nm in Fig. 6.5 matches nicely
with the spectrum of free FAD, the left one lies just a little bit higher than in free FAD.
There seems to be still a small tilt in the spectrum, possibly due to a remaining scattering
contribution after correction. Here the concentration of FAD in the sample is estimated to
be approx. 10 µM by calculations as performed already in 6.1.1. In contrast, the protein
concentration was determined to be 18.75 µM by Bradford assay (cf. Tab. 5.1).

6.1.4 Cryptochrome sample B
In Fig. 6.6 the absorption coefficient spectrum α(λ) of gw Cry1-PHR sample B is included.
Again a scattering contribution fitting to αsca (λ) ∝ λ−2 is found. The corrected and
smoothed data is shown in Fig. 6.7. Here both absorption bands are matching those of
free FAD almost perfectly.
The FAD concentration in this sample is found to be about 12 µM, so slightly higher than
in sample A and in particular even higher than the protein concentration determined by
Bradford assay which was 6.25 µM (cf. Tab. 5.1).

Figure 6.6: Correction for scattering of the absorption coefficient spectrum of gw Cry1PHR sample B in buffer (50% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4)
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Figure 6.7: Smoothed absorption coefficient spectrum of gw Cry1-PHR sample B in buffer
(50% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) compared to free FAD

6.1.5 Cryptochrome sample C
The absorption measurement of gw Cry1-PHR sample C is presented in Fig. 6.8. For this
sample a correction for scattering as per λ−2 is not convenient. According to Penzkofer
et al. (2007) scattering depends on the degree of protein aggregation. Therefore a
scattering contribution αsca (λ) ∝ λ−γ was fitted to the measured absorption coefficient
spectrum in the transparent wavelength region. The resulting scattering contribution
with γ = 3.5 was subtracted from the measured spectrum to obtain the real absorption
coefficient spectrum. The corresponding corrected and smoothed data is provided in
Fig. 6.9. The right band around 450 nm shows here some structural features comparable
to those of GO-bound FAD (cf. Fig. 6.3), but less distinct. Furthermore, the minimum
around 400 nm is more pronounced than in free FAD. The left absorption band seems
to possess also some structural characteristics, but these are probably artefacts. As the
spectrometer changes its light source at about 350 nm and a filter at approx. 365 nm and
the slope of the scattering contribution is quite high in this region, there is a certain doubt
on reliability in both contemplable positions.
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Figure 6.8: Correction for scattering of the absorption coefficient spectrum of gw Cry1PHR sample C in buffer (25% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4)

Figure 6.9: Smoothed absorption coefficient spectrum of gw Cry1-PHR sample C in buffer
(25% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) compared to free FAD
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6.2 Fluorescence quantum distributions and fluorescence
quantum yields
Measurements of fluorescence spectra and fluorescence quantum yields were carried out
on all three Cryptochrome samples. For calculation of the fluorescence quantum yields
the reference dye Lumiflavin (LF) was measured under identical conditions just before or
after the actual sample in each run. For the reason of comparability one sample of free
FAD soluted in the same buffer as the respective sample was included in each run as well.
The concentrations of these FAD samples were adjusted to values close to the protein
concentrations of the corresponding Cryptochrome samples. Additionally, in two cases a
Glucose oxidase sample was included in the measurements. This provides the possibility
to compare the fluorescence of the Cryptochrome samples not only with that of free but
also with that of bound FAD. All measurements shown below were recorded without the
second polarizer (P2 ) plugged in. By this, smoother spectra were obtained. Nevertheless,
there were no emerging differences observed between these measurements and the ones
taken with both polarizers in the light path.
The recorded fluorescence intensity spectra IF (λ) were changed to fluorescence quantum
distributions EF (λ) using Eq. 4.8 and eliminating k with Eq. 4.9 and the known fluorescence quantum yield ΦF,R = 0.235 of Lumiflavin (Holzer et al., 2005). Applying this
value to Eq. 4.11 the fluorescence quantum yields ΦF were calculated.

6.2.1 Cryptochrome sample A
Together with gw Cry1-PHR sample A, all aforementioned references including GO were
measured. In Fig. 6.10 the fluorescence quantum distribution of gw Cry1-PHR sample A
for an excitation wavelength λE,1 = 428 nm is shown on a logarithmic scale alongside the
ones of free FAD, GO-bound FAD and LF. The latter one is included for reassurance
that this reference for calculation of the fluorescence quantum yields is emitting in the
same spectral range as the other samples, so spectral variations in the responsivity of the
detector should be neglectable.
A comparison of the fluorescence quantum distribution of gw Cry1-PHR sample A with
that of free FAD and GO-bound FAD reveals that this curve lies just slightly below that
of free FAD. This is also expressed in the fluorescence quantum yield of ΦF = 0.069 for
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Figure 6.10: Fluorescence quantum distributions EF of gw Cry1-PHR sample A in buffer
(50% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) compared to free FAD,
GO-bound FAD and LF gained by excitation at λE,1 = 428 nm

Figure 6.11: Fluorescence quantum distribution EF of gw Cry1-PHR sample A in buffer
(50% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) for excitation wavelengths λE,1 = 428 nm and λE,2 = 369 nm, respectively
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the Cryptochrome sample compared to ΦF = 0.094 for unbound FAD and ΦF = 0.0033
for the GO-bound FAD.
To examine the fluorescence quantum distribution EF (λ) of sample A for structural features it is plotted in Fig. 6.11 for excitation wavelengths λE,1 = 428 nm and λE,2 = 369 nm,
respectively, on a linear scale. However, there are apparently no indications for deviations
from the smooth emission spectrum of free FAD.
It should also be mentioned that the depicted emission spectrum for λE,2 = 369 nm in
Fig. 6.11 was cut at 700 nm as the used interference filter let light with 2 × λE,2 pass
through, which was consequently scattered into the emission path and detected together
with the fluorescent light.

6.2.2 Cryptochrome sample B

Figure 6.12: Fluorescence quantum distributions EF of gw Cry1-PHR sample B in buffer
(50% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) compared to free FAD,
GO-bound FAD and LF gained by excitation at λE,1 = 428 nm
Again, in the run of gw Cry1-PHR sample B, one sample of free FAD, GO-bound FAD
and LF was measured for comparison. The derived fluorescence quantum distributions
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EF (λ) for an excitation wavelength λE,1 = 428 nm are displayed in Fig. 6.12 with logarithmic scale. Here, the fluorescence quantum distribution of the Cryptochrome sample
is matching the one of free FAD very well. In contrast, the curve of GO-bound FAD is
lying again significantly lower. This is, indeed, reflected by fluorescence quantum yields
of ΦF = 0.069, ΦF = 0.075 and ΦF = 0.0042 for gw Cry1-PHR sample B, free FAD and
GO-bound FAD, respectively.

Figure 6.13: Fluorescence quantum distribution EF of gw Cry1-PHR sample B in buffer
(50% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) for excitation wavelengths λE,1 = 428 nm and λE,2 = 369 nm, respectively
A linearly scaled plot of the fluorescence quantum distribution of sample B for both
excitation wavelengths λE,1 = 428 nm and λE,2 = 369 nm, shown in Fig. 6.13, reveals once
more a smooth, but unstrutured spectrum.

6.2.3 Cryptochrome sample C
In case of gw Cry1-PHR sample C only free FAD and LF were measured in the same
run. So, Fig. 6.14, containing appropriate fluorescence quantum distributions EF (λ) for
an excitation wavelength λE,1 = 428 nm in logarithmic scale, is lacking a curve for GObound FAD. Nevertheless, the fluorescence quantum distribution of the Cryptochrome
sample lies even slightly above that of unbound FAD. Fluorescence quantum yields are
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ΦF = 0.051 and ΦF = 0.046 for sample C and free FAD respectively. Because of the high
scattering contribution (cf. 6.1.5), occuring here around λE,1 = 428 nm and 2 × λE,1 , the
emission spectrum of gw Cry1-PHR sample C had to be cut off below 500 nm and above
720 nm.

Figure 6.14: Fluorescence quantum distributions EF of gw Cry1-PHR sample C in buffer
(25% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) compared to free FAD
and LF gained by excitation at λE,1 = 428 nm
Apparently, the linearly scaled fluorescence quantum distribution of gw Cry1-PHR sample
C for excitation wavelengths λE,1 = 428 nm and λE,2 = 369 nm, displayed in Fig. 6.15
does not show any hint for structural features. The two emission spectra are matching
nicely for both excitation wavelengths.
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Figure 6.15: Fluorescence quantum distribution EF of gw Cry1-PHR sample C in buffer
(25% glycerol, 20mM HEPES, 100mM NaCl, pH 7.4) for excitation wavelengths λE,1 = 428 nm and λE,2 = 369 nm, respectively

Chapter 7
Discussion
In this chapter the results of the spectroscopic studies on the investigated garden warbler
Cryptochrome samples will be discussed. Especially sample C- having been subjected to
an additional upconcentration process - produced promising results with regard to proteinbinding of FAD. For improvement of future investigations of sample quality, advanced
methods for revealing quantitative information on the binding of FAD in Cryptochrome
samples are proposed.

7.1 Cryptochrome samples A and B
In Chapter 6 the results of the conducted absorption and fluorescence measurements were
presented. As pointed out in 6.1.3 and 6.2.1 for Cryptochrome sample A and in 6.1.4
and 6.2.2 for sample B there were no differences observed between these Cryptochrome
samples with potentially bound FAD and corresponding spectra of free FAD. The appropriate spectra with GO-bound FAD showed vibrational structure in absorption as well as
quenching of fluorescence, by that being easily distinguishable from free FAD. Therefore
it seems to be reasonable to state that the recorded spectra of sample A and B represent
mainly absorption and fluorescence of unbound or not correctly bound FAD. Suspiciously,
in Cryptochrome sample C the concentration of FAD was found to be twice as high as
the protein concentration. As there is only one binding site for FAD per Cryptochrome
molecule, at least a fraction of 50% of contained FAD was unbound, probably even much
more. Thus, with the used spectroscopic techniques no evidence for Cryptochrome-bound
FAD in samples A and B was produced.
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7.2 Cryptochrome sample C
The absorption and fluorescence spectra of Cryptochrome sample C were presented in
6.1.5 and 6.2.3. The data from absorption measurements reveal structural features close
to that of GO-bound FAD (cf. Fig. 6.3), though much weaker. Against the background
of having not found any evidence for FAD being bound in Cryptochrome samples A and
B, this raises the assumption that in sample C a mixture of bound and unbound FAD is
present. The data from fluorescence measurements support this because in a sample with
just bound FAD a drop in the fluorescence quantum yield ΦF , i. e. fluorescence quenching,
would have been expected. For this reason, a de-convolution of the absorption coefficient
spectrum α(λ) shown in Fig. 6.9 was tried. According to
α(λ) =

X

αi (λ) = αf (λ) + αb (λ)

(7.1)

i

where αf (λ) is the absorption coefficient spectrum of contained free FAD and αb (λ) the one
of bound FAD, different fractions (10%, 20%, 30%, 40%, 50% and 60%) of the absorption
coefficient spectrum of free FAD included in Fig. 6.9 were subtracted from the original
spectrum of sample C. The result is displayed in Fig. 7.1. Looking for changes in the

Figure 7.1: Correction of the absorption coefficient spectrum of gw Cry1-PHR sample C
for contributions of different fractions of free FAD
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right absorption band around 450 nm, one finds that the structure already implied in
the original spectrum becomes more pronounced the larger the correction for free FAD
is. Correction for fractions of free FAD larger than 60% is not demonstrated as it leads
to a negative contribution on the border between the right absorption band and the
transparent wavelength region. In principle, this indicates that the correction for free FAD
has been completed and the narrowed spectrum of bound FAD remains. Accordingly, a
fraction of about 40% of present FAD would be considered to be bound. However, it has
to be emphasised that this way of determining the fraction of remaining free FAD is not
accurate at all. The idea behind it was just to give an estimate for the quality of the
sample.
The right absorption band around 450 nm needs some further attention. As already
mentioned it shows structural features comparable to those of GO-bound FAD. Thus, the
origin of this structures should be discussed. In 4.1.1 the broadening of transition lines in
absorption spectra by interaction of concerned electrons with surrounding dipoles of the
solvent was explained. Obviously this broadening occurs in free FAD in solution. From
the decomposed absorption coefficient spectrum in Fig. 7.1 one can easily obtain that
the right absorption band contains three transitions. In case of free FAD they seem to
overlap and being merged to just one band, whereas in Cryptochrome-bound FAD three
peaks partially overlapping emerge from this band. They are thought to belong to one
electronic level but three vibronic transitions. Accordingly, the observed pattern in the
absorption spectrum is called vibronic structure which becomes resolved in protein-bound
FAD. Besides, this vibronic structure is obtained not only in GO-bound FAD (Fig. 6.3)
but also in d Cry-bound FAD (Fig. 3.4). In the latter case this structure is even more
pronounced questioning whether both recorded spectra, for GO- and gw Cry-bound FAD,
contain remaining free FAD or if there is some instrumental problem. Nevertheless, the
extent of resolved vibronic structure has not to be identical for all mentioned proteins.
However, upconcentration of the gw Cry1-PHR sample was quite successfull as indications
for an improved sample quality were detected. Nevertheless, the purity of the sample
seems still to be insufficient in order to use it directly for single molecule measurements.
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7.3 The next step
In order to get better indications for the fraction of actually bound FAD more advanced
methods have to be applied. Basically, it is expected to find different fluorescence lifetimes
τF for bound and unbound FAD. Consequently, the idea would be to conduct time-resolved
measurements of fluorescence decay after pulse excitation. The fluorescence decay of just
one species could be described by
SF (t) = SF,0 e−t/τF .

(7.2)

In case of two different fluorescence lifetimes τF,1 and τF,2 a double-exponential decay
would describe the time-dependence of fluorescence:

SF (t) = SF,0 x1 e−t/τF,1 +x2 e−t/τF,2

(7.3)

where x1 and x2 would indicate the fractions of species with τF,1 and τF,2 , respectively.
As excitation pulses on the femto-second time scale are needed, for appropriate measurements of the fluorescence decay different techniques are available. As the fluorescence
lifetimes are thought to be on the lower pico-second time scale, real-time fluorescence
measurements would require the use of a streak camera. On the other hand, fluorescence
up-conversion measurements would provide the required time resolution. This technique
uses a fs-Laser pulse in combination with a second harmonic generator (Fig. 7.2). While
the sample is excited with second harmonic pulses, the fundamental pulses are used for
probing the fluorescence signal. A nonlinear crystal (e. g. a BBO crystal) is utilisied for
sum-frequency generation of the probing pulse with frequency νL and the fluorescence
signal with frequency νF to an up-converted signal with frequency νup which is than detected by a sensitive photomultiplier. By varying the delay of one of the pulses, either
excitation or probing pulse, the desired time resolution in the pico-second and even lower
in the femto-second range is obtained.
Another approach would be to investigate sample quality by measuring the time dependence of fluorescence anisotropy (see O’Connor and Phillips, 1984). An anisotropy
in fluorescence is automatically created when an ensemble of fluorescent molecules is excited by polarized light, because only those chromophores will be excited which have a
component of the absorption transition moment matching the polarization of the excitation light. The polarisation of the emitted light then depends on the orientation of the
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Figure 7.2: Scheme of experimental setup for fluorescence up-conversion. fs-Laser: femtosecond oscillator-amplifier system. SHG: BBO crystal for second harmonic
generation. HBS: harmonic beamsplitter. VD: variable delay-line. FD: fixed
delay line. L1-L3: lenses. S: sample. PM: parabolic mirrors. PD1, PD2:
photo-detectors. F1, F2: filters. SFG: BBO crystal for sum-frequency generation. PMT: photomultiplier tube. (from Shirdel et al., 2007)
molecule at the time of emission. As small molecules can rotate rather freely in solutions
being at most slightly viscous they may alter their orientation in the time slot between
absorption and emission of a photon. Therefore the polarisation of emitted light will
change to random with time. The photons emitted immediately after excitation will just
contribute to one polarisation component, i. e. Ik . As time goes by, the contribution to
this component will decrease, but instead a component I⊥ perpendicular to the initial one
will raise up. After the so-called rotational relaxation time τr , when the remaining excited
molecules become orientated randomly, the differences between the two components Ik
and I⊥ will vanish.
In case of FAD bound to a protein as Cryptochrome, which is rather large sized compared
to FAD, the rotational relaxational time τr is thought to be on a fairly larger time scale.
Hence, a component I⊥ is not expected for protein-bound FAD but for free FAD. In this
way, the purity of Cryptochrome samples could be investigated. Again, this needs time
resolved measurements as described earlier.

Chapter 8
Conclusions
In this work, three different garden warbler Cryptochrome samples were investigated. In
two of them there were no indications found for protein-binding of the contained FAD.
In contrast, the third sample, refered to as sample C, provided evidence for at least some
fraction of FAD being bound. Anyhow, no differences to free FAD were detected by
fluorescence measurements. Spectral fluorescence studies would indeed require a sample
with higher purity, i. e. a lower degree of unbound FAD.
To improve sample quality, an improved technique for quantifying the content of free
FAD is needed. For this reason measurements of fluorescence life times with fluorescence
up-conversion have been suggested. Furthermore, time-resolved anisotropy measurements
have been proposed to control sample purity.
Highly pure samples are needed to investigate the photocycle of garden warbler Cryptochrome, which is assumed to be the primary receptor molecule in the so-called radicalpair mechanism suggested to be responsible for magnetoreception in birds. The magnetic
field dependence of the triplet yield in this radical-pair process could be explored by single
molecule spectroscopy, in this way providing support for Cryptochrome being a suitable
candidate for magnetoreception.
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