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Zusammenfassung

Im Rahmen dieser Arbeit werden neue Methoden zur Untersuchung
verschiedener Interaktionen zwischen Biomolekiilen eingefiihrt und am
Beispiel des Glyzin-reichen, RNA-bindenden Proteins AtGRP7, aus
der Pflanze Arabidopsis thaliana, angewendet. Dieses Protein ist ein
Forschungsschwerpunkt der Arbeitsgruppe Molekulare Zellphysiologie,
mit der eine Kooperation im Rahmen des Sonderforschungsbereichs
SFB 613 besteht. In transgenen Arabidopsis Pflanzen wird eine opti-
mierte Variante des reversibel-schaltbaren, fluoreszierenden Proteins
Dronpa (genannt Dronpa-s) mit AtGRP7 fusioniert. So kénnen die
intra-zellulare Verteilung und die Bewegung von AtGRP7 zwischen Zell-
kern und Zytoplasma, iiber Fluoreszenzsignale nachvollzogen werden.
Unter anderem wird gezeigt, dass die Fluoreszenz gezielt im Zellkern
aus und wieder an geschaltet werden kann, wodurch schliefllich ein
bidirektionaler Transport von AtGRP7 nachgewiesen und quantitativ
charakterisiert wird.

In einem weiteren Teil der Arbeit, wird in vitro die Bindung von
AtGRP7 an kurze RNA Sequenzen untersucht. Diese Figenschaft er-
moglicht es dem Protein, im Zellkern an sein Transkript zu binden,
sodass die eigene Proteinbiosynthese, durch selbstregulatorische Mecha-
nismen, unterdriickt wird. Hierzu werden Bindungsstudien mit Hilfe
der Fluoreszenz Korrelations Spektroskopie durchgefiihrt. Es zeigt sich,
dass AtGRP7 eine schwache aber spezifische Bindung mit einer kur-
zen DNA-Sequenz eingeht, welche eine Bindestelle des Transkriptes
reprasentiert.

Die RNA-bindenden Eigenschaften von A{GRP7 fithren auch dazu,
dass das Protein in kleinen intra-zellularen Aggregaten zu finden ist,
die nur unter Stessbedingungen auftreten. Diese Proteininteraktion
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Zusammenfassung

kann durch Kolokalisationsstudien gezeigt werden. Herkommliche Me-
thoden zur Kolokalisationsanalyse fiithren hier jedoch zu nicht eindeutig
interpretierbaren Ergebnissen. Als Folge daraus wird ein vollkommen
neuer Ansatz zur Kolokalisationsanalyse ausgearbeitet. Dieser basiert
auf der Korrelations-Matrix-Methode, die fiir die Detektion von Koinzi-
denzen auf Einzelmolekiilebene entwickelt wurde. Die Methode erweist
sich als robust gegen Hintergrundsignale und ist leicht und eindeutig
interpretierbar. Zusatzlich kann hiermit eine Kolokalisation von drei
oder mehr unterschiedlich gekennzeichneten Objekten quantitativ ana-
lysiert werden. Dies ist ein beachtliches Novum auf dem Gebiet der
Kolokalisationsanalyse.
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Abstract

In the framework of this dissertation, the application of different novel
approaches to study protein interactions, is exemplified on the basis of
the small glycine-rich RNA binding protein AtGRP7 from Arabidopsis
thaliana. This protein is of special interest to the Department of
Molecular Cellphysiology, which is a cooperation partner within the
collaborative research centre SFB613. An optimized variant of the
reversibly switchable fluorescent protein Dronpa, termed Dronpa-s, was
used as a reporter to track the protein’s localization in Arabidopsis cells,
and furthermore, its intra-cellular translocation between the nucleus
and the cytoplasm. Therefore, Dronpa-s was fused to AtGRP7 in trans-
genic Arabidopsis plants. By switching Dronpa-s fluorescence on and
off selectively inside the nucleus, a bidirectional nucleocytoplasmic shut-
tling of AtGRP7 was visualized and quantified.

Within another branch of this work, the binding affinity of AtGRP7 to
short RNA sequences was quantified in vitro, by means of Fluorescence
Correlation Spectroscopy. Binding to RNA facilitates the protein, to
interact with its transcript inside the nucleus, inducing an autoreg-
ulatory inhibition to the own protein bio-synthesis. Results show a
weak but specific binding of AtGRP7 to a short DNA sequence, which
resembles a binding site of its own transcript.

The ability of binding to RNA helps AtGRP7 to participate in stress-
related particles, termed processing bodies, upon induction of oxidative
stress to Arabidopsis cells. This protein interaction was visualized by
colocalization studies. Common colocalization parameters failed to
reasonably interpret the here provided data. Consequently, a com-
pletely novel approach to colocalization detection and quantification
was pursued in this work. The here introduced analysis method defines
the I'-norm, which is based on the correlation matrix method, known



Abstract

from single molecule coincidence studies, brings several benefits to the
field of colocalization, like multi-color colocalization, robustness against
background noise and improved interpretability.
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1 Introduction

1.1 Fluorescent proteins

In today’s fluorescence microscopy the application of fluorescent pro-
teins is widely used. With the discovery of GFP (Green Fluorescent
Protein), Chalfie et al. [1994], Shimomura et al. [1962] and Tsien
[1998] have rejuvenated research. While most organic fluorescent labels
are phototoxic to living cells, fluorescent proteins can be produced
intrinsically by cells as part of their protein expression cycle. Even
labeling of a fluorescent reporter to a target protein, which usually
proves to be difficult and error-prone, is now carried out by the cells
themselves.

GFP and other fluorescent proteins (FPs) have been massively used
since, to specifically tag proteins in cells. At present, the improved
derivative of GFP termed eGFP (enhanced GFP) is by far the most
established reporter protein in cell research. The field of application is
not just limited to protein localization studies. Moreover, the mobility
of proteins fused to FPs can be determined by introducing photobleach-
ing to a defined region of the cell. Subsequently, the transport of other
still fluorescing molecules from the surroundings into the bleached
region is monitored. This method termed Fluorescence Recovery after
Photo-bleaching (FRAP) was first described by Axelrod et al. [1976].
Information on protein mobility can also be gathered by a similar
method which monitors the decrease of fluorescence in neighboring
regions and is therefore termed fluorescence loss in photobleaching
(FLIP) [Lippincott-Schwartz et al., 2001]. Since these methods are
limited to the detection of secondary effects after photobleaching, a
photoactivatable variant of GFP (paGFP) was engineered allowing to
directly monitor the translocation of proteins fused to this reporter
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[Patterson and Lippincott-Schwartz, 2002]. However, all these methods
induce irreversible photo-manipulation. Recently a new generation of
fluorescent proteins, which can be reversibly photoswitched between
a fluorescent and a non-fluorescent state, emerged which now pave
the way to novel advanced fluorescence imaging techniques. This new
class of reversibly switchable fluorescent proteins (RSFPs) combines
and further extends the advantages of common and photoactivatable
FPs.

In the framework of the collaborative research centre SFB613 an
optimized variant of the reversible photoswitchable fluorescent pro-
tein Dronpa [Ando et al., 2004] was engineered and further fused to
a specific target-protein in Arabidopsis thaliana (Arabidopsis) cells.
This synthesized derivative of Dronpa was termed Dronpa-s. Within
the SFB613, I therefore closely collaborated with members of the
Department of Molecular Cell Physiology during my work. This in-
terdisciplinary collaboration provided access to the interesting field of
research on proteomics, i.e. protein structure, function and dynamics.
In turn, novel fluorescence based techniques, as presented in this work,
were adopted to particular and recent problems which are of special
interest to the collaboration partners.

1.2 Target Protein AtGRP7

Of particular interest is the target-protein Arabidopsis thaliana glycine
rich RNA-binding protein 7 (AtGRPT), which is a representative of a
class of small glycine-rich RNA-binding proteins with a single RNA
recognition motif (RRM). It is part of the endogenous timing sys-
tem which enables the plant to pre-adopt to periodical environmental
changes. Further, it participates in pathogen defense in Arabidopsis,
presumably via the regulation of mRNA at the post-transcriptional
level. The AtGRP7 transcript (AtGRP7) undergoes so-called circadian,
i.e. 24-h, oscillations with a peak at the end of the daily light phase.
AtGRP7 regulates these oscillations and thereby its own protein level,



1.2 Target Protein AtGRP7

by binding to the transcript and thus causing the production of an alter-
native splice form with a premature termination codon. The influence
of AtGRP7 on splice-site selection of its pre-mRNA obviously occurs
in the nucleus where the transcript is located.

Figure 1.1: Schematic of AtGRP7 shuttling between cyto-
plasm and nucleus in a plant cell.

AtGRP7 is a RNA binding protein which binds to its own pre-
mRNA. Since the pre-mRNA is located in the nucleus of the cell
(N), AtGRPT has to be imported to the nucleus from the cytoplasm
(Cp). Therefore, it has to overcome the nuclear barrier.

As proteins are produced in the cytoplasm At{GRP7 has to somehow
overcome the barrier surrounding the cell nucleus, for binding to its own
transcript (see figure 1.1). Usually proteins which are imported into the
nucleus exhibit a nuclear localization signal (NLS), a special amino acid
sequence. The NLS enables strong binding to importin, a protein which
helps other proteins to cross the nuclear barrier. Albeit AtGRP7 lacks
a classical NLS, it exhibits a sequence simmilar to a different known
nuclear import signal, an M9 domain originally found in mammalian
heterogeneous nuclear ribonucleoproteins (hnRNPs). In mammalian
cells M9 domains have been reported to facilitate both transport into
and out of the nucleus [Bogerd et al., 1999].

The molecular mechanisms of the nuclear import have not been re-
vealed and at present it is not known whether AtGRP7 is also ex-
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ported from the nucleus to the cytoplasm. This bears the obvious
question, if AtGRP7 can get into the nucleus just by diffusion or
by active transport processes, involving an M9 domain equivalent in
plants.

1.3 Application of photoswitchable proteins
in standard imaging techniques

To analyze such protein interactions, in cell biology often fluorescence
imaging techniques like the aforementioned FRAP are used. The
general problem to this kind of analysis is, that cells are exposed to high
laser intensities to efficiently photo-bleach the FPs, often disturbing
their physiological function. Photoswitching of RSFPs to the off-
state requires much less photons than photobleaching eGFP, allowing
FRAP or photoactivation measurements to be performed at much lower
excitation intensities, and therefore, inducing less phototoxicity to the
cell [Ando et al., 2004]. This work aims to answer the question if RSFPs,
like Dronpa-s, can easily be introduced to standard imaging techniques,
to replace commonly used FPs efficiently.

1.4 Colocalization analysis visualizing
protein interactions

Colocalization studies represent another approach to unravel protein
interactions by just providing information on spatial proximity of inter-
action partners. Therefore, different fluorescent labels are attached to
the interaction partners of interest. Thereby, avoiding spectral overlap
and any other interactions between the used fluorophores is demanded.
Typically, fluorescence images of the such prepared sample are recorded
on spectrally separated channels, preferably at the same time. Now, by
overlaying the images of the different channels, a merged image denotes
sites of colocalization by an additive secondary color. That is, two



1.4 Colocalization analysis visualizing protein interactions

merged channels of the primary colors red and green yield the secondary
color yellow as a reporter for colocalization.

Figure 1.2: Example of the distraction of human vision by
colors an shapes.

Most people with healthy vision are consumed by the illusion that
the prominent spirals are in shades of green and blue, but they
actually have the very same color. [Sample image provided by Fiji]

Due to the shortcomings of human vision, judging by shapes and
colors does not suffice to provide reliable information on colocalization.
Figure 1.2 demonstrates the problems to be encountered. Approaches
to provide an unbiased numerical parameter to indicate and quantify
colocalization led to the institution of the at present mainly used
Pearson Correlation Coefficient (PCC) and Manders Overlap Coef-
ficient (MOC)[Manders et al., 1993]. Both are not straightforward
to apply correctly to image data, and thus, often lead to ambiguous
results due to misinterpretation or vague definition of colocalization
and noncolocalization. Up to now all implementations of colocalization
approaches are limited to determine colocalization between a maximum
of two channels. However, in many cases more than two interaction
partners are contributing to a specific peculiarity. Thus they have
to be examined crosswise. The work at hand presents advances in
overcoming these limitations.






2 Theoretical Background

Due to the interdisciplinary nature of this work, the theoretical back-
grounds of both, biological and physical subtopics, have to be pointed
out. In the following sections a short introduction to fluorescence
itself and fluorescence based research methods will be presented. Fur-
thermore the main aspects of the examined biological systems will be
mapped in chapter 2.4.

2.1 Principles of Fluorescence

Luminescence being the superordinate effect (besides black body radi-
ation) of light emission by molecules, can be subdivided into several
subtypes, i.e. radioluminescence, chemiluminescence and photolu-
minescence, depending on which effect causes the emission of pho-
tons.

Photoluminescence can occur, when a molecule absorbs a photon of
the energy

E=h-v (2.1)

with the frequency v and the Planck constant h. If E' is equal or greater
than the energy difference AE between the ground state Sy and the first
electronically excited state Sy of the molecule.

The light absorption occurs on a 10'? seconds time scale. Relative to
the nuclear movement (107'® seconds) these electronic transitions occur
almost instantly which is the keynote to the BORN-OPPENHEIMER
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approximation and also accounts for the vertical transitions in the
FRANCK-CONDON energy diagramm (figure 2.2).

The excited state endures some 10 seconds until the molecule relaxes
to the ground state by emitting a photon. The fluorescence lifetime is
specific for different fluorophores.

The emitted fluorescence photon carries the energy E*, with

E—-E_ =E" (2.2)

Therefore, the maintained energy is composed of

E*=h-v", (2.3)

and

vt <. (2.4)

applies.

Depending on the energy of the incident photon and the energy gaps,
the molecule is most often not only lifted to the lowest possible energy
state, but to a higher excited vibrational state of the 15 (S}) or n'®
(Sn) excited electronic state.

However, according to KASHA’s rule fluorescence emission occurs
from the lowest electronically excited state, because the energy gaps
separating higher excitation levels are close enough for the molecule
to decay by internal conversion, thus increasing the thermal energy of
the surrounding solution. This also explains the common experience
of the emission wavelength being independent from the excitation
wavelength.

While this rule has some exceptions, it applies for the most molecules.
Therefore, the emitted light is commonly red-shifted to the incident
light, due to the thermal relaxation prior to the fluorescence process,
which is called the STOKES Shift.



2.1 Principles of Fluorescence

Figure 2.1 shows a transition from an excited electronic singlet state to
an energetically lower triplet state, termed intersystem crossing. This
transition implies the need of a change in spin orientation, which is
quantum mechanically forbidden.

While the electron is in the triplet state, it can relax to the ground
state by undergoing another spin transition and emission of radiation,
termed phosphorescence. Since this, again, is not allowed, the lifetime
of this state is long compared to fluorescence.

Apart from intersystem crossing, there are other concurring processes,
which prevent the emission of fluorescence. These processes are termed
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Figure 2.1: Jablonski diagram.

The diagram illustrates the electronic states of a fluorophore and
the transitions between them. The vibrational ground states of
each electronic state are indicated by thick horizontal lines, the
higher vibrational states by thin lines, whereas the electron spin
orientation is given by small arrows. Nonradiative relaxations
are displayed as black or gray arrows between electronic states.
Along with all nonradiative relaxations the phosphorescence,
which is the radiative relaxation from the triplet state (77) to
the singlet ground state (Sp), is competitive to the fluorescence
relaxation.
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quenching mechanisms, which will be described in chapter 2.2.2 on
page 15. All the concurring processes can be described as the rate
knr of nonradiative relaxation processes from S; to Sy. In analogy
the rate of radiative relaxation processes can be defined as kg, being
the fluorescence rate. The sum of these rates gives the inverse of the
average time a molecule spends in the first excited state, also termed
fluorescence lifetime 7x;.

1

- 2.5
kr + kngr ( )

TFl

For the absorption and emission of photons, the FRANCK-CONDON
principle gives information on probabilities for the respective transi-
tions, plotted vertically in the FRANCK-CONDON diagram, depicted in
figure 2.2. The transitions will occur most likely, if the two vibrational
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Figure 2.2: Franck-Condon diagram.

Possible transitions between electronic states of a molecule most
often occur between overlaps of vibrational wave functions. Tran-
sitions happen too fast for the nuclear coordinates r to change.

wave functions significantly overlap. This explains the mirror-symmetry

10



2.2 Fluorescence Spectroscopy

of absorption- and emission spectra known from most fluorescing com-
pounds. The varying transition probabilities result in an inhomoge-
neous distribution of photon energies, that are absorbed and emitted,
as can be seen in figure 2.3.

A 0»2 2«0

Fluorescence Absorption

Intensity

Energy

Figure 2.3: Probabilities of electronic transitions in ab-
sorption and emission processes (cf. figure 2.2). Exci-
tation and emission probabilities are mirrored, as well as the
resulting spectra.

2.2 Fluorescence Spectroscopy

Fluorescence spectroscopy aims to identify and/or quantify molecules
by their fluorescence characteristics. This is rendered possible, as each
molecule has characteristic absorption and emission spectra due to the
specific composition of electronic and vibrational states.

A class of molecules which feature most suitable fluorescence char-
acteristics for spectroscopic purposes is highlighted in the following
section.

11



2 Theoretical Background

2.2.1 Fluorophores

Molecules considered as fluorophores meet special needs for efficient flu-
orescence generation an detection. Therefore they feature a reasonable
quantum yield ®, defined as ratio of emitted fluorescence photons to
absorbed excitation photons. ® can also be defined with the relaxation
rates given in equation (2.5):

kr

—_— —— 2'6
kr — knr (2:6)

)

Depending on the method of detection, the spectral range of fluores-
cence can be of importance. Most fluorophores emit visible or near

visible light.
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Figure 2.4: Absorption and emission spectra of the
artificial fluorophore Atto655 [AttoTec].

Besides the many natural organic dyes, synthetic fluorophores have
been designed. Therefore, a wide range of the spectrum is crowded
by according fluorescence emitters. Especially the visible spectrum is
consistently covered. Figure 2.4 shows absorption and emission spectra
of one of these fluorophores, named Atto655 (AttoTec, Germany).
The STOKES shift (see chapter 2.1) of 19nm between absorption and
emission maxima, can clearly be seen.

12



2.2 Fluorescence Spectroscopy

While the most molecules of interest to natural sciences have inferior
fluorescence abilities, fluorophores are attached to those molecules
as a fluorescent marker. Thus identification and quantification of
even non-fluorescing molecules can be afforded by fluorescence spec-
troscopy.

2.2.1.1 Fluorescent Proteins

Attaching a fluorescent marker to a target molecule can be a diffi-
cult task under certain conditions. Most problems evolve from the
urge to mark bio-molecules inside living cells, sustaining cell life at
best. Therefore it was a revolution to natural science, when OSAMU
SHIMOMURA was to discover the Green Fluorescent Protein (GFP)
in 1962. Being a protein from the jellyfish Aequorea victoria, a gene
in the Aequorea genome encodes for GFP. It was just a question of
time, until the gene’s nucleotide sequence was published by Prasher
et al. [1992]. Two years later Chalfie et al. [1994] succeeded in ex-
pressing recombinant GFP in E. coli and C. elegans. Eventually the
(by then poor) spectroscopic abilities of GFP were enhanced in the
lab of ROGER TSIEN [Heim et al., 1995]. From there GFP raised its
importance as a widely-used tool in natural sciences. Several GFP
mutants were engineered to feature either further enhancement or even
different emission wavelengths. Thus, by the beginning of the 215
century a broad spectrum of fluorescing proteins, emitting various
colors of light, were available.

All these fluorescent proteins have the huge advantage of not only being
applicable for in vivo applications but furthermore, enabling intrinsic
tagging bio-molecules with a fluorescent reporter by the organism
itself. Therefore, the fluorescent reporter is genetically fused to a
target protein inside a transgenic organism. This fusion protein is
translated in one go.

Besides all advantages, fluorescing proteins have general drawbacks
compared to synthetic fluorophores, like low quantum yields and
poor photostability. Also they are limited in size. While not all

13
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of them are available as monomers, even a monomeric GFP-like pro-
tein is of reasonable size. At the margin this can result in fusion
proteins, where the reporter is several times bigger than the target.
This may alter the target’s properties immensely, yielding artifact
results.

Figure 2.5: Stereoview of a Dronpa molecule.

Dronpa molecule (PDB-2I0V) was visualized with PyMOL [Andresen
et al., 2007, DeLano, 2002]. The common barrel structure is shared
by most fluorescing proteins. Here the "barrel’ consists of 11 S-sheets
enclosing the chromophore tripeptide which is pictured in detail in
figure 2.6. 3D immersion by crosseye stereoview.

In 2004 ANDO et.al. could deliver a photoswitchable fluorescent
protein, which was named Dronpa after dron, a ninja term for vanishing,
and pa for photo-activation. This protein can be reversibly switched
to a dim state featuring low fluorescence and a bright state with high
fluorescence intensities. The switching occurs by irradiation with light
of different wavelength as shown in figure 2.6.

14
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Figure 2.6: Stick model showing light-induced cis/trans iso-
merization of the chromophore in Dronpa.

The chromophore of Dronpa is formed by the tripeptide Cys-62—Tyr-
63-Gly-64 (CYG). In the fluorescent state the chromophore adopts a
cts-conformation, while it adopts the trans-conformation in the dim
state. The isomerization is induced by light of different wavelengths.
Thus blue light induces transition to the dim state and UV light
again restores the bright state.

2.2.2 Fluorescence Quenching

As described before, processes which diminish fluorescence are called
quenching. If another molecule is involved by causing the quenching,
this molecule is referred to as quencher. Collisional or dynamic quench-
ing, occurs when an fluorophore, while excited, hits another molecule
in the solution. Often molecular oxygen acts as quencher this way
[Kautsky, 1939].

The process of dynamic quenching can be described by the STERN-
VOLMER equation:

?:1+K-[Q]=1+kq~m~[Q], (2.7)

where Fy and F' are the fluorescence intensities with and without
quencher respectively. K is the Stern-Volmer quenching constant, [Q)]

15
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the concentration of the quencher molecules, k, the quencher rate coeffi-
cient and 7y the lifetime of the un-quenched fluorophore.

Furthermore, fluorophores and quenchers can build non-fluorescent
complexes, which is termed static quenching. This can be described
by

14K Q) (28)

with the association constant Kg. Which can be expressed by

Kg=-——7—— —. (2.9)

Photoinduced electron transfer (PET) is one of various quenching
processes.

In PET redox interactions between a fluorophore and its quencher yield
a two stepped electron transfer. This demands a very close distance
between both molecules [Marcus and Sutin, 1985]. This is emphasized
by the REHM-WELLER equation

62

AGCS = Eoz - Ered — EOO I — (210)
Tooe-d
where AG¢g is the discharged energy, E,, the oxidation potential, E,..4
the reduction potential and Ej( the energy of the electron transition
from Sy to 57 state. The term S—Qd is the solvent effect with e the dielec-
tric constant and d the charge separation distance.

By excitation the former lowest unoccupied molecular orbital (LUMO)
of the fluorophore, it turns into a singly occupied molecular orbital
(SOMO). Next the fluorophore is reduced or oxidized by the quencher.
In case of oxidation the electron on the SOMO of the fluorophore is
transferred to the LUMO of the quencher (1), thus turning it into a
SOMO, too. From the SOMO of the quencher the electron can be
transferred to the former highest occupied molecular orbital (HOMO)

16
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Figure 2.7: Photoinduced electron transfer between fluorophore
and quencher. By excitation an electron on the highest occupied molecular
orbital (HOMO) of the fluorophore is promoted to the lowest unoccupied
molecular orbital (LUMO). After that the fluorophore can be oxidized or
reduced by an appropriate quencher in close contact. Two non-radiative
electron transitions occur, restoring the initial state of both molecules
thereby.

of the fluorophore (2), thereby restoring the initial state. In case of
reduction an electron is promoted from the HOMO of the quencher to
the former HOMO of the fluorophore (1), as depicted in figure 2.7. Now
the electron on the SOMO of the fluorophore restores the initial state
by migration to the former HOMO of the quencher (2). All of these
electron transitions are radiation-less processes.

2.2.3 Fluorescence Correlation Spectroscopy

The advantage of kinetics on the molecular level, arising on character-
istic time scales, is taken by Fluorescence Correlation Spectroscopy
(FCS) [Magde et al., 1974]. In figure 2.8 those kinetics are depicted
on the respective time scales. Beginning with antibunching, the rate
at which fluorescence photons can be emitted by the fluorophore, and
solvent reactions or conformational changes, on the sub-ns to ns time
scale. Furthermore, photophysical processes, like triplet transition,
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Figure 2.8: Autocorrelation function used for FCS analysis.
The sketched function spans multiple time scales from the nano
second regime to seconds. Different kinetics can be identified on the
respective time scales.

mainly occur in the ps regime, whereas diffusional processes take place
in the ms range.

The most common approach to FCS measurements, can be realized
on a confocal setup, as described in chapter 2.3 on the next page.
Assuming a Gaussian intensity profile, the excitation volume can be
approximated by

(2.11)

1) =hew (‘2(25;:)32) - «i)) ’

with the axial and lateral diameters of the excitation volume w,, and
w, respectively.

Then the auto correlation function is given by
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NI

H1+Ki-exp T

i=1 TKi

G(T):N_1-<1+T)_l <1+ T )_ , (2.12)

™ w2Ttp

where N is the mean number of fluorescing particles in the detection

volume, 7p the characteristic diffusion time and the aspect ratio of the

o ka,B, N
excitation volume w = *=. K; = T, are the equilibrium constants

and 7; = (kap, + kp.4,)”" the characteristic times for n additional
processes of interest (cf. figure 2.8 with n = 3).

The signal to noise ratio (SNR) of a FCS experiment is determined
by

G(7)

~ G(T)vN < vV/T, 2.13
var (G(71)) 7) ( )

SNR =

with the mean number of photons emitted by each molecule per time
interval v, and T' the total number of time intervals during the experi-
ment. As can be seen, the SNR improves with the total duration of
the experiment and the number of photons per particle. The latter is
highly dependent on the quantum yield of the molecule or its fluorescent
marker (see chapter 2.2.1 on page 12).

2.3 Fluorescence Microscopy

The unaided human eye can barely resolve structures of less than half
a millimeter. For resolving smaller objects, some kind of microscope
has to be applied. But also light microscopy has its limits in resolution.
This manifests in the diffraction limit, found by ERNST ABBE in 1873
as

A A

d= 2NA - sina - 2n

(2.14)
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with the radius of a minimal projected spot d, the wavelength \ and
the numerical aperture of the objective NA. Where « is the opening
angel and n the refractive index of the optical medium separating
objective and sample.

This also complies with the RAYLEIGH criterion. The smallest possible
point light source displayed by a circular aperture yields a projection
in form of an AIRY disc. The lateral intensity profile is then termed
point spread function (PSF), which is mathematically described by a
BESSEL function of first kind and first order. The distance between
the main maximum and the first minimum of a PSF is the RAYLEIGH
criterion

0.61A A

NA ~ 2NA’ (2.15)

dAi'ry -

which defines the smallest possible, still resolvable distance between
two point light sources (see figure 2.9).

Figure 2.9: Diffraction image
of a point light source.

The x-y plane exhibits the charac-
teristic AIRY disc pattern. Intensity
profiles are given on the right, with
respective distances denoted, which
define the lateral and axial resolu-
tion.

With the three-dimensional diffraction image of a point light source the
axial resolution can be defined analogously, again by the axial distance
from the central maximum to the first minimum
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2.3 Fluorescence Microscopy

A-2n

= Nz

(2.16)

Due to that in microscopy two parameters are pushed to the limits
for enhancing resolution. First of which, the NA of an objective, has
reached typical values of 1.4 in research and even 1.7 NA objectives
are available by now. The second parameter \ was pushed to new
limits by changing from light microscopy to electron microscopy, as
electrons have a by four magnitudes smaller wavelength than pho-
tons.

However, in live cell imaging, fluorescence microscopy still is state
of the art and commonly used, as shorter wavelengths are always a
trade-off between higher resolution and harming the living system by
high energy radiation. Hence, there is a lot of effort to further increase
the resolution in fluorescence microscopy.

This can be achieved by the limitation of the field of view or detection
volume. One approach to realize a thus enhanced resolution is the
confocal laser scanning microscopy (CLSM).

The Confocal Principle

In CLSM a laser beam is focused on the sample by an objective. The
emitted fluorescence is collected by the same objective and focused
on the aperture of a pinhole. Thereafter the fluorescence light is
collimated and focused on a single point detector. By the pinhole a
small detection volume is defined in overlapping with the focal volume.
Thus, only fluorescence and scattered light out from the detection
volume can pass the pinhole to reach the detector, as pictured in
figure 2.10.

For imaging purposes the sample has to be scanned. That way an
image can be constructed out of the intensity values for each scanned
coordinate in three dimensions. Therefore, 2D or 3D images of the
sample can be generated. The scanning is done either by moving the
laser beam over a static sample, or moving the sample over a static
beam.
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Figure 2.10: Standard confocal microscope.

Laser light is focused by an objective (Obj) on a sample. Fluorescence
light is collected by the same objective. A dichroic mirror (DCM)
separates the laser light from the red-shifted fluorescence light (cf.
STOKES shift in chapter 2.1). A lens (L) focuses the fluorescence
light on a pinhole, which acts as a spacial filter. Finally, it is focused
again on a point-detector.

The resolution in confocal microscopy is enhanced by a factor of 1.41
in relation to standard wide field microscopy.

Another approach to limit the detection volume is total internal reflec-
tion (TIRF) microscopy .

Total Internal Reflection Fluorescence Microscopy

If light passes through two different optical media, it changes its
direction at the interface, according to the difference in the refrac-
tive indices of the two media. This is described by the SNELL’S
law:

nmo_ sin(az) (2.17)
ny  sin(ay)’ ’

with n; the refractive indices of the media and «; the beam angles in
the different media, as sketched in figure 2.11.
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Figure 2.11: Refraction of
light upon change of refrac-
tive indices.

The largest possible angle of incidence which still yields a refracted
ray of light is referred to as the critical angle. Under this condition
the refracted ray propagates along the interface of the two optical
media. The incident light gets totally reflected, as the angle is further
increased. In this case an evanescent wave in the medium with lower
refractive index emerges. The penetration depth of this wave is given
by

_ 2o, ((n2)2 - sin(ag) — (n1)2> ? ; (2.18)

d_47r

with the vacuum wavelength g of incident light. The intensity of
the evanescent wave is a function of the distance z from the inter-
face

I(z)=1Iy-ed, (2.19)

where Iy is the initial intensity at the interface .

In TIRF microscopy this is utilized to limit the excitation volume.
Therefore, a laser beam is focused on the back focal plane of an objective
with a high NA. When the beam is then shifted close to the margin of
the objectives aperture, it is deflected and collimated. Eventually the
beam is totally reflected at the interface, under an incident angle bigger
than the critical angle. This results in an evanescent field, emerging in
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the sample, with a penetration depth of only some 100 nm, depending
on the parameters mentioned above.
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2.4 Biological Background

2.4 Biological Background

A quite remarkable part of this work findings in molecular biology are
presented. Thus a short summary of the corresponding fundamentals
is given in chapter 2.4.1 and chapter 2.4.2. First of which gives an
introduction to the structure and function of nucleic acids, whereas
the second delivers insight into the synthesis of proteins within a
cell.

2.4.1 Structure of Nucleic Acids

[o} ...+ 0, ® o
/- NH2* /- NH2
0=§/P\ ® oH 0=§/P\ ®
d o (‘ A% HN s d )
s © N) T q i ° )

© o,
H2N L
o§/P<o . ® o Z\O 0=/p <(; . © o
o o N o
. (N / NH 7/N . <: / NH
N/( .0 o )
NH2’ 5 NH2
3" o p- 3"
oH N OH OH
dsDNA I~ ssRNA

Figure 2.12: Chemical Structure of DNA and RNA.

Bases are identified by the encircled abbreviations. In RNA the
thymine (T) is replaced by uracil (U). H-bonds are denoted by
dotted lines.
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Desoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are to be
found in every single organism, providing the storage and delivery of
genetic information. Both types of nucleic acids consist of nucleotide se-
quences and are therefore called polynucleotides®.

Each nucleotide is composed of a backbone, consisting of a sugar?
and a phosphate group, and a nucleobase attached to the sugar. This
structure gives rise to the pairing of two complementary nucleobases, as
hydrogen bonds (h-bonds) form amongst them.

In DNA the sequence of the nucleobases adenine (A), cytosine (C),
guanine (G) and thymine (T) encodes genetic information. In RNA
thymine is replaced by uracil (U). The nucleobases are subdivided
in pyrimidines (Y) and purines (R), while A and G are purines and
C, T and U pyrimidines. Thus the complement to a pyrimidine is a
purine, which leads to the pairing of A and T3 with two h-bonds as
well as G and C with three h-bonds in between (cf. figure 2.12). This
most common binding pattern is termed WATSON-CRICK base pairing.
However, other binding patterns exist?, yielding more complex tertiary
structures.

In most cases the DNA is available as a double strand (ds) composed
of two anti-parallel DNA strands bound to each other due to base
pairing of complementary nucleobases. Each DNA strand has two ends
which differ in orientation of the terminal sugar molecule. While one
end exhibits the 3’ carbon the other end exhibits the 5’ carbon, as
depicted in figure 2.12. Thus each polynucleotide strand features one
3’-end and one 5-end. Hereby the direction of a strand can be defined.
In dsDNA the two complementary strands are of opposite direction.
This gives rise to the double-helical structure of DNA (see figure 2.13 a)
which was first discovered by JAMES WATSON and FrRANCIS CRICK
in 1953.

In contrary to DNA RNA is most often available as a single strand (ss).

!Short strands of nucleotides are called oligonucleotides (oligos) accordingly.
22-desoxyribose in DNA and ribose in RNA

3U in RNA respectively

4i.e.: HOOGSTEEN base pairs and wobble base pairs
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H-bonds between base pairs in ssRNA account to the building of sec-
ondary structures like hairpin-loops (see figure 2.13 b).

Figure 2.13: Stereoview
of DNA double helix
and RNA hairpin-loop.

DNA and RNA struc-
tures  were  calculated
with make-na server and
MC-fold respectively. The
generated models were
visualized  with  PyMOL
[DeLano, 2002, Parisien and
Major, 2008]. 3D immersion
by crosseye stereoview.

2.4.2 Protein Biosynthesis

Protein biosynthesis is a multi-step process. First the genetic in-
formation is transcribed from DNA to RNA which, in a second
step, is translated into aminoacid sequences. These are the building
blocks of proteins. The whole process is also termed gene expres-

sion.
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2.4.2.1 Transcription

The transcription is performed by the RNA polymerase (RNAP)?,
which binds to one of both strands in dsDNA, the so called template
strand®. This binding region is called promoter. Transcription starts
from the 3’-end of the promoter, thus the opposite coding strand”
of the DNA is copied. As a result the pre-mRNA is assembled from
5-end to 3’-end.

If a gene codes for a protein the pre-mRNA is termed transcript of
the protein. Genes can be enhanced or silenced, meaning the expres-
sion of the gene is promoted or suppressed respectively. Therefore,
regulatory sequences termed untranslated regions (UTR) upstream
(5’UTR) and downstream (3’UTR) of the coding region in a DNA
strand can direct the gene expression accordingly. These regions are
also transcribed to the pre-mRNA and, as they lack gene coding
information.

Splicing

In eukaryotic cells a further step in RNA processing can occur. If
the pre-mRNA sequence between 5’'UTR and 3’'UTR contains introns
a process termed splicing takes place. In the process of splicing the
intron regions are removed, leaving the remaining exon regions to build
up the thereby matured mRNA, which is illustrated in figure 2.14. The
mature mRNA can be translated to a protein in a following process.
In eukaryotic cells the complete transcription takes place inside the
nucleus, the organelle which holds the DNA.

For the final protein synthesis the mature mRNA has to leave the
nucleus and enter the cytoplasm of the cell, where the translation takes
place.

5In eukaryotic cells there is more than just a single type of RNAP.
6Also termed anti-sense strand.
7Also termed sense strand.
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5'UTR Intron
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Figure 2.14: Maturation of pre-mRNA by splicing.
Depicted is a pre-mRNA strand with a 5’ exon, an intermediate
intron and a 3’ exon. The non-coding intron is cut out, while the
remaining exons build up the mature mRNA.

pre-mRNA

mature mRNA

2.4.2.2 Translation

As polypeptides or proteins consist of amino acids, the nucleic al-
phabet of four characters has to be translated into the amino acid
alphabet. While there are 22 proteinogenic amino acids which can
build proteins, only 20 of them are directly encoded. Thus, the amino
acid alphabet consists of 20 characters. A translation from genetic
code into amino acid code is warranted, hence a specific sequence of
three nucleotides ,termed codon, each encodes for a specific amino acid
yielding 43 = 64 different possible codons. Only three of all possible
codons do not encode for amino acids. Therefore, most amino acids are
encoded by more than one codon. Thus, the genetic code is referred
to as degenerated. However, most organisms feature a characteris-
tic preference of one or two codons over the other codons to encode
for a specific amino acid, which is reflected in the organism’s DNA
sequence.

The three codons not encoding for an amino acid, are termed stop-
codons®, as they induce the termination of the polypeptide chain
elongation in the C-terminal end featuring a free carboxyl group. In
analogy the other end of the polypeptide is termed N-terminal end, as
it exhibits a free amine group.

8The stopcodons are: UAA, UAG and UGA
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2.4.3 Circadian Rhythms in Plants

Virtually all organisms have to adapt to the 24 hour light-dark cycle
in consequence to the rotation of the earth. Consequently many
higher organisms evolved internal clocks with circadian rhythms which
enable them to pre-adapt to periodic environmental changes. On
exemplary benefit plants are enabled to synthesize all proteins needed
for photosynthesis right before dawning, thus prolonging the period of
effective photosynthesis during daylight.

The complex structure of the internal clock can be abstracted by defin-
ing three greater sections. These sections termed input pathway, main
oscillator and output-pathway are sketched in figure 2.15.

AtGRP7
Protem

AtGRP7

mRNA
CCAl
< V ‘)“
TOC1\>
Figure 2.15: Scheme of the internal clock of Arabidopsis.
The internal clock is subdivided into an input pathway, where
external stimuli start resp. reset the clock, an oscillator, setting the

pace, and the output pathway, where the phenotypic response is
generated.

Here the input pathway describes the reception of endogenous signals
mainly in form of light and temperature. These signals are carried
further downstream to the main oscillator, where the signal may
induce the expression of so called clock proteins. These proteins
interact with each other, generating a circadian rhythm of about 24
hours. This oscillation is directed downstream, promoting expression of
clock related proteins like AtGRP7, which possibly generate oscillation
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themselves, thus being termed slave-oscillators. All these oscillating
signals eventually trigger phenotypic response, preparing the plant for
changes in the environmental conditions.

On the molecular level the oscillations of the main oscillator are gener-
ally generated by feedback-loops. These are afforded by enabling or
disabling gene expression on the transcriptional level, regulation on the
posttranscriptional level by i.e. alternative splicing, or direct protein
modification on the posttranslational level.

In Arabidopsis, a largely used model organism for higher plants in
general, the master-oscillator consists of the main clock proteins LHY
(Late Elongated Hypocotyl), CCA1 (Circadian Clock Associated 1)
and TOC1 (Time of CAB Expression 1). These proteins interact in
interlaced positive and negative feedback loops. TOC1 exhibits a
maximum expression level in the evening hours, due to the so called
evening event (EE) embedded inside its promoter (cf. chapter 2.4.2.1
on page 28). The EE is built by the sequence AAATAACT which can be
found in the majority of genes with their expression peak in the evening
[Harmer et al., 2001]. The expression of both LHY and CCA1 is induced
by TOCT, resulting in a maximum expression during the morning hours,
and therefore, phase shifted to that of TOC1. Furthermore, CCA1l and
LHY both bind to the TOC1 promoter, causing a repression of TOC1
protein expression [Alabadi et al., 2002]. However, LHY and CCA1
additionally repress their own as well as the other’s gene expression,
again by binding to the respective promoter. Besides this feedback-loop
there are further affiliated regulation loops called morning loop and
evening loop [see Farré et al., 2005, Fujiwara et al., 2008, Kim et al.,
2007, Locke et al., 2005, Para et al., 2007, for futher reading]. These
multiple regulation pathways yield the stable contrariwise oscillation
of the three proteins throughout the day.

The next section introduces AtGRP7, a small protein whose transcrip-
tion is subject to this circadian rhythmicity.
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2.4.4 Glycine-rich RNA-binding Proteins in
Arabidopsis

AtGRP7 is a small glycine-rich RNA binding protein in Arabidop-
sis. RNA binding proteins are highly conserved in plants, animals
and also in the human genome. They regulate gene expression on
the post transcriptional level and influence maturing, modification
and degradation of mRNA. Schmidt et al. [2010] described this reg-
ulation processes to aid the plant in resisting abiotic and biotic
stress.

Under cold conditions AtGRPT7’s gene expression is induced. The
protein increases stress tolerance by causing the closing of stomata.

Figure 2.16: Predicted structure of AtGRP7 without its
glycine stretch.

The protein’s binding pocket is built up of four g-sheets (red) which
are lined up by two a-helices (yellow). Connecting random coil amino
sequences are also shown (blue). The two centric -sheets hold a RRM
sequence each (cf. Sequence 2). The structure was predicted by homol-
ogy modeling with CPHmodels [Nielsen et al., 2010]. 3D immersion by
crosseye stereoview.
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However, under dehydration and salt stress conditions AtGRP7 pro-
motes the opening of stomata.

Furthermore, a role in immune response mediation is assumed, because
loss of function mutants show an increased susceptibility to pathogens.
Along with that, a reduction of mRNA export from the nucleus was
observed, as well as late flowering of the mutants, suggesting an inter-
action with the autonomous flowering pathway.

AtGRP7’s function in the immune response pathway is presumably
aided by the influence of the circadian rhythmicity, as it was found to be
a clock related protein itself and part of a so called slave oscillator down-
stream the master oscillator [see Heintzen et al., 1997].

Staiger and Apel [1999] found the promoter of AtGRP7 to feature
two domains giving rise to the rhythmic expression of its protein.
Later on one of these domains was identified as EE by Harmer et al.
[2001].

AtGRP7 regulates the circadian oscillations of its own transcript At-
GRP7. The transcript concentration in Arabidopsis peaks 8-12 hours
after illumination (input pathway), while AtGRP7 protein achieves
peak levels 4 hours later. This shifted oscillation indicates a negative
auto-regulation that is considered to be initiated by AtGRP7 binding
to its own pre-mRNA (cf. chapter 2.4.2.1 on page 28). This binding
induces an alternative splicing, which results in an alternate transcript
featuring a premature stopcodon (cf. chapter 2.4.2.2 on page 29). Thus
the translation is aborted too early, yielding a non-functional protein,
which is sketched in figure 2.17.

Furthermore, the transcript is subject to the nonsense mediated decay
showing a shorter half life than the correctly spliced transcript, as
described by Schoning et al. [2008]. Staiger et al. [2003] identified this
negative auto-regulation as the propulsive force according for the per-
sisting oscillation of AtGRP7 and its transcript.

The correctly spliced and translated AtGRP7 features a N-terminal
RRM and a glycine stretch at the C-terminus. The RRM is built up by
the two Ribonucleoprotein (RNP) domains RNP1 and RNP2, and ac-
counts for binding to the pre-mRNA. Furthermore, the glycine stretch
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Figure 2.17: Alternative Splicing of AtGRP7 in comparison to
correct splicing.
AtGRP7 induces alternative splicing by binding to its own transcript (top
right), resulting in a mRNA with a premature stopcodon, which is translated
to a non-functional truncated protein. Thus AtGRP7 negatively regulates
its own expression.

holds a M9 domain, which accounts for intra-cellular transport of
AtGRP7, as described by Ziemienowicz et al. [2003].

Figure 2.16 shows the predicted structure of AtGRP7 omitting the
glycine stretch, as no sufficient data exists for structural elucidation.
RNP1 and RNP2 each locate to one of the two central S-sheets, forming
the binding motif.

The amino acid sequence of AtGRP7 is shown in Sequence 2, with
highlighted RNPs and the predicted domain. Sequence 1 shows the
nucleotide sequence of AtGRP7 with highlighted binding sites accord-
ingly. Prior to this work, two binding sites have been roughly identified
via depletion analysis and Electrophoretic mobility shift assay (EMSA)
[Schoning et al., 2007, Staiger et al., 2003]. They locate to the 3’UTR
and the second half of the intron. The 3’UTR binding site was further
investigated by Schiittpelz et al. [2008].
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Sequence 1: AtGRP7 nucleotide sequence.
UTR is displayed in gray, binding regions in orange and exons in blue.

1

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101

CUUCGUCUAC AUCGUUCUAC
UCCCUUAGAU CUUCUUUUCA
UCGGUGCUUC GUUGGAGGUC
AGACUGCCUU CGCUCAAUAC
ACGCCGAGAU CGGACUCCGA
CUGUUCCGAU CUUGUGUUUC
AUUCUCGUUC UUUGUUACUA
CAAAUCGGUA CGUUCAUCUU
AUUUUUUUGU AUUUUGUAUA
UUUUGUUGGA UUGUUUUGCU
AUCAUUAACG AUCGUGAGAC
CUUCAAGGAU GAGAAAGCCA
AAGAUCUCGA UGGCCGUAGC
AGCGGUGGCG GCGGAGGCCA
CGGCGGUGGU GGAGGUUACU
GCGGUAGACG CGAGGGUGGA
UCCUCAAGAG GUGGUGGUGG
AGGAGGAGGA UACGGUGGUG
GUGGUGGAGG AUGGUAAUUC
GUUCUCUCUC UCGCUUGUUA
UUUGUUCUGG UUCUGCUUUA
UUUGGUAUCU GGAAACGUAA
AAAUUUCUUC GGAGAUAUUA

ACAUCUCACU
AAUUUCAAUG
UAGCAUGGGC
GGCGACGUUA
GUGAUAUCGA
UCUGUUACUU
CUACUACUAC
CCUGCUUCUG

UUUGUUGUAG
GAUCUGGUUU

GCUCACUACU
GCGUCCGGUG
CACUGAUGAC
UUGAUUCCAA
UGAUCUCAUC
GAUUCGAUUA
UACUGUUACU
UGAGCCCGGA

AUCUAAAUGC
UUGUAUUAUU

GUGAAGGAGG AGGUUACGGA
CUUUAAUUAG GUUUGGGAUU
UGCUUCUACU UGGUUUUGUG
GAUUUGAUGU AACAGUUCGU
UGUUAAGUCA CUUGUCAUUC
UCUCUGUUGA UUGAUUCUAU

Sequence 2: AtGRP7 amino acid sequence.
Glycine stretch in gray, region used for structure prediction (cf. figure 2.16)
in yellow with RNPs in red.

CUCACUGUAA

UGUAUUUUCC
GAUCGAUCGG
UUUUGUUCAG
UGGAUAACAG

ACCAAUGAAU
UGUUCUCUAU
GAUUAGGUAU
UCUAAAUAAC
CAUCU

1 MASGDVEYRE HENBENAWATD DRALETAFAQ YGDVIDSKII NDRETGRSHEE
51 HEEENMFKDEK AMKDAIEGMN GQDLDGRSIT VNEAQSRGSE GGGGHRGGGG
101 GGYRSGGGGG YSGGGGSYGG GGGRREGGGG YSGGGGGYSS RGGGGGSYGG
151 GRREGGGGYG GGEGGGYGGS GGGGGW

35






3 Materials and Methods

3.1 Instrumentation

All instrumentation used in this work will be described in this chapter.
This includes the different custom built spectroscopic setups used for
confocal and widefield microscopy, as wells as standard commercial
systems utilized.

3.1.1 Ensemble Spectroscopy Devices
3.1.1.1 Fluorescence Spectroscopy

A Cary Eclipse (Varian, Darmstadt, Germany) spectrometer was used
for recording fluorescence spectra. The spectrometer is equipped with a
thermoelectric peltier temperature control, allowing for thermal kinetic
measurements.

Fluorescence spectra of recombinant Dronpa-s in solution

Purified Dronpa-s protein was diluted with PBS to 10° M in a stan-
dard quartz cuvette. The emission spectra of Dronpa were measured
with the described fluorescence spectrometer at 488 nm excitation
wavelength.
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3.1.1.2 Absorption Spectroscopy

If light of the intensity Iy and the wavelength A\ passes through a
substance, it will be attenuated to the intensity I due to absorption.
The attenuation depends on the concentration C' of the substance,
the specific absorption coefficient € at the wavelength A\ and d the
length of the trajectory through the substance. If the concentration
is below 106 M, effects like fluorescence emission reabsorption and
intermolecular interactions can be neglected. Thus the absorption A
linearly relates to the concentration In this case, the absorption of
light is given by the LAMBERT-BEER law.

I
AzlogTOze-C-d. (3.1)
Absorption spectra were obtained with a Lambda 25 absorption spec-
trometer (PerkinElmer). The samples were diluted to a concentra-
tion of 107 M in quartz glass cuvettes (Hellma), prior to examina-
tion.

3.1.2 Confocal Laser Scanning Microscopes

In this work varying confocal systems were used for live cell imaging.
Each has its own set of advantages and disadvantages. While the
commercial setups provide out of the box functionality for standard
experiments, it can be hard to get quantitative results or perform
rather uncommon methods on them. This is where a custom-built
setup comes into play, as it is highly scalable.

Confocal systems can be of two types in general. The most common
used technique in commercial systems is the beam scanning approach,
where the laser beam is deflected by galvanometer driven mirrors, thus
scanning the static sample. Both commercial systems used in this work
are of beam scanning type.

Another approach is realized via stage scanning. Here the whole stage
harboring the sample is moved in relation to a static laser beam, also
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resulting in the scanning of the sample. Therefore, the stage has to be
moved with high accuracy, which is often realized by a piezo driven
stage. This technique was used for the custom-built setup, described
in chapter 3.1.2.3.

3.1.2.1 Zeiss LSM 710

The LSM 710 (Carl Zeiss AG, Germany) is an inverse confocal micro-
scope (see chapter 2.3), equipped with a Helium Neon (HeNe) Laser
and an Argon Ionen (Ar™) Laser. Thus, it provides several excitation
laser lines: Ar' 458 nm , 488 nm, and 514nm. HeNe 543 nm and
633nm. Input laser powers of the Ar" lines could only be adjusted
arbitrarily by setting a remote control knob. Input laser power of the
HeNe could not be adjusted. Furthermore, the software provides a final
laser power adjustment in relative units (0 — 100 %). Whereas 100 %
corresponds to the input laser power. Due to the security mechanisms
it is not possible to directly measure applied laser powers with an
external device, as all laser emission was shut off when the optical path
was interrupted by any means.

Input laser powers for each line were measured during the initial
installation of the setup to be 1.42 mW for 458 nm, 7.18 mW for 488 nm,
5.76 mW for 514 nm, 0.56 mW for 543 nm and 1.71 mW for 633 nm. The
Ar™ remote control knob was adjusted to the same maximum level at
its best. Therefore, laser power was assumed to be nearly the given
values at initial setup attenuated by the respective percentage set in
the software.

The LSM 710 facilitates two independent galvanometric scanning
mirrors by which the laser beam is guided through a PlanAPO 63x/1.40
NA oil immersion objective (Zeiss), focusing on the sample. The
fluorescence is collected by the same objective, transmits the dichroic
filter and is further directed to a pinhole with adjustable aperture size.
A subsequent grid spectrally separated the light nanometer-wise and
directed it to three different photomultiplier tubes (PMT) . Prior to
that, the spectral range could be narrowed to appropriate detection
windows by multiple filter sets. The built-in z-drive (Axio Observer)
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supplied 3D-scans of the samples with a minimum step size of below
25 nm.

The bundled evaluation software Zen (Zeiss) that came with the LSM
710 supplied a rich interface individual settings and a broad range of
tools and algorithms for automated procedures, such as time-lapse
imaging and also a FRAP analysis. For various reasons a manual
postponed FRAP analysis was favored over the in-built tool (see
chapter 3.2.2.2 on page 47).

Resulting images were saved as .lsm-files with a set of all applied
measurement parameters for further processing. This file format can
be imported by ImageJ (via plugin) and Fiji (see chapter 3.2.2 on
page 46).

3.1.2.2 Leica TCM SP2

In general the TCM SP2 (Leica) features the same backbone com-
ponents as the LSM 710 except for the upright orientation of the
microscope. In addition to the laser lines mentioned in chapter 3.1.2.1
for the LSM, the SP2 features a 405nm laser line. For imaging a
PlanApo x63; 1.1 NA oil immersion objective (Leica) was deployed.
The according laser powers could be obtained by placing the sensor of
an external power-meter (Field Master, Coherent) in the focal plane
of the objective.

3.1.2.3 Custom Build CLSM

A custom-built confocal laser scanning microscope was used for fluores-
cence imaging. The main components are schemed in figure 3.1 on the
facing page. The setup consists of an inverted microscope (Axiovert
200M; Zeiss) equipped with a piezo stage (PI-509; Physik Instrumente).
The piezo stage moves the sample through the focus and is controlled
by an analog output card (PCI-6713; National Instruments). An argon-
ion laser (Ion Laser Technology) emitting at 488 nm and a laser diode
(Vioflame, Coherent) emitting at 405nm are used for excitation. Both
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Figure 3.1: Scheme of the custom-built confocal laser scanning
setup.

Optical elements used in the excitation path, indicated by the blue dashed
box: Argon-Ton laser (Art) and a diode laser emitting at 405 nm as laser
sources. Collimator (C), mirror (M), lens (L), KEPLER-type telescope and
an optical fiber, were used for beam guiding and shaping. Both excitation
lasers could be attenuated and shut independently (S) and were overlaid by
a dichroic mirror (DCM). Prism and a diaphragm were used to separate
the 488 nm line from the residual Ar™ laser lines.

Optical elemets within the detection path, indicated by the red dashed box:
Long-pass (LP) and band-pass (BP) filters depleted raman and rayleigh
scattered laser light. DCMs were used for spectral separation of the fluo-
rescence signal. Avalanche photo diodes (APD) were used as detectors for
the spectrally filtered light. For signal processing a time correlated single
photon counting (TCSPC) PCI card was deployed.
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laser sources are controlled by a shutter and a variable attenuator. The
488 nm laser light beam was extended using a telescope, overlaid with
the 405 nm laser beam by the use of a dichroic mirror and coupled into
the microscope where it was directed into the objective (Plan Apo,
x60, NA 1.4 oil; Olympus). The light beam was focused onto the
sample and fluorescence light was collected by the same objective and
spectrally separated using a dichroic beamsplitter (z 405/488; Chroma
Technology). The parallel light beam was first focused onto a 100 pm
pinhole and then focused onto the active area of an avalanche photodi-
ode (AQR-16; Perkin Elmer) passing an emission filter (HQ 500 LP;
Chroma Technology). The electric signal was then processed by a time-
correlated single-photon counting device (SPC-630; Becker & Hickl).
The whole set-up is controlled by a software based on LabView that
controls the movement of the piezo scan stage and attributes photon
information obtained by the photon-counting device to the appropriate
x- and y -positions on the sample. If not stated otherwise, the piezo
movement was adjusted to a dwell time of 1 ms/px and a step size of
500 nm/px for laser scanning experiments.

3.1.3 Fluorescence Correlation Spectroscopy Setup

FCS experiments were performed on a custom-made confocal fluores-
cence microscope (see figure 3.2) that essentially consists of a standard
inverse fluorescence microscope equipped with a HeNe laser, emitting
at 632.8 nm, as excitation source and a pinhole of 100 pm size. The col-
limated laser beam was coupled into an oil-immersion objective (X 60;
NA 1.35, Zeiss) by a dichroic beam splitter (645DLRP, Omega Optical,
Brattleboro, VT). The average laser power was adjusted to be 0.5 mW
before entering the aperture of the microscope, so as not to populate
the triplet state of the fluorophores. The fluorescence signal was col-
lected by the same objective, filtered by a band-pass filter (TO0RDF75,
Omega Optical), and imaged onto the active area of two single-photon
avalanche photodiodes (APDs) (SPCM-AQR-14, PerkinElmer Opto-
electronics, Vaudreuil, QC, Canada), sharing the fluorescence signal
by a cubic non-polarizing beamsplitter (Linos, Gottingen, Germany).
The signals of the APDs were recorded at cross-correlation setting
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(9 cycles a 100 s for each measurement) by using a real-time photon
correlator PCI card (DPC-230, Becker & Hickl, Berlin, Germany).
The application of two APDs at cross-correlation setting circumvents
dead-time and after-pulsing effects.

Sample
Ex
S
DCM Opt. Fiber
C

IT> L
mim Pinhole BP
N H

L LP

Correl.
Card

Figure 3.2: Scheme of the custom-built FCS setup.

Optical elements used in the excitation path, indicated by the blue dashed
box: Diode laser equipped with excitation filter (Ex) emitting at 633 nm as
laser source. Collimator (C), mirrors (M), lenses (L), and an optical fiber,
were used for beam guiding and shaping. An attenuator/shutter (S) was
used for adjusting the laser intensity.

Optical elemets within the detection path, indicated by the red dashed box:
Long-pass (LP) and band-pass (BP) filters depleted raman and rayleigh
scattered laser light. A 50/50 beam splitter cube (BS) was used for equal
distribution of the fluorescence signal on to APDs. For signal processing a
correlator PCI card was deployed.
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3.2 Data Processing and Analysis

3.2.1 Correlation Matrix Method

This method is based on evaluating the Fuclidian length I" of a vector
derived from a 4x4 Hermitian correlation-matrix that contains corre-
lation coefficients calculated from image data. Therefore, an image
is first transcribed into a linear trace of the pixel-to-pixel intensity
variation. This linear plot can consist of an arbitrarily chosen path
within the image, or it could just be a linear display of the confocal
image scan. The intensity profile is then subdivided into N sections s
(not necessarily of equal length). For each section the absolute number
of signals I;(s) with i = 1,2 = red, green is counted where i represents
the individual channels (e.g. red/green emitting fluorophores). I (s)
and I.,(s) denote the total number of signals across all channels and
the number of colocalized intensities. The 4x4 correlation-matrix for
colocalized data is defined as

1 2.1 T'sum,1 Tcol, 1
Y = 1,2 1 Tsum,2 Tcol 2 (3 2)
T1,sum T2,sum 1 Tcol,sum '
T1,col 72, col T sum,col 1

and the corresponding Euclidian length I' of the vector can be calculated
in the case of two colors with

_ 2 2 2 2
FQ - \/rl,Q + rl,col + T2,col + Tsum,col (33)

, where every r; ; represents a correlation coefficient of two channels
with 7,7 = 1,2, sum, col calculated by

R NEsl(() )(() )
J \/23:1 T \/Z (I;( )2

, taking into account the alternating contributions, respectively. The
correlation matrix can readily be extended to more than two data
channels by including the corresponding additional coefficients. For

(3.4)
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practical reasons a number of N = 20 segments is reasonable to reduce
computation time. The relative deviation of the norm is calculated
to 10%. As the number of sections goes to 100 the norm reaches a
limiting value and the relative error becomes insignificant. The I'-norm
decreases to a limiting value as a number of sections following a power
law. For a two-channel sample that exhibits perfect colocalization the
norm Iy has a maximum value of 2. If the majority of signals are
randomly colocalized, I'; adopts values below 1, and a mixture of both
delivers a value between 1 and 2. To also provide a measure for the
number of non-colocalized events an additional relative norm is defined
as

Frel - M (35)

Fmaa:

, called the anti-fraction. I',.; denotes the relative number of signals
which do not colocalize or in other words it represents the deviation
from a perfectly colocalized sample. The introduction of this parameter
is necessary, because for samples with more than two data channels
[’y is a mixture of all (two or more) colocalized events, whereas I,
is always (in good approximation) the percentage of non-colocalized
events. For image processing the algorithm can be further simplified
by neglecting the signal identification step using arbitrary thresholds.
The threshold value can be set using 7' = 4 30, where p denotes the
mean intensity value of the region of interest (ROI) or the entire image,
and the linear term ¢ - o represents multiples of the corresponding
standard deviation . The extension of this method to the evaluation
of three-color colocalization data is straightforward. In this case I' has
to be modified to

_ 2 2 2 2 2 2 2
F3 - \/T1,2 + TLcol + T2,col + rsum,col + T3,col + 7"3’1 + T3,2 (36)

,which can have a maximum value of V7 =~ 2.65. In this case, norms
with values below

Fn—maac
~ 0.88 (3.7)

n n=3

,(where n is the total number of channels analyzed) indicate a sample
with a major anti-fraction, i.e. few to no colocalized events. Fur-
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ther extension to more than 3 color channels is also straight for-
ward.

3.2.2 Image Processing with ImagelJ (Fiji)

Post-processing of image data of all kinds was done with Fiji, which
is a platform independent, scientific grade java application. Fiji is an
image processor based on the freely available and widely used ImageJ
which is known to be especially expandable by a multitude of plugins.
Therefore, the approach of Fiji is, to deliver a fully usable image
processor out of the box, by including the most important plugins in a
single software package. Also frequent updates to the ImageJ-core as
well as to the plugins are supplied. All this made Fiji the first choice
for image post-processing in this work.

Furthermore, a novel plugin to work with both, ImageJ and Fiji,
emanated from this work and was made accessible to further scientific
usage.

3.2.2.1 GICA-Plugin

The developed plugin was written in the scripting language Jython,
which is an implementation of the Python programming language
written in Java. Thus it could be directly packaged as an ImageJ/Fiji
plugin.

Therefore, Fiji provides an own integrated development environment
(IDE) for plugin and macro programming.

However, the core algorithms were written in C++, partly originating
from the routines developed by Yahiaténe et al. [2012]. These routines
were adapted and complemented by newly developed algorithms, to
match the needs emerging due to the novel implementation in image
data analysis (see chapter 3.2.1).
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3.2.2.2 FRAP-Analysis of Time Lapse Image Series

Time lapse image series acquired with one of the deployed confocal
setups, were saved as a tif-stack whenever possible, or converted thus.
In this form they could be easily imported in ImageJ/Fiji. Files saved
in .1sm format are nothing but tif-stacks including all parameters
set during measurement in a specific file header. Therefore Fiji can
import those right out of the box, whereas a plugin is necessary for
ImageJ.

However, once imported, the image data was processed as follows:
Three regions of interest (ROI) were defined by using the selection
tool and the Roi Manager of Fiji/ImageJ. One ROI including plain
background signal, a second ROI encircling a fluorescent reference
cell and the last ROI defining the target cell, compartment or area in
general. Thus this had to be satisfied by establishing an appropriate
composition of the image prior to acquisition.

Occasionally an additional registration of the image stack was neces-
sary, when the specimen moved a reasonable distance during image
acquisition. This was realized by application of the StackReg plu-
gin.

Furthermore, the Multi Measure function of the ROI Manager was
used, while the measurement options were set to calculate the mean
gray value of each ROI and its standard deviation. This results in a
list of comma separated values and therefore was saved as a csv-file.
Thus obtained data was further analyzed and plotted with the statistic
software suite Origin8 Pro (OriginLab, USA).

3.2.3 Fluorescence recovery after selective
photoswitching

For fluorescence recovery after selective photoswitching experiments,
the selected area of the sample was moved to the laser focus by
means of the piezo stage. A preswitch image was acquired with
the setup described above. Then the laser power was increased to
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10 pW for 10 seconds through a variable attenuator in order to switch
Dronpa-s to the off-state. The switched region corresponds to the
dimensions of the laser focus. The cell was scanned directly after the
end of the switching process. Subsequently, images were acquired at
2min intervals. The mean gray values in the nucleus were calculated
for each image and plotted versus the time. A mono-exponential
function

fo)y=A-(1—exp—=k-t), (3.8)

where t is the time, A the apparent saturation and k the recovery
constant, was fitted to the data points to extract the Characteristic
recovery time (T%) value. The images were stored at 16 bit resolution
and analyzed using ImageJ (U.S. National Institutes of Health; http:
//www.rsbweb.nih.gov/ij/). A Student’s t-test was used to evaluate
the differences in recovery half-times at zt4 and zt11, respectively. A
p value < 0.05 was considered significant.

3.2.4 Hairpin Computation

DNA hairpin structures were calculated and visualized by UNAFold
(version 3.8) Peyret [2000], SantaLucia [1998], Zuker [2003]. The
settings were adjusted to linear DNA sequences in a mM concen-
tration. Folding temperatures were set to room temperature and
ionic conditions were adapted to the used PBS buffer and set to
140 mM.

3.3 Sample Preparation

3.3.1 Recombinant Dronpa-s fusion protein

Dronpa-s was created by adaptation of the codon usage to the bias of
Arabidopsis using codon adaptation index (CAI) performed by GeneArt
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using their in-house proprietary software Geneoptimizer®. Further-
more, cryptic splice signals, TATA boxes, ribosomal entry sites, repeat
sequences and extensive RNA secondary structure were avoided and a
Kozak sequence surrounds the start codon.

Dronpa-s was fused in frame to glutathione S-transferase in the vec-
tor pGEX-6P1 (GE Healthcare). Recombinant GST-Dronpa-s was
expressed in E. coli BL21 (DE5) cells and purified from crude lysate
by batch absorption on GST agarose. The Dronpa-s moiety was recov-
ered by cleavage of the fusion protein with PreScission protease (GE
Healthcare) on the column according to the manufacturer’s recommen-
dation.

3.3.2 Immobilization of recombinant Dronpa

Mowiol polyvinyl alcohol (PVA) (Calbiochem) was heated to 37°C
and mixed with a solution (0.5mg/ml in PBS) of recombinantly ex-
pressed Dronpa-s. Microscopy coverslips were immediately coated
using a self-assembled spin coater resulting in a film only a few mi-
crometers thick. Measurements were performed on the setup described
previously.

3.3.3 Construction of the AtGRP7-Dronpa-s fusion

To allow in-frame fusion of Dronpa-s to the C-terminus of the AtGRP7
coding sequence (including the intron), the AtGRP7 stop codon was
replaced by a BamHI site. The AtGRP7-Dronpa-s fusion protein
was expressed under control of 1.4 kb of the AtGRP7 promoter, the
AtGRP7 5 UTR and 3’ UTR (construct AtGRP7:AtGRP7-Dronpa-
s). As a control, Dronpa-s was placed under control of the same
regulatory elements [Staiger and Apel, 1999]. The cassettes were
inserted into Hind III- Xbal-cut pUC19 polylinker of the binary vector
pHPT1 [Schoning et al., 2008].

49



3 Materials and Methods

3.3.4 Plant transformation and growth

Agrobacterium-mediated stable transformation of Arabidopsis Col was
performed using vacuum infiltration [Bechtold and Pelletier, 1998].
Seeds were germinated on onechalf strength MS plates containing
0.5 % sucrose supplemented with the appropriate antibiotic and grown
in 16h light / 8h dark cycles at 20° C in a Percival growth cham-
ber.

3.3.5 Transient expression in Nicotiana benthamiana

Both, Dronpa-s and Dronpa from the commercial vector (Dronpa-
GREEN pDG-S1; MLB Group Company), were placed under control
of the CaMV promoter in the vector pRT104 [Tépfer et al., 1987]. The
cassettes were inserted into the binary vector pCAMBIA 3000 and the
constructs were introduced into Agrobacterium tumefaciens GV3101
(pMP90) . Agrobacterium cultures were independently centrifuged at
8000 g for 15 min, washed once with and resuspended in infiltration me-
dia (10mM MES-KOH pH 5.7, 10 mM MgCl2, 100 uM acetosyringone)
and adjusted to an optical density (OD)600 of 0.8. Cultures expressing
Dronpa-s or Dronpa-GREEN were mixed with an equal volume of
agrobacteria expressing the viral silencing suppressor p19. Multiple
individual leaves (4-5 leaf stage, ca. 10cm high) were mechanically
infused by pressing the tip of the syringe against the lower surface of
the leaf and applying gentle pressure to the plunger. Four days after
infiltration, leaves were harvested and quick-frozen in liquid Ny. For
determination of the Dronpa fluorescence, native protein extracts were
prepared and diluted to a concentration of 5 pg/mL with PBS. After
excitation at 480 nm, the fluorescence emission spectrum was recorded
(500-600 nm). Peak fluorescence intensity at 516 nm was expressed as
means + SD (n = 10). Student’s t -test was used to determine whether
the differences were statistically significant.
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3.3.6 Transfection of HeLa and COS-7 cells

Both, Dronpa-s and Dronpa-GREEN (pDGS1; MLB Group Company),
respectively, were inserted into the vector pcDNA3.1+ under control
of the CMV promoter. Transfection of confluent HeLa or COS-7
cells was performed with TurboFect (Fermentas) according to the
manufacturer’s instructions. Twenty-four hours after transfection, pro-
teins were extracted using the mammalian protein extraction reagent
(M-PER)mammalian protein extraction reagent (Thermo Scientific)
according to the manufacturer’s instructions. Dronpa fluorescence was
determined as described for tobacco leaves.

3.3.7 Titration assays for FCS measurements

Synthetic DNA and RNA oligonucleotides functionalized with Atto655
at the 3" end (absorption maximum 663 nm, fluorescence emission max-
imum 684 nm) were obtained from IBA (Gottingen, Germany). Fluo-
rescently labeled oligonucleotides were diluted to a final concentration
of 0.1 nM in phosphate-buffered saline (PBS, pH 7.4) containing 0.05%
Tween 20 to suppress glass surface interactions.

For measurements with RNA oligonucleotides, ribonuclease inhibitor
RiboLock (400 units/ml) (Fermentas; St. Leon-Rot, Germany) and
tRNA (10 pg/ml) were added to the buffer. FCS measurements were
carried out in 70 pl solution enclosed by a recessed slide and a cover slip,
using 63 pl of oligonucleotide solution 1071 M and 7l of recombinant
protein, as indicated. All measurements were performed at room
temperature.
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In order to give a comprehensive view on the findings made during
this work, I will start with the fluorescent reporter Dronpa-s, a variant
of the reversibly photoswitchable Dronpa, which was found by Ando
et al. [2004] previously.

Dronpa-s (synthetic Dronpa) was engineered to optimize the codon
usage for expression in Arabidopsis by Lummer et al. [2011]. To char-
acterize the photochemical properties of the synthetic protein in detail,
recombinantly expressed Dronpa-s from Escherichia coli was purified
and further examined for its fluorescence spectroscopic abilities. The
corresponding results are shown in chapter 4.1.

In a further step transgenic Arabidopsis plants were cultivated. Those
plants are genetically altered. Therefore, they intrinsically produce
Dronpa-s which is fused to a specific protein of interest: AtGRP7. The
purpose of the fusion protein is to permanently combine the fluorescent
properties of Dronpa-s with the physiological functionality of the target
protein AtGRPT.

To test whether AtGRP7 remains functional in the fusion protein,
a knockout mutant was engineered, in which endogenous AtGRP7
is not expressed. In this mutant, an elevated level of AtGRP8 was
detected, which is a closely related protein that is under negative
control by AtGRP7. Thus, the loss of AtGRP7 expression leads to a
relief in repression for AtGRP8 [Streitner et al., 2008]|. Furthermore,
the mutant develops more leaves than wild-type (wt) plants prior
flowering. An insertion of AtGRP7-Dronpa-s into this mutant, leads
to a compensation for the lack of endogenous AtGRP7, thus, AtGRP8
protein returns to wt levels.
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After proving the functionality of AtGRP7 within the fusion pro-
tein is preserved, the target protein can be examined by means
of fluorescence spectroscopic methods. Endorsing this, sub-cellular
localization studies and findings on the complex transport mecha-
nisms of AtGRP7 are featured in chapter 4.2 and chapter 4.3 respec-
tively.

As suggested previously [Heintzen et al., 1997, Schoning and Staiger,
2005, 2009, Schoning et al., 2007, 2008, Schiittpelz et al., 2008, Staiger,
2001, 2002, Staiger and Apel, 1999, Staiger and Heintzen, 1999, Staiger
et al., 1999, 2003, Streitner et al., 2008] AtGRPT7’s ability to bind nucleic
acids, is assumed a key role in its molecular function. This binding is
examined further via binding studies based on FCS measurements. The
according results are discussed in chapter 4.4.

Recent findings also indicate AtGRP7 to play a role in the stress
response pathway of Arabidopsis. Therefore, colocalization studies
were performed on a confocal setup, in order to visualize molecular
participation of AtGRP7 in the building of processing bodies (see
chapter 4.5). Emerging from this approach, a completely novel and
enhanced colocalization algorithm was developed, which is reviewed in
depth in chapter 4.6.

4.1 Spectroscopic Properties of Dronpa-s

The synthetic protein exhibits an absorption spectrum with the maxi-
mum at 503 nm (see figure 4.1). The emission spectrum, recorded dur-
ing excitation at the wavelength of 488 nm, peaks at 518 nm. Thus, the
codon-optimized variant resembles the original Dronpa protein cloned
from Pectiniidae as reported by Ando et al. [2004].

Subsequently, the minimum region of a sample that could be photo-
switched with the confocal setup (see chapter 3.1.2.3) was determined,
using immobilized Dronpa-s protein. Therefore, an approximately
10 pm thin layer of Dronpa-s, embedded in PVA, was spin-coated
on a glass cover slide. For three seconds 488nm laser light was
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focused onto a single spot in the sample with a focal laser power

of 10pW to transfer Dronpa-s to the off-state. Then, an area of

8 um x 8 pm was scanned with attenuated focused laser light (0.3 pW)
of the same wavelength (figure 4.2a). Thus, an intensity profile of
the bleached region could be acquired by laser scanning fluorescence

microscopy.

Absorption | Fluorescence [a.u.]

450 500 550 600
Wavelength [nm]

Figure 4.1: Absorption and emission spectra of
Dronpa-s.

The dashed line represents the absorption and the solid line
the emission of Dronpa-s. Both, absorption and emission of
Dronpa-s, peaking at 503 nm and 518 nm respectively, com-

ply with the characteristics of original Dronpa [Ando et al.,
2004].

A line plot through the center of the bleached spot yields a Gaussian
intensity distribution, where 2-4/2 - In 2-0 = FWHM, with ¢ resembling
the standard deviation and the Full width at half maximum (FWHM)
being the extent of the normal distribution function. Here the FWHM
parameter is used to characterize the size of the bleached spot. An
effective diameter of 1.15 pm in lateral direction for a minimum bleached
region could be achieved using a confocal setup (figure 4.2b), at a
given exposure time of 3s and focal laser power of 10 pW. This implies
that in biological samples also a minimum region of approximately
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1m diameter can be selectively transferred to the off-state upon laser
irradiation.

The limitation of the affected area is mandatory to not only switch
off fluorescence in specific cells inside a compound, but even more,
selectively switching specific sub-compartments of a cell. Such can be
done with nuclei in mammalian or plant cells, that are surrounded by
cytoplasm and other cell compartments.

Analogue to the previous, another experiment was performed after
switching the majority of Dronpa-s molecules to the off-state, by
repeatedly scanning an area of 20 pum x 20 pm with a significantly
higher laser power (20nW focal power). Consecutive to that, laser
light of 405 nm and a focal laser power of 0.1 pW, was focused into the
sample for 3 seconds causing the Dronpa-s molecules in a small spot
regaining their fluorescence. The result of the subsequent scanning is
shown in figure 4.2 ¢ and d. Compared to the previously described off-
switching, a wider area is affected by the on-switching, with a FWHM
of 2.7pm. This complies with the observation in figure 4.3 indicating
the on-switching process to be more efficient, as already described for
original Dronpa by Ando et al. [2004].

A further interesting finding was achieved, when samples expressing
AtGRP7-Dronpa-s were examined using the commercially available
LSM 710 (Zeiss) (cf. chapter 3.1.2.1). This setup lacked an UV-laser
as excitation source and the operator had to adjust to laser lines from
an Art (458nm , 488 nm, 514 nm) and a HeNe laser (543 nm, 633 nm).
Thus, switching Dronpa-s to the on-state, with the shortest available
wavelength available, was tested. On-switching by 458 nm turned out
to be rather efficient, which is showcased in figure 4.3. Here, Cos-7
cells, transiently expressing Dronpa-s, were imaged via excitation with
the 488 nm laser line (figure 4.3a). The applied focal excitation power
sufficed to switch a noticeable amount of Dronpa-s molecules to the off-
state during acquisition of the image sequence. This yields the decay
in fluorescence intensity shown in figure 4.3 c.

Consecutive imaging using the 458 nm laser line not only shows the
gradual increase of fluorescence in each image, but furthermore exhibits
the ability of 458 nm light to excite both, on- and off-state of Dronpa,
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Figure 4.2: Photoswitching of immobilized Dronpa-s.
Recombinant Dronpa-s was immobilized in Mowiol (see. chapter 3.3.2)
and spin-coated on a glass surface. With the confocal setup described in
chapter 3.1.2.3, a small spot was switched off (a) and on (c¢) by focused
488 nm and 405 nm laser light respectively. The exposure time and laser
power were adjusted to the same levels as used for FRAP experiments, thus
the lateral dimension of the minimum affected region could be determined
according to the FWHM convention.
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Figure 4.3: Photoswitching Dronpa-s in Cos-7 cells.
Transiently transfected Cos-7 cells, expressing Dronpa-s, were
imaged on a standard confocal setup (see chapter 3.1.2.1).
Imaging with 488 nm light (~1.9 pW; 1 %) switches Dronpa-
s off. Subsequent irradiation with 458 nm light (~0.6 pW;
30 %) switches Dronpa-s back to the on state efficiently.
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efficiently (figure 4.3b). Even with 458 nm light, on-switching is more
efficient than the off-switching by 488 nm light. This effect can be
explained by analyzing the absorption spectra of Dronpa-s in the on-
and the off-state respectively. The wavelength of 458 nm is close to
the isosbestic point of the two absorption spectra, thus both states
are excited with comparable efficiency. Both processes follow a mono-
exponential trend (figure 4.3 ¢), where oy /o denotes the characteristic
time of the respective progression.
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4.2 Subcellular Localization of AtGRP7

Having access to the functional fusion protein in vivo, the localization
of AtGRP7-Dronpa-s within Arabidopsis cells was of high interest.
Therefore, the custom confocal setup was used to record fluorescence
images of Arabidopsis roots and/or leafs, which were cut off of the
plant and immediately conditioned with approximately 1001l HyO
between two glass coverslips. Under these circumstances the cells are
considered alive for at least half an hour. These samples were further
examined at the confocal setup.

The obtained fluorescence images resemble optical cross-section of the
sample. Due to the confocal principle, fluorescence from higher and
lower planes of the sample is filtered by the pinhole efficiently.

Figure 4.4: Localization of AtGRP7-Dronpa-s and
Dronpa-s in transgenic Arabidopsis plants.

Root cells of transgenic AtGRP7-Dronpa-s plants imaged
with the custom confocal setup (see chapter 3.1.2.3). The
scale bar corresponds to 10 pum. The arrowheads denote
the nucleolus. Arrows point at nucleus (N) and cytoplasm
(Cp), V is the vacuole. (a) Intracellular distribution of
AtGRP7-Dronpa-s with a high abundance in the nucleolus.
(b) Intracellular distribution of AtGRP7-Dronpa-s showing
low abundance in the nucleolus.
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Plant cells are subject to their intrinsic cell pressure termed turgor
pressure, which pushes the tonoplast against the cell wall. The tono-
plast separates the vacuole from the cytoplasm and all other cell
compartments. Thus a healthy Arabidopsis cell will look like pictured
in figure 4.4, exhibiting the cytoplasm pressed against the cell wall by
the vacuole, forming a thin rim. Bigger cell compartments situated
within the cytoplasm are visible as buckles against the vacuole. The
most prominent compartment is the cell nucleus, which remains its
spherical shape despite the turgor, thus standing out of the cytoplasm
(figure 4.5). For even better discrimination of the nucleus against
the rest of the cell, the Endoplasmic reticulum (ER) was additionally
marked by a fluorescent reporter. Here the red fluorescent protein
mCherry was used. The rough ER accumulates around the nucleus
highlighting it efficiently (figure 4.5).

Due to the fusion of AtGRP7 to Dronpa-s the localization within
a cell could be easily displayed. It is dispensed in the cytoplasm
homogeneously and in high abundance. AtGRP7 also locates to the
nucleus in an even higher concentration compared to the cytoplasm.
The cross-section in which the nucleus has its maximum expanse,
reveals another feature of the cell. A spot within the nucleus exhibits
a particularly high AtGRP7 abundance. This suggests that AtGRP7
strongly concentrates at nucleolus site (figure 4.5), which is a small
cell structure inside the nucleoplasm.

The turgidity avoids a clear distinction of cell wall and cytoplasm.
Thus it was uncertain if AtGRP7 is also situated at or in the cell
wall. Therefore, the osmotic flow, which keeps up the turgidity of the
cells, was interrupted by applying hypotonic medium to the sample.
As a consequence the protoplast, including cytoplasmic membrane,
cytoplasm, vacuole and other cell compartments, peeled away from the
cell wall, leaving a gap in between. This process is termed plasmolysis.
Fluorescence images from both conditions, before and after plasmolysis,
are displayed in figure 4.6. The fluorescence image gives clear evidence
that AtGRP7 is not located in the cell walls of Arabidopsis, since only
the protoplasts feature fluorescence.
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Figure 4.5: Localization of AtGRP7-Dronpa-s in Arabidop-
sis epidermal leaf cell.

Epidermal leaf cell of Arabidopsis expressing both, AtGRP7-Dronpa-
s (blue) and an ER marker attached to mCherry (yellow). AtGRP7-
Dronpa-s is to be found in the cytoplasm and prominently locates
to the nucleoplasm, which is pronounced by the rough ER enclosing
the nucleus. Scale bar corresponds to 20 pm. Image was acquired
with the custom confocal setup (see chapter 3.1.2.3)

Figure 4.6: Plasmolysis of Arabidopsis root cells expressing
AtGRPT7-Dronpa-s.

The image shows a fluorescence image of a compound of Arabidopsis
root cells before and after (inset) exposure to hypertonic medium.
The scale bar corresponds to 10 pm. The images were acquired by
using the custom confocal setup (see chapter 3.1.2.3).
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4.3 Nucleo-Cytoplasmic Shuttling of
AtGRP7

With the perspective on how AtGRP7 is distributed throughout the
cells in Arabidopsis, the question how the AtGRP7 molecules reach
the inside of the nucleus, arose. The nucleus is separated from the
cytoplasm by the nuclear envelope.

Proteins and other molecules can pass this barrier by shuttling through
the so called nuclear pore complexes (NPC). NPCs contain a central
aqueous channel with an estimated radius of about 2.6 nm [Mohr et al.,
2009]. Proteins with a molecular mass above approximately 40kDa
require a nuclear localization signal (NLS) to pass the NPCs, while
smaller proteins can passively diffuse through the channel [Freitas and
Cunha, 2009, Gorlich and Kutay, 1999].

Regular nuclear localization signals consist of one or two stretches of
basic amino acid residues, in particular lysines. AtGRP7 does not
feature a classical NLS, but it has an M9 domain originally found in
some mammalian heterogeneous nuclear ribonucleoproteins (hnRNPs)
implicated in many aspects of RNA processing [Siomi and Dreyfuss,
1995]. M9 domains have been suggested to mediate transport both
into and out of the nucleus by Bogerd et al. [1999]. AtGRP7, with a
size of 17kDa, is below the size-exclusion limit of the NPC, anyway.
Therefore, it can reach the nucleoplasm by diffusion. However, the
strong abundance of AtGRP7-Dronpa-s (which ~with 45 kDa~ is obvi-
ously bigger than Dronpa-s ) in the nucleus, can hardly be explained
solely by diffusion.

4.3.1 Imaging Techniques adopted to reversibly
switchable Dronpa-s

Diffusion and transport mechanisms can be visualized by special
imaging techniques, involving photobleaching and photoactivation
of fluorophores. The first method to quantify molecular movement
through photobleaching recovery kinetics was described by Axelrod
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et al. in 1976. This method became a widely used imaging technique
and was termed FRAP!. Even measurements of protein dynamics
between compartments within the cell became possible by selectively
bleaching the fluorescence of specific cell compartments [Goodwin
and Kenworthy, 2005, Koster et al., 2005, Lippincott-Schwartz et al.,

Cry- -

Switch off Recovery

Figure 4.7: FRAP scheme revealing AtGRP7 to be
imported from cytoplasm to nucleus in a plant cell.
First fluorescence within the nucleus is selectively switched
off, leaving the rest of the cell unaffected. In the following
the fluorescence recovery is monitored, possibly providing
information on the underlying transport mechanism.

This method looked promising in the quest for the mechanism behind
the nuclear transport of AtGRP7. An aim was to realize an experi-
ment as schemed in figure 4.7 where the fluorescence of Dronpa-s is
selectively switched off within the nucleus, and the recovery is moni-
tored subsequently. The determination of the kinetics of fluorescence
recovery, should yield information about the process which gives rise
to nuclear import of AtGRP7.

Due to the ability to reversibly switch Dronpa-s, a further experiment
is imaginable. As displayed in figure 4.8, even a possible export of
AtGRP7 can be visualized and characterized by an inverse experi-
ment design, where the fluorescence, specifically within the nucleus, is
switched back on, consecutive to switching off all fluorescence through-
out the entire cell.

1 JAli and Reddy, 2006, Braeckmans et al., 2003, 2007, Braga et al., 2004, Bulinski
et al., 2001, Carrero et al., 2003, Ellenberg et al., 1997, Glazachev and Khramtsov,
2006, Hagen et al., 2009, Hallen and Layton, 2010, Herrmann et al., 2005, Kruhlak
et al., 2000, Lippincott-Schwartz et al., 2003, Lubelski and Klafter, 2008, Mazza
et al.; 2007, 2008, Mueller et al., 2008, Reits and Neefjes, 2001, Sprague and
McNally, 2005]
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e

Switch on Dispensation

Figure 4.8: Photoactivation scheme revealing
AtGRPT7 to be exported from nucleus to cytoplasm
in a plant cell.

First all fluorescent molecules in the cell are switched off.
Next, the fluorescence within the nucleus is selectively
switched on, leaving the rest of the cell unaffected. In the
following the decay of fluorescence is monitored, possibly
providing information on the underlying transport mecha-
nism.

The general aptitude of Dronpa-s for such imaging techniques was
tested with Cos-7 cells, which were transiently expressing AtGRP7-
Dronpa-s. These mammalian cells were preferred over the stable
transfected plant cells, at test stage, because of their size and shape,
both of which afford a more convenient experiment design. Another
aspect was time, since Cos-7 cells grow a lot faster than Arabidopsis
seedlings.

Similar to its distribution in Arabidopsis cells, AtGRPT7 locates to
both nucleus and cytoplasm of Cos-7 cells, where it holds no native
functionality. As shown in figure 4.9, Dronpa-s fluorescence can be
selectively switched off in the nucleus of the cell, while the rest of
the cell remains fluorescent. The following images of the sequence
display the gradual recovery of fluorescence within the nucleus on a
time scale of several minutes. Thus, fluorescent molecules from outside
the nucleus have moved to the inside by passing the nuclear envelope.
The 71 parameter can be extracted from the respective fluorescence
intensity plot, by a logistic fit (figure 4.10). T1 resembles the time of
half recovery which is characteristic to the mechanism accounting for
the recovery.

A following second experiment could be performed on the very same cell
which was probed before. This time the fluorescence in the whole cell
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4 Results and Discussion

Figure 4.9: Dronpa-s within the nucleus of Cos-7 cells selectively
switched to off-state.

Transiently transfected Cos-7 cells expressing Dronpa-s were imaged on a
standard confocal setup (see chapter 3.1.2.1). The '"FRAP’ program of the
LSM software (Zen, Zeiss) was used to specify a small region of interest
within the nucleus. Next the ROI was irradiated by intense 488 nm light
and a subsequent time lapse image sequence was recorded (1%, 488 nm).
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Figure 4.10: Intensity recovery plot of fluorescence within Cos-7

nucleus.
The fluorescence intensity recovery was fitted by a logistic model.
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is switched off. In a next step, the molecules within the nucleoplasm
were selectively switched to the on-state, as shown in figure 4.11.
As a result the nucleus fluoresces bright, while the rest of the cell
remains dark. Over time (again several minutes) the fluorescence
got dispersed to the whole cell, emanating from the nucleus. Due to
this dispersion the fluorescence intensity decreased within the nucleus,
which is displayed by the intensity plot in figure 4.12. A respective
71 value can be extracted, by fitting a logistic model to the data

(ﬁqure 4.10).

In summary the applied testing stage, featuring Cos-7 cells and the
standard confocal LSM 710 microscope, demonstrated the aptitude of
Dronpa-s to serve as a fluorescent reporter for experiments comprising
selective photoswitching. Another interesting finding arose from these
experiments. Unexpectedly Dronpa-s also turned out to be better
adapted to expression in Cos-7 cells compared to original Dronpa
[Lummer et al., 2011].

4.3.2 Selective photoswitching in plant cells

Exchanging the test system against the functional system in plants bore
some difficulties which had to be overcome. As mentioned before, the
Arabidopsis seedlings need some time to grow to reasonable size. Plants
had to grow for a time period of at least two weeks prior to examination.
Furthermore, the size and shape of the plant cells compared to the
previously used Cos-7 cells was very different.

It was a challenge to take aim at the nucleus with the laser, while it
was pushed against the cell wall, being a significantly smaller target.
Therefore, it was convenient to switch to the custom confocal setup
(described in chapter 3.1.2.3) for most of the experiments which were
carried out in plant cells. The custom setup allowed for the laser beam
to be pointed at a single spot in the nucleus for an arbitrary amount of
time in order to perform selective photoswitching. In contrary to that
the 'FRAP’ program of the LSM 710 had some limitations, like solely
being able to scan a small given ROI repeatedly, and thus, switching a
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4 Results and Discussion

Figure 4.11: Dronpa-s within the nucleus of Cos-7 cells selectively
switched to on-state.

Transiently transfected Cos-7 cells expressing Dronpa-s, were imaged on a
standard confocal setup (see chapter 3.1.2.1). The "FRAP’ program of the
LSM software (Zen, Zeiss) was used to specify a small region of interest
within the nucleus. Next the ROI was irradiated by 458 nm light and a
subsequent time lapse image sequence was recorded (488 nm).
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Figure 4.12: Intensity decay plot of fluorescence within Cos-7 nu-
cleus.
The decay in fluorescence intensity was fitted by a logistic model.
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bigger area. While not being a problem with the big nuclei in Cos-7 cells,
because of their big nuclei, this sometimes led to unintended switching
of parts of the cytoplasm in Arabidopsis cells.

Considering that and the results of the proof-of-principle-experiments
described in chapter 4.1, which identified the minimum switchable
spot size, it was possible to selectively switch nuclei in Arabidopsis
cells. A first success is shown in figure 4.13. Here, a direct comparison
of fluorescence images before (figure 4.13a) and after (figure 4.13b)
selectively switching off the fluorescence within the nucleus, is given.
As can clearly be seen, there is a sharp edge separating the dim nucleus
from the still fluorescent rest of the cell. This demonstrates, that just
AtGRP7-Dronpa-s molecules within the nucleus were affected by the
laser beam and thus switched to the off-state (figure 4.13b). In case of
non-selective switching, a gradual transition from a dim switched region
to the brighter environment has to be expected.

Figure 4.13: Selectively photoswitching Dronpa-s within a
cell nucleus of Arabidopsis.

All images were acquired using the custom confocal setup, as de-
scribed in chapter 3.1.2.3. (a) Image taken before switching. Nu-
cleus (N), Cytoplasm (Cp) and Vacuole (V) are marked. (b) Image
obtained instantly after photoswitching. Fluorescence within the nu-
cleus was selectively switched off. (c¢) The depicted cell was fixed with
paraformaldehyde prior to image acquisition. The photo-switched
region is comparably small and thus denoted by an arrowhead. The
scale bars correspond to 10 pm.

The assumption that the technically switched region exhibits a compa-
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rable size as shown in figure 4.2 for recombinant Dronpa-s embedded
in PVA, is verified by figure 4.13 c¢. Here Arabidopsis root cells were
fixed with paraformaldehyde, rendering diffusion impossible. The same
treatment as applied in figure 4.13 ¢ yielded a dark spot of comparable
size to the aforementioned PVA-experiment. Although, the concentra-
tion of recombinant Dronpa-s embedded in PVA, probably differs by
far from the AtGRP7-Dronpa-s concentration within Arabidopsis cells,
the spot size of off-switched molecules is not altered significantly, if
laser power and dwell time are reasonably set. The difference in size of
the off-switched areas in figure 4.13b and ¢, should thus be attributed
to diffusion of the Dronpa-s protein inside the nucleus, which is fast in
comparison to the import of fluorescent proteins from the cytoplasm
via the NPCs. This also explains the sharp edge between dim nucleus
and bright cytoplasm in figure 4.13b.

Finally, selective photoswitching experiments were carried out in Ara-
bidopsis cells expressing AtGRP7-Dronpa-s. These experiments were
designed to reveal the mechanisms which underlie the transport of
AtGRP7-Dronpa-s through the NPCs. Analogue to the experiments
in Cos-7 cells, the selective photoswitching of fluorescence within the
nucleus was followed by a successive fluorescence recovery (figure 4.14).
A reference sample consisting of root cells expressing only Dronpa-s
(not the fusion protein), was probed in the same manner. In this
case, monitoring the fluorescence recovery within the nucleus yields a
completely different intensity plot (figure 4.15).

Within the first two minutes, a notable amount of Dronpa-s is trans-
ported into the nucleus. From then on, the fluorescence starts to
decrease successively. This decrease happens due to unintended off-
switching during image acquisition. After excitation with 488 nm light
Dronpa-s molecules emit an amount of fluorescence photons, accord-
ing to the quantum yield. However, there is also the chance that
they are switched to the off-state, with a respective lower probabil-
ity, though. Thus, intense 488 nm light, increasing this probability,
effectively switches Dronpa-s to the off-state. Therefore, each time
obtaining a fluorescence image, a small amount of Dronpa-s is switched
to the off-state simultaneously.
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4.3 Nucleo-Cytoplasmic Shuttling of AtGRP7

Figure 4.14: Nuclear import of AtGRP7-Dronpa-s visualized by
selective photoswitching.

Root cells of transgenic Arabidopsis plants, stably expressing AtGRP7-
Dronpa-s, were imaged on the custom confocal setup (see chapter 3.1.2.3).
Fluorescence within the nucleus of a cell was switched off and the recovery
was monitored to visualize the nuclear import of AtGRP7-Dronpa-s. Scale
bar: 10 pm.
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Figure 4.15: Nuclear import kinetics of AtGRP7-Dronpa-s (blue)
and Dronpa-s (orange) by selective photoswitching.

Comparison of the nuclear import kinetics in Arabidopsis cells expressing
AtGRP7-Dronpa-s and Dronpa-s respectively. The depicted graphs represent
typical kinetics for both plant types.
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Due to the rather high concentration of Dronpa-s within the cell, this
effect is negligible under usual conditions. In this case, the concentra-
tion of fluorescing Dronpa-s molecules within the nucleus, two minutes
after off-switching, is comparably low, and therefore, the effect of
unintended off-switching is noticeable.

The second conclusion emerging from this experiment is, that Dronpa-s
can not be actively imported into the nucleus against a concentration
gradient, while this is the case with At{GRP7-Dronpa-s, in comparison.
With analogue experiment design, fluorescence of AtGRP7-Dronpa-s
is still rising within the nucleus after more than two minutes, until
the intensity saturates after about 20 minutes. This is evidence for
an active transport of AtGRP7 into the nucleus and against a concen-
tration gradient. It also explains the immense abundance of AtGRP7
within the nucleus, which was described previously, since it is actively
accumulated in the nucleus.

4.3.3 Daytime Dependency in Import Speed

Another interesting finding revealed a dependency between the speed
of import and the time of day. Therefore, Arabidopsis plants were
probed at different relative time points. The relevant point of reference
is termed Zeitgeber time (zt) and is set by light stimuli, which are
applied on the plants. A time point after the stimulus is denoted
by ztH, where H gives the number of hours passed since the stimu-
lus. Thus, zt4 for instance, marks the time point 4 hours after the
stimulus.

Selective photoswitching was performed at zt4 and zt11, which corre-
sponds to the time of maximum and minimum A¢{GRP7 abundance in
Arabidopsis (cf. chapter 2.4.4). Figure 4.16 shows the AtGRP7-Dronpa-
s import kinetics of Arabidopsis plants at zt4 and zt11 respectively.
The shown kinetics differ in import speed, which is denoted by the
characteristic 71 times. At zt4 the import is significantly slower than
import at zt11. The mean value for ten cells probed at zt11 71 amounts
to 88s with a standard error s, = 8s, while the import for six cells
probed at zt4, averages out at (1504 17)s. The molecular basis which
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Figure 4.16: Nuclear import kinetics of AtGRP7-Dronpa-s at two
different times of the day.

Shown are representative measurements of AtGRP7-Dronpa-s import speed
at zt4 (orange) and zt11 (blue), respectively. Thereby, the determined 71
times are characteristic parameters, to describe the speed of import. ’

gives rise to this effect remains unknown. Furthermore, a possible
impact on the function of AtGRP7 can not be determined. A method
for regulation the AtGRP7 concentration within the cells could bear
further examination to clarify if this effect is based on the changing
AtGRP7 concentration throughout the day, or if it still exists at equal
concentrations of AtGRP7 in the cell.

4.3.4 Nuclear Export of AtGRP7-Dronpa-s in
Arabidopsis

After characterizing the import of AtGRP7 into the nucleus of Ara-
bidopsis cells, the fate of the proteins in the nucleus remained unknown.
Therefore, a possible export of AtGRP7-Dronpa-s was examined by
selectively switching fusion proteins inside the nucleus to the on-state.
Previously to that, all fusion proteins in the whole cell were switched
to the off-state. As a result the export of AtGRP7-Dronpa-s could
be visualized as displayed in figure 4.17. One minute after switching
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Figure 4.17: Nuclear export of AtGRP7-Dronpa-s vi-
sualized by selective photoswitching.

Root cells of transgenic Arabidopsis plants, stably express-
ing AtGRPT7-Dronpa-s, were imaged on the custom confo-
cal setup (see chapter 3.1.2.3). First all AtGRP7-Dronpa-s
molecules in the cell were switched to the off-state. Sub-
sequently the fluorescence within the nucleus of a cell was
switched on and the following decay was monitored to visu-
alize the nuclear export of AtGRP7-Dronpa-s. Therefore, a
fluorescence image was recorded every minute.

AtGRP7-Dronpa-s to the on-state selectively, the nucleus exhibited
a high fluorescence intensity, as expected. The cytoplasm regions in
direct vicinity to the nucleus also bore a faint fluorescence. While time
progresses the fluorescence within the nucleus decays successively, as
fluorescent AtGRP7-Dronpa-s is dispensed to the whole cytoplasm.
Analyzing the fluorescence decay specifically in the nuclei of six differ-
ent cells, yielded an average 71 of (127427)s. Therefore, the export
occurs with similar speed as the import. No significant difference of
T1 values at different relative time points was detected. This suggests
that AtGRP7 undergoes a bi-directional nucleocytoplasmic shuttling,
while only the import speed is significantly impacted by the time of
day. In mammalian cells, proteins with a high homology to AtGRP7
are known to undergo a comparable shuttling due to their M9 domain
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[Bogerd et al., 1999]. This gives rise to the assumption that the M9
domain of AtGRP7 mediates its nucleocytoplasmic shuttling. However,
export kinetics in plants, expressing solely Dronpa-s, could not be
quantified due to the comparably low concentration within the nucleus.
This results in a weak fluorescence signal after photoactivation within
the nucleus, which is subject to unintended off-switching during image
acquisition. Thus, a subsequent monitoring of (export induced) fluo-
rescence decay is not possible, since all signal is lost after recording 2 —
3 images. Therefore, an active export cannot be discriminated against
diffusion and can only be speculated.
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4.4 RNA-binding of AtGRP7

As previously described in chapter 2.4.4, AtGRPT is known to bind to
its own pre-mRNA, inducing an alternate splicing. This mechanism
builds the motor for the circadian oscillation of AtGRP7 and its
transcript throughout the day. Thanks to the findings learned in the
previous chapter of this work, it is evident, that the AtGRP7 protein
is actively pumped into the nucleus where its pre-mRNA is located.
This suggests, that a high concentration of AtGRP7 is necessary for
effective binding to is pre-mRNA.

The binding of AtGRP7 was studied before by Schéning et al. [2007],
Staiger et al. [2003]. Therefore, it is known, that the pre-mRNA
AtGRP7 features two binding sites, one in its 3’UTR region and
another in its intron region. Binding of AtGRP7 to the 3'UTR site
was examined in detail, delivering a dissociation constant (Kp value)
of 10" M [Schiittpelz et al., 2008].

4.4.1 FCS binding study

To complete the picture and learn more about the binding process, the
intron site of AtGRP7 was probed in FCS binding studies in this work.
First, the binding of AtGRP7 to the putative binding site in the second
half of the intron was characterized by determining a Kp value as a
measure for the affinity of the binding partners, while the Kp is defined
as the inverse of the association constant K 4:

[AlB] _ 1

Kp = [AB] ~ Ki

(4.1)

A DNA oligo (Int), resembling the sequence of intron binding site
(compare table 4.1 and Sequence 1 on page 35), was labeled with the
fluorophore Atto655 (AttoTec, Germany). In this work, DNA was
preferred over RNA due to the ease in handling the samples, considering
that AtGRP7 is known to bind to DNA and RNA with comparable
efficiencies [Schiittpelz et al., 2008].
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A 10719 M concentrated solution was probed in an FCS diffusion study.
Subsequently, purified AtGRPT7 protein was added to successively
increase the protein concentration. This titration is shown in fig-
ure 4.18. The Kp value for the binding could be determined to
(3.9-107 £5-10*) M. However, binding to the intron is slightly weaker
than reported for the 3’UTR site [Schiittpelz et al., 2008]. Generally, a
Kp value in the regime of 1077 M marks a rather weak binding. Highly
efficient binding processes known from molecular biology yield Kp
values in the nM range. This may be one explanation for AtGRP7
being actively pumped into the nucleus. Thus, the rather weak binding
could be compensated by increasing the concentration of the binding
partner.
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Figure 4.18: Binding of A{GRP7 to the intron site of its
transcript probed by FCS.

Characteristic diffusion time 7p plotted against AtGRP7 protein
concentration. The point of inflection, obtained by fitting the data
with a sigmoidal model, denotes the dissociation constant (Kp) of
the binding. The gray area at the bottom denotes the characteristic
diffusion time of oligo without AtGRP7 protein.
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4.4.2 Mutational binding site analysis

In a further step, a core binding sequence within the intron site was
identified. Therefore, different oligonucleotides labeled with the fluo-
rophore Atto655 were examined. The respective sequences are listed
in table 4.1.

Table 4.1: Sequences of oligonucleotides: AtGRP7 intron
(second half) and candidates for the core binding sequence

Sequence 5’ - 3’ Atp [ps]
Int TTC AGT TTT GTT GGA TTG TTT TGC TGA TCT G-Atto655 729+34
Seql TTC AGT TTT GTT-Atto655 132+11
Seq2 TT GGA TTG TTT T-Atto655 456+16
Seq3 TT TGC TGA TCT G-Atto655 304+30

Via FCS the characteristic diffusion time 7p was measured in a 107 M
concentrated solution of each oligo. In a second step the oligo samples
of each sequence were incubated with 106 M purified AtGRP7 for 15
minutes. After that, the mixed samples were probed for the character-
istic diffusion time 7p by means of FCS. Upon binding of AtGRP7 to
the respective oligos, an increase of 7p was detected. The higher the in-
crease (A7p) in diffusion time, the more stable was the binding process.
As can be seen in table 4.1, the oligo sequence Seq2 exhibits the high-
est A1p value at binding, and thus was identified as the core binding
sequence. Note, that a comparison of A7p values is only reasonable,
if the oligos are of the same length, since bigger oligos are supposed
to exhibit a bigger hydrodynamic radius, and therefore, intrinsically
yield higher diffusion times. This is demonstrated in table 4.1, where
the full length oligo Int yields a by far higher A7rp value than the
fragment sequences. Kp values for Seq2 and Seql were determined
to (4,47+0.53)-107 M and (1.7540.09)-10° M, respectively, supporting
the given interpretation of Arp values.

However, also Seq3 shows a notable binding, compared to Seql, which
yields a 2-3 fold lower A7p. In consequence to that, Seq2 and Seq3
were combined to another oligo for the following experiments. This
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extended oligo was termed Seq4 and its sequence was mutated at
several sites as listed in table 4.2. By inserting mutations, the sequence
specificity of AtGRP7 in binding to its transcript was examined. Since
Seql exhibits no reasonable binding with AtGRP7, it was excluded for
this experiment.

Table 4.2: Sequences of Seq4 oligonucleotide and the mu-
tated forms Mutation sites are highlighted in red. Pyrimidines
were exchanged by pyrimidines and purines by purines.

Sequence 5’ - 3’ AT1p [ps]

Seq4 Atto655-TTG GAT TGT TTT GCT GAT CTG 599 45
Seq4-mutl Atto655-TTG GAT TGT CCT GCT GAT CTG 502 31
Seq4-mut2 Atto655-TTG AAT TGT TTT GCT GAT CTG 575 +28
Seq4-mut3 Atto655-TTG GAT CGT TTT GCT GAT CTG 281 x21
Seq4-mut4d Atto655-TTG GAT TAT TTT GCT GAT CTG 553 £25
Seg4-mutb Atto655-TTG GAT TGT TTT ACT GAT CTG 457 +36
Seq4-mut6 Atto655-TTG GAT TGT TTT GCC GAT CTG 436 +49
Seq4-mut7 Atto655-TTG GAT TGT TTT GCT AAT CTG 225 44

As can be seen in table 4.2, two of the point mutated sequences
induced a significant loss in binding efficiency. Seq4-mut3 and Seq4-
mut7 both hardly show any binding by A¢tGRP7, which is indicated by
the comparably low A7p (cf. table 4.2). These findings suggest that
Seq4 harbors one or more important binding motifs. Notably, mut7
was embedded into the second half of Seq4 formerly represented by
Seq3. Thus, Seq3 contributes significantly to the binding site, though it
exhibits a slightly weaker binding than Seq2. Moreover, the mutational
analysis shows the specificity of the binding motifs within Seq4, and
thus, their contribution to stabilizing the binding of AtGRP7 to the
intron region of the transcript.

4.4.3 Conformational changes upon binding

It has to be assumed that the binding sites within the complete
transcript sequence are not directly available to AtGRP7 for binding,
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4 Results and Discussion

but rather are masked by secondary structures like hairpin loops. In
a further experiment the binding of AtGRP7 to the binding motif
hidden in a secondary structure was examined. Therefore, a fragment
of Seq4 was forced into a hairpin structure upon mutation. Sequence 3
displays the hairpin design. The stem consists of three base pairs and
the loop region holds a sequence of 7 bases. Two point mutations had
to be inserted to assure base pairing within the stem. Thus designed,
the oligo fragment can form a secondary structure hairpin loop at room
temperature, as displayed in figure 4.19.

Sequence 3: Hairpin designed from oligo Seq4
Hairpin fragment is highlighted: Stem in yellow, loop in
orange, point mutations in blue. First row shows the native
sequence.

1 TTGGATTGTT TTGCTGATCT G
1 TTGGATTGTT TTECEGATCT G

Figure 4.19: Schematic representation of the de-
signed hairpin.

a) In the closed form the Atto655 at 3’-end is quenched
due to Van-der-Waals-contact with the guanosine residues
at 5’-end. b) The open form gives rise to the separation of
both ends and thus inhibits the quenching of Atto655, which
again can emit fluorescence upon excitation.
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4.4 RNA-binding of AtGRP7

Of further importance is the 5’-end, which exhibits a terminal guanosine
residue. The 3’-end was coupled to an Atto655 fluorophore. If the hair-
pin exists in its closed form, guanosine (5’-end) and Atto655 (3’-end) are
in direct vicinity. Due to this, a quenching of Atto655 is accomplished
by photoinduced electron transfer (cf. chapter 2.2.2; further reading:
Doose et al. [2009]). The open form separates guanosine and Atto655,
thus a fluorescence signal can be obtained.

At room temperature the hairpin is not permanently closed. Open and
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Figure 4.20: Melting of the hairpin structure visu-
alized by plotting the fluorescence intensity against
the temperature.

With increasing temperature the hairpins melts to the open
form (orange). The temperature at which 50% of the hair-
pins exist in the open form is considered the melting point.
The fluorescence intensity correlates linearly to the concen-
tration of melted hairpins, as the fluorescence is quenched
efficiently in the closed form. By cooling the sample to room
temperature again, the hairpins re-engage their closed form
(blue).
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4 Results and Discussion

closed forms are in a steady state equilibrium with an emphasis on
the closed form. With higher temperatures the equilibrium is pushed to-
wards the open form, as can be seen in figure 4.20.

25 hRRA | LR | LA | LR | LR | LA | ML | T
— Hairpin

2.0 Hairpin + AtGRP7
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Figure 4.21: Conformational changes induced to
hairpin at binding of AtGRP7.

FCS correlation curves for hairpin only (blue) and hairpin
incubated with AtGRP7 (orange). The curves were normal-
ized to the number of particles. The shift in diffusion time
denotes binding (horizontal arrow) and the shift in the ps
regime reveals a change in the conformational activity of the
hairpin.

An FCS analysis can reveal the kinetics of periodical opening and
closing of the hairpin, accompanied by fluorescence quenching and
emission respectively, as described in chapter 2.2.3. In contrary to
measuring conventional fluorophores, the number of particles, obtained
by FCS studies, can only resemble apparent values. An efficiently
quenched hairpin will always exhibit a lower number of particles com-
pared to an un-quenched fluorophore of same concentration, because
the majority of hairpin particles are quenched and thus not considered
in FCS studies.
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4.4 RNA-binding of AtGRP7

Such an analysis was performed to probe for conformational changes
within the transcript AtGRP7 upon binding to AtGRP7 (figure 4.21).
The FCS correlation function for the hairpin indicates a 7p of (992 +
95) ps, and an average of N = 1.0 + 0.1 apparent particles within the
detection volume. The steep slope in the s and sub-ps range indicates
high conformational activity, thus, periodical opening and closing of
the hairpin. In contrary to that, the correlation function of the hairpin
incubated with purified AtGRP7 yields a higher 7p of 1394 4+99 s,
which indicates the binding. Furthermore, an increase of apparent
particles within the detection volume to N = 1.65 +0.1, denotes a
clear emphasis to the open hairpin form. This is also supported by
the comparably shallow slope in the (sub-)ps range, suggesting low
conformational activity.

Drawn together, these findings reveal the preference of AtGRP7 to
bind to its transcript in an open single stranded form. Thus, bind-
ing sites previously masked by secondary structures are stretched
upon binding of AtGRP7. This result complies with the studies of
AtGRP7 binding to the 3'UTR of its transcript [Schiittpelz et al.,
2008].
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4 Results and Discussion

4.5 AtGRPT7 relates to Stress-Response

The capabilities of AtGRP7 to bind RNA may also relate to its assumed
role in the stress response pathway of Arabidopsis (see chapter 2.4.4).
An interesting remark regarding the role of AtGRP7 in stress response
is the observation, that upon cold stress and oxidative stress AtGRPT7-
Dronpa-s agglomerates and beads out within the cytoplasm. This
behavior was revealed while taking fluorescence images of Arabidopsis
root cells expressing AtGRP7-Dronpa-s with the intention to examine
the nucleocytoplasmic shuttling, as described in chapter 4.3. Which
type of stress induced the aggregation during this particular imaging
session remains unknown.

However, at 10°C as well as 1h after treatment with arsenide AtGRP7-
Dronpa-s reproducibly builds small aggregates of about 100 — 500 nm
size in the cytoplasm as displayed in figure 4.22a. This kind of distri-
bution throughout the cell is also known from processing bodies and
stress granules, both particles related to stress response in Arabidopsis.
Physiologically both types of particles give rise to an alteration of the
protein expression at the posttranscriptional level. This enables the
plant to immediately adopt to the environmental changes inducing
stress. That might hint at a contribution of AtGRP7 in those particles.
Even more, as an accumulation of RNA and other RNPs to p-bodies
and stress granules has been reported [see Buchan and Parker, 2009,
Buchan et al., 2008, Kedersha et al., 2005].

In fluorescence microscopy, such molecular interactions, are typically
visualized and quantified by colocalization studies. Most commonly
used parameters that can measure the degree of colocalization in multi-
channel fluorescence images, are the Pearson Correlation Coefficient
(PCC) and the Manders Overlap Coefficient [Manders et al., 1992],
which are implemented in most commercial software packages for image
processing [Adler and Parmryd, 2010]. A closer look at the PCC reveals
that it has some major drawbacks, rendering it hardly usable for colo-
calization analysis in this particular scenario.

The PCC, which takes on values between +1 and -1 as a measure
of the similarity of channels (+1: perfect colocalization; -1: anti-
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4.5 AtGRPT relates to Stress-Response

colocalization), is very sensitive to intensity fluctuations and threshold
variations. Additionally the PCC appears to be very sensitive to high
background signals and therefore a high signal-to-noise ratio (SNR)
is required to perform the analysis. Analogously the PCC delivers
unreasonable results if the noise levels of the channels differ significantly.
In some cases the PCC analysis returns negative values which are hard
to interpret reasonably.

The major problem here was that the PCC often fails, if regions of
interest contain a certain amount of colocalized pixels, mixed with a
fraction of signals that do not colocalize, as seen in figure 4.22 c. There-
fore, a PCC based colocalization study of AtGRP7-Dronpa-s and stress
granules or p-bodies demands setting ROIs to each solitary particle.
Doing so results nonetheless in a highly biased PCC value, due to the
small amount of pixels analyzed. Moreover, the examiner has to pro-
vide additional, most certainly biased, spatial information to the PCC
analysis, by determining the ROIs manually.

Emerging from this challenge, a completely novel approach to colocaliza-
tion studies was afforded. Inspired by a recent advance to determining
coincident events in single molecule studies reported by Yahiatene et al.
[2012], the correlation matrix method was introduced to colocalization
analysis. Before this novel and enhanced method is elaborated in detail
in chapter 4.6, it is applied in a colocalization study of AtGRP7 and
processing bodies.

As seen in figure 4.22, leaf cells of Nicotiana benthamiana were treated
to transiently express the fusion proteins AtGRP7-eGFP and DCP1-
mCherry. The sample was exposed to arsenide for 1h previous to
imaging to induce oxidative stress. DCP1 is used as a reporter protein
for processing bodies. The marginal spectral overlap between the two
fluorophores enables imaging without notable cross-talk signal in the
respective channel. Aggregation under stress condition of AtGRP7-
eGFP is shown in figure 4.22 a, while the processing bodies marked by
DCP1-mCherry are displayed in figure 4.22b. Figure 4.22 ¢ exhibits
an overlay image of both channels. The white line indicates the linear
selection pattern on which the I'-norm colocalization analysis was
performed on. Due to the chain-like distribution of marked structures
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Figure 4.22: AtGRP7- processing bodies colocaliza-
tion analysis in plant cells.

(a) AtGRPT protein was fused to a fluorescent marker (eGFP)
in a Nicotiana benthamiana epidermal leaf cell (scale bar =
70pm). (b) The same cell also expresses another fluorescent
reporter (DCP1-mCherry), highlighting processing bodies.
(c) Colocalization of the RNA-binding protein and processing
bodies was tested. Note that all images (a-c) were adjusted
in contrast for display purposes, while the evaluation was
performed on the original images.

within the cytoplasm, a linear selection was preferred over the usual
regional selection approach (ROI). The resulting intensity profile plots
can be analyzed with the novel I'-norm algorithm. I'y yielded a value
of 1.52 which clearly reports a major fraction of colocalized pixels.
A conventional PCC analysis returns a value of 0.67. The I'-norm
analysis additionally provides distance information of the colocalized
structures. The average distance between the processing bodies along
the cytoplasm was found to be (8.3 £3.4) pixel (px) or equivalently
(3.8 £1.58) pm.

These findings suggest a contribution of AtGRP7 to processing bodies
under oxidative stress conditions. Furthermore, an average distance
between processing bodies was easily extracted out of the data provided
by the novel ['-norm algorithm and may be of further interest to study
the stress response pathway of plants.
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4.6 Quantifying molecular colocalization

4.6 Quantifying molecular colocalization in
live cell fluorescence microscopy

In order to apply the correlation-matrix method [Yahiaténe et al.,
2012] to image data one has to first transform the image into a linear
intensity trace. This linear plot could be assembled from an arbitrarily
chosen path within the image, or it could just be a linear display of the
confocal image scan, where each successive line is concatenated with
the preceding line, resulting in a linear trace. This intensity profile
is then divided into N sections (not necessarily of equal length). For
each section a Hermitian correlation matrix is determined, and the
Euclidian length I of a vector built from elements of the matrix is
calculated. The size of the matrix and the length of the vector depend
on the number of channels that are analyzed for correlations and they
can be readily expanded beyond just 2 colors, making it possible to
easily determine multi-channel correlations, or, in the case of images,
colocalizations.

To demonstrate the performance and robustness of this method, first
test images consisting of 3 different color channels with different de-
grees of colocalization (random, 50% and 100%) were analyzed (fig-
ure 4.23). The I'-norm for each image for just two color channels, as
well as for all three color channels, was calculated. Furthermore, the
[-norm was determined for all pixels with an intensity value above
a threshold of T=p+30 (mean pixel value plus three standard devia-
tions).

For the image shown in figure 4.23 a, i.e. the image containing only
randomly colocalized pixels, a value of I's~ 0.36 was obtained. A
[-norm well below 1 indicates a sample containing a large fraction of
randomly colocalized intensity values. A colocalization analysis of all
three color channels exhibited a norm of approximately 0.28 which is
below the critical value of approximately 0.88 for three channels (see
equation (3.7) on page 45). Figure 4.23 b shows an image where 50%
of all pixels are colocalized, resulting in I'-norm values of I'5~1.37 and
['3~1.72, which clearly signalizes the presence of a large number of
colocalized pixels.
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Figure 4.23: Determining the quality of the I'-norm as a mea-
sure of colocalization with test images.

Top row: Three test images representing three different color channels
(red (R), green (G), blue (B)) were created to assess the quality of the
I-norm as a measure of their degree of colocalization. The RGB images
are a result of the addition of the three separate channels and also con-
tain the corresponding I'-norms calculated for the entire image if only
two channels (I'2: red and blue) or all three channels (I'3) are taken into
account. (a) Image pixels in all three channels are randomly distributed,
(b) 25% of all the pixels are colocalized, and (c) 100% of all the pixels are
colocalized. Image (c) exhibits 100% colocalization and yields maximum
values for I's and T's. (d) A Manders test image was modified to feature
3 color channels (RGB) and serves as a test image for the retrieval of
colocalized image features based on the I'-norm. (e) Specified Gaussian
noise (sd=43) was added to the test image shown in (d). Bottom row:
Reconstructed images indicating colocalized regions of the test image in
(d). Each pixel in these images is obtained by calculating the I'-norm of
a 20x20 pixel area in (d). (f) Colocalization of all image channels, (g-i)
combinations of 2 channels, respectively. (j) Two-channel colocalization
analysis of image (e) including noise. The calibration bar on the right
hand side shows the color-coded I'-norm values determined for each
image, for both two-channel and three-channel colocalization analysis.
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4.6 Quantifying molecular colocalization

In figure 4.23 ¢ all relevant pixels are colocalized in all three channels
resulting in white pixels in the overlay and I'-norms of I's= 2 and
'3 approximately 2.65. This set of simulated images (figure 4.23 a~c)
shows the numerical range that the I'-norm can adopt for 2-channel
colocalizations (0 — 2), as well as for 3-channel colocalizations (0 —
2.65). The I'-norm values given in figure 4.23 a-c can be considered
independent of the image dimensions. Smaller (or larger) images will
contain the same relative amount of random colocalizations. To better
compare the I'-norm analysis to PCC and MOC results, the well-known
Manders test image (figure 4.23d) was expanded to 3 color channels,
and thus analyzed.

A feature of I'-norm analysis is that a relatively small number of pixel
is sufficient to reliably calculate the I'-norm. Thus, the image was
split into superpixels, which correspond to a 20x20 pixel array in the
original Manders test image. Then the I'-norm for each pixel array was
calculated. Subsequently, the superpixels, which encode for the I'-norm
using a color scale to indicate areas of high or low colocalization in
the original image, were reassembled to reconstruct the image. This
methodology was applied to every channel combination of the three
different color channels in the Manders test image (figure 4.23f-i). To
make this analysis useful for any size image, the number of superpixels
in the z— and y-direction can be easily calculated by SP, = /= and
analogously SP, = ,/y as a rough approximation, where x and y are
the pixel dimensions of the original image.

Another test image was created, to further understand the influence of
noise on the analysis. In the test image, Gaussian noise with a standard
deviation (sd) of 43 was added to all three channels of the Manders test
image (figure 4.23 e) and the I'-norm topology was calculated for the red
and blue channels (figure 4.23j). For the reconstructed image 20x20
superpixels at 30 sections were calculated. As can be seen in figure 4.23 j
no structural information was lost during the reconstruction process.
The obtained mean I'-norm of approximately 1.82, indicates excellent
colocalization between the sample features.
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4.6.1 Experiments with autofluorescent beads

Laser scanning fluorescence microscopy was performed on the custom
confocal setup (see chapter 3.1.2.3) to image autofluorescent beads with
a diameter of 2.8 pm adhered to a dry glass surface (figure 4.24a). This
provided a reference sample containing a major fraction of colocalizing
pixels.

These particles exhibit intense and spectrally broad autofluorescence
emission upon excitation at 405 nm with an excitation power of 30 pW.
Images which serve as perfect experimental three-color colocaliza-
tion samples, were obtained by detecting the autofluorescence sig-
nal simultaneously on three detectors using different bandpass filters.

With this perfect colocalization sample also the robustness against
noise of I'-norm colocalization analysis was determined by successively
adding noise to these images (figure 4.24a). Performing the I'-norm
analysis on the unchanged image, the I'-norms was calculated to
be I';~1.98 and I's approximately 2.62, indicating a near to perfect
colocalized sample. Varying the threshold level by + 15%, and therefore
including more or fewer background pixels, resulted in a minor change
of approximately 2.8% of the I'-norm values. This example shows
that the I'-norm holds well against changes in the absolute number of
signals (e.g. fluorophore concentration) or threshold values, and thus,
is able to detect even low fractions of colocalized pixels. The robustness
of this technique also implies that the results will not be sensitive to
inadequately chosen filter sets, which is considered the most common
problem in fluorescence microscopy. These data show one of the major
strengths of the ['-norm analysis compared to conventional methods
for evaluating colocalization. Here, the threshold value can simply be
set to the mean intensity value, resulting in a simplification of the
analysis.

By using the image processing environment Fiji, noise was added with
successively increasing amplitude to one channel of the two-color bead
measurement, (figure 4.24a and b). All data were analyzed with a
threshold of 6=3 if not stated otherwise. Subsequently, the I'y-norm
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Figure 4.24: Robustness of the ['-norm against the addition of
noise demonstrated with a perfect colocalization sample.

(a) Autofluorescence images of M280 beads on a surface were obtained by
confocal fluorescence microscopy using two spectrally different channels.
The resulting images were overlaid (scale bar: 20 pm) and exhibit 100%
colocalization due to their broad emission. (b) The image from (a) was
converted into pixel intensity plots for the two color channels. These traces
are then analyzed for colocalization by the I'-norm-algorithm. Instead of
the full image, just the 15 first rows of the image are presented for better
visualization. To enable a direct comparison between the Pearson correlation
coefficient (PCC) and the I'-norm for the images, specified Gaussian noise
was added to one channel of the bead image in increasing amounts and then
analyzed for colocalization with the unchanged channel. The noise level is
specified by the standard deviation of the Gaussian noise.
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Figure 4.25: Robustness of the I'-norm topology against noise
demonstrated by a sample with 100% colocalization.

(a, b) Autofluorescence images of M280 beads on a surface detected
on two spectrally separated channels. (Scale bar: 20 pm). (b) Noise
with an sd=100 was added. (c) The corresponding I'-norm topology
image (resolution 20x20 spx) is still able to identify every single bead.
Applying even higher noise levels results in a loss of the dimmest beads
in the topology image. Up to a noise level of sd=100 the topology still
features the majority of beads. The calibration bar on the right hand
side shows the color code for the I'-norm topology image.

was compared to the PCC by checking the red and blue channels for
colocalization. At a noise level of sd=75 the PCC already results
in a weak correlation between the two images (PCC=0.45) whereas
the I'p;-norm retains a value of approximately 1.2, i.e. well above
1, indicating a significant number of colocalized data points for two-
channel data (cf. table in figure 4.24). One of the greatest drawbacks
of the PCC (and other numerically very similar parameters) is the
undefined interpretability at this point. The new I'-norm, on the other
hand, has a fixed relationship to the anti-fraction (AF), which makes
the interpretation simple. At maximum noise the I'-norm yields a
value of 0.44 which corresponds to an anti-fraction of 0.78. Since
the value of the I'-norm is less than 1 in this case, it indicates no
significant colocalization. At this point applying filters to remove
the noise from the data is no longer possible. For the same data the
PCC turns negative with a value of -0.02, which is not meaningful.
There is no obvious statistical reason that would explain the anti-
correlation between the two channels. This again demonstrates the
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stability of the I'-norm against background fluctuations in comparison
to the established PCC. Additionally, the anti-fraction can be directly
calculated from the I'-norm (table 4.3).

To further prove that the I'-norm enables the extraction of structural
information hidden in noise a topology map was calculated, which
provides a full reconstruction of the scanned particle image (figure 4.25).
Here, noise with a standard deviation of 35 was added to both channels
independently. The reconstructed image in figure 4.25 ¢ exhibits I'-
norms still well above 1 for all particles. Images polluted with such a
high noise level typically would be dumped immediately. This again
demonstrates the robustness of the I'-norm, yet mastering unreasonably
corrupted data.

4.6.2 Live-cell analysis

Next, the I'-norm analysis was performed on data obtained from live
cell imaging experiments, which were carried out on the CLSM (see
chapter 3.1.2). In figure 4.26 a, living Cos-7 cells labeled with 3 different
fluorophores were imaged. Two of the fluorophores were attached
to the very same antibody, and should thus provide physiological
colocalization. Tubulin in the cytosceleton of the cell was stained using
a primary and secondary antibody, where the secondary antibody was
labeled with Alexa 647 and Alexa 488, respectively. The nucleus was
labeled with DAPI. Since two fluorophores are targeted simultaneously
to the same cellular compartment, the red (Alexa647) and the green
(Alexad88) channels were expected to colocalize, while none of both
should be colocalized with the nucleus (blue channel). The topology
maps computed by calculating the I'-norm for all possible combinations
of 2 color channels at a time, are shown in figure 4.26 b-d. These data
show that the red and the green channel (figure 4.26b) exhibit the
highest occurrence of colocalizing events. Combinations with the blue
channel reveal some apparent colocalization in the perinuclear region,

obviously due to some overexposure and out-of focus fluorescence
(figure 4.26 c-d).
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Figure 4.26: Assessing colocalization in multicolor live cell fluo-
rescence images.

(a) Microtubuli in Cos-7 cells were immunostained using an antibody against
B-tubulin and two equimolar secondary antibodies conjugated to Alexa 488
(green) and Alexa 647 (red), respectively. The nucleus was stained with
DAPI (blue). (b-d) I'-norm topology images with a superpixel resolution of
70x 70 spx show regions of colocalization for each combination of the three
color channels. The red and green channels colocalize to physiologically
resemble the tubulin distribution, whereas the other combinations show
only weak colocalization due to out of focus signals. (e) In a second experi-
ment with Cos-7 cells, actin was labeled with rhodamine-phalloidin (red),
while tubulin was labeled as before, but with a single secondary antibody
conjugated to Alexa 488 (green). The nucleus was again stained with DAPI
(blue). In this case, no physiological colocalization is expected. (f-h) The
green and blue channels again exhibit some weak colocalization due to out
of focus contributions. Scale bars: 15pm. The calibration bar on the right
hand side shows the color code for the I'-norm topology images.
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Figure 4.26 e shows an image of another set of Cos-7 cells that serve as
an example for non-colocalization. Here, three different compartments
were labeled with three different fluorophores accordingly, to minimize
colocalization of all channels. The actin filaments of the Cos-7 cells were
marked by rhodamin labeled phalloidin. Additionally, tubulin filaments
were again labeled with Alexa 488, while the nuclei were stained with
DAPI, as done before. Within the calculated topology maps, no
significant fraction of colocalizing pixels was detectable (figure 4.26 f-
h), except for some solitary superpixels representing overlap between
microtubuli and the nucleus.

In a next step, cellular structures of again Cos-7 cells were reconstructed
by I'-norm analysis. These images are compared to overlaid and
threshold-adjusted images, which claim to highlight regions of apparent
colocalization (figure 4.27). Those pixel maps are commonly used by
most evaluation software along with the Manders overlap coefficient
and the PCC, where only colocalizing pixels above a certain threshold
are highlighted (figure 4.27b and e).

In figure 4.27 a, tubulin again was stained with two spectrally different
dyes to provide a sample exhibiting significant colocalization. The cor-
responding topology map exactly reconstructs the split structure that
is visible by eye in the original picture (figure 4.27 ¢), whereas the pixel
map highlights almost every pixel (figure 4.27b).

Figure 4.27d shows Cos-7 cells with tubulin and actin stained by
different fluorophores, as described previously. The pixel map ob-
tained by analyzing for colocalization, reports nearly every pixel to
colocalize. Since this image represents a non-colocalizing sample, no
pixels should be highlighted. Notably, the I'-norm topology returns
a by far better result exhibiting very few apparent colocalizations,
though.

Finally, the I'-norm analysis was performed on the live cell imaging
experiments in plants described in chapter 4.5. Here, the particular
distribution of marked structures demanded to exchange the usual
ROI approach for a linear selection scheme. While in principle a PCC
analysis can be performed on a liner selection, it is not supported in
most colocalization software (probably due to the discussed drawbacks
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Figure 4.27: I'-norm colocalization analysis performs better than
multi-channel thresholding.

(a) Microtubuli in Cos-7 cells were immunostained using two secondary
antibodies (red and green) as described in figure 4.26. (b) Thresholding and
overlaying these image channels results in an apparent colocalization. (c)
The corresponding I'-norm topology image with a size of 70x70spx high-
lights regions of true colocalization. Scale bar: 15pm. (d) Actin and tubulin
were labeled in Cos-7 cells as described before (red and green, respectively)
resulting in no physiologically colocalized regions. (e) The corresponding
pixel map based on thresholding and overlaying separate image channels
indicates significant apparent colocalization. (f) The corresponding I'-norm
topology image shows that essentially no colocalization occurs in this sample.
Scale bar: 30 pm. The calibration bar on the right hand side displays the
color code for the I'-norm topology images.
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of the PCC). To demonstrate the scalability of the I'-norm a zig-
zag linear selection roughly covering a region of interest was applied
in figure 4.28. Even this rough selection pattern yields reasonable
[-norm values and again showcases the robustness of the I'-norm
algorithm.

Figure 4.28: Linear selection pattern in ['-norm colo-
calization analysis.

AtGRP7-eGFP (blue) localizes to the nucleus of the cells
(scale bar = 10 pm) as shown before (chapter 4.2). An ER-
marker fused to mCherry (red) is located in the surroundings
of the nucleus. For demonstration purposes a line selection
instead of a ROI was chosen, as this already yields valu-
able colocalization information. An analysis of the extracted
linear intensity profile yields a 'y =0.84. As expected the
I-norm analysis does not register a significant amount of
colocalizations.

4.6.3 Analysis of simulated colocalization data

To determine how the I'-norm behaves for 2 and 3 data channels,
respectively, 30 artificially generated test images consisting of 3 color
channels with 300x300 binary pixels, each, were computed. Thus the
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Figure 4.29: Simulations of the noise filtering capabilities of the
I'-norm.

A total of 30 test images, each consisting of 3 color channels with 300x300
pixels, respectively, were created and analyzed. The resulting data points
are a measure of the reproducibility of the I'-norm analysis. Each pixel
value was randomly assigned a probability P, describing the probability
of colocalization between the color channels. P, is the probability for
un-correlated signal. Depicted are I's and I's as functions of P, and the
percentage of colocalizing pixels. P. was set to 0.01. The maximum possible
value of I's and I's is indicated by the straight red and blue lines in the
yz-plane. The minimum values occur at a background probability of 0.1,
which can be interpreted as a signal-to-noise ratio of 0.1. This minimum in
the I's and I's values indicates the lowest signal-to-noise ratio for which the
[-norm analysis can still be successfully conducted.
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4.6 Quantifying molecular colocalization

p The corresponding I'-norm values were calculated as a function of
the background probability P, and the relative number of colocalizing
pixels.

The probability of detecting colocalized pixels was fixed at 1% (fig-
ure 4.29). In both cases, for 2 and 3 channel data, the I'-norm decreases
with increasing background contributions until it reaches a minimum
value at a background probability of 0.1, corresponding to a signal-to-
noise ratio of 0.1. Below this value, the I'-norm increases again because
of an increasing number of randomly colocalizing (false-positive) pixels.
This result demonstrates that the I'-norm analysis remains valid even
for images that contain 10x higher pixel intensities for uncorrelated
pixels compared to correlated pixels, thus exhibiting remarkable robust-
ness against noise. In contrast, the PCC for the same data continues
dropping steadily and returns negative values for a background prob-
ability of less than 0.1 (figure 4.30d). Without comparison to the
[-norm it would thus be impossible to draw any conclusion whether
these images still colocalize or not.

In Figure 4.30 a, the I's-norm is plotted as a function of the probability
of colocalization on all three channels (P,.). The resulting proportional
relationship proves the I'-norm a valid parameter to quantify colocal-
ization. Analyzed data should be divided into 10-100 subsections, to
receive reasonable '-norm values. A ['-norm computed with less than
10 sections is arguable due to a high statistical error. Whereas an un-
due computing time is necessary at 100 or more sections (figure 4.30b).
The impact of un-correlated background noise on the I'-norm, is shown
in figure 4.30 c. Here, the relative fraction of detected colocalization is
plotted versus the probability of each channel to detect a noise pixel.
Thus, with rising P4, the fraction of false-positive detected colocaliza-
tion increases, while there is no real colocalization. Put into perspective,
a noticeable false-positive detection only occurs at unreasonably high
noise levels, i.e. 20% background noise.

The validity of the aforementioned anti-fraction (AF) can also be

demonstrated by simulations, as can be seen in table 4.3. Comparing
the AF values, which are directly calculated out of the received I'-norm

99



4 Results and Discussion

a b
1.8 o 16
12 MV“ 14 .
|_‘°1'2 H o120
<l 1.0¢ M :
1.0t ! osl LT
0.8} | | B 0'6 | | ,
00 02 04 06 : 10 100 1000
P Sections
C c d
1.0 1.8 "=, | i
I 14 4 ]
3 | 1 0: X1 ;.f ]
805 O nal T L
T)- (@] 06: ') ]
= o 02 %, e
0.0 zoe=t” -0.2¢ . ‘ * ]
0.0 02 0.4 0.6 0.8 1.0 1E-3 0.01 0.1 1
Pog Pog

Figure 4.30: Computer simulations of 10° pixels of 30 experi-
ments.

A total of 30 test images, each consisting of 3 color channels with 300x300
pixels, respectively, were created and analyzed. Here, each pixel value
was randomly assigned with a probability P, describing the probability
of colocalization between the color channels. P, is the probability for
un-correlated signal, and P, 4 is the probability for a signal value in each
corresponding color channel. (a) The I'norm as a function of P, with a
constant value of Py, = P, = P; = P, = 0.4. (b) The I''norm as a function
of the number of sections. P, is set to 0.05 and P, is set to 0.35. (c) The
probability to detect random colocalization as a function of un-correlated
background where Py, = P, = P; = P,. (d) A direct comparison of the
I-norm for two colors with the PCC. For the I'norm a clear minimum of
approximately 1 is visible with increasing background noise P,,, whereas the
PCC decreases monotonously and even becomes negative for large values of
Pyy. The minimum value for I's indicates the lowest value of P, for which
the colocalization analysis is still meaningful. For the PCC such value is
not defined and if it weren’t for the direct comparison with the I'-norm
analysis, then it would be impossible to determine the minimum P, after
which the analysis fails.
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4.6 Quantifying molecular colocalization

Table 4.3: I'-norm analysis results for simulated pixel-traces
of samples with realistic fractions of colocalized signals.
10° pixels were simulated and the norms represent stable average
values of 30 simulations. P. denotes the probability to detect a
colocalized event which ranges from 1 down to 0.6 with corresponding
I'-norms and anti-fractions AF. The background probability Py, is
calculated as the complement of P.. Note how well the AF retrieved
from the images corresponds to calculated P.

Pe P,(1-P:) T3y AF

1.00 0.00 2.646 0.000
0.99 0.01 2.628 0.008
0.90 0.10 2.435 0.081
0.80 0.20 2.166 0.183
0.70 0.30 2.026 0.235
0.60 0.40 1.775  0.330

values, to the not colocalizing fraction 1 — P,., the good consistence oft
the two parameters becomes evident.

Taken together, the novel I'-norm method is able to quantitatively
evaluate colocalization in microscopy data. Furthermore, the exten-
sion of this method to the analysis of three- or multicolor images
is straightforward, while PCC and PCC-like schemes are only able
to crosswise check two channels for colocalization. Additionally the
superior robustness of this method against the influence of varying
background or random noise was showcased.
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5 Summary and Outlook

The main findings provided by this work can be subdivided in two cat-
egories: First, new approaches to well established imaging techniques,
with a wide field of applications, mostly within molecular cell biology,
are introduced and evaluated with the help of examples from the field of
fluorescence microscopy. Second, by applying these technical advances,
a variety of molecular interactions of the RNA-binding protein AtGRP7
are revealed, in live cell- as well as in vitro studies. In the course of
the last years, the knowledge about AtGRP7 was highly increased by
this work within the framework of the collaborative research centre
SEFB 613, which successfully came to an end with the beginning of this
year.

Advanced imaging techniques using the
photoswitchable reporter Dronpa-s

Dronpa-s is shown to provide a versatile tool to fluorescence imaging
as a reporter in plants, as well as in mammalian cells. In particular its
ability to be switched between an on— and an off-state increases its over-
all aptitude. Here, Dronpa-s is presented as an enhanced alternative to
standard fluorescent proteins like eGFP, pa-GFP and others, commonly
used in fluorescence imaging. As an example, transport kinetics are
often determined by applying imaging techniques like FRAP and FLIP,
which in essence involve photobleaching of a sub-fraction of fluorescent
proteins within the sample. This is achieved by exposing parts of the
sample to intense laser radiation. Such treatment is phototoxic to an
extent for most cell types. Thus the results of experiments inducing
intense photobleaching are often argued to just reflect a disturbed
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system and not being representative for physiologically healthy cell.
As a result it was found, that Dronpa-s is efficiently switched-off at
comparably low laser intensities. Thus, the benefit of using Dronpa-s
and thereby avoiding phototoxic bleaching processes is described in
chapter 4.1.

However, photobleaching and (in case of pa-GFP) photoactivation also
afford conventionally irreversible processes. Obviously the reversibility
of Dronpa-s’s switching is a core advantage, rendering the fluorophore
a multi-purpose tool. Chapter 4.3 describes the usage of Dronpa-s
for repeated FRAP and photoactivation studies carried out in the
same cell. This showcases the extendability of Dronpa-s to all imaging
techniques demanding photoactivation or bleaching, in any possible
way.

Additionally photoswitching of Dronpa-s, specifically within the nu-
cleus, is demonstrated in chapter 4.3.2. This provides an extension to
FRAP or photoactivation experiments, enabling a determination of
transport into and out of cell compartments. The extended method is
referred to as Selective Photoswitching.

Figure 5.1: SOFT analysis of AtGRP7 in a plant cell.
Arabidopsis root cells expressing AtGRP7-Dronpa-s were im-
aged with standard widefield microscopy. A movie of fluores-
cence images was collected by an EMCCD camera (Andor).
(a) Epifluorescence image. Scale bar = 30 pm. (b) dSTORM
reconstruction out of 10000 frames. (c) SOFI reconstruction
out of 100 frames. Arrow heads denote reconstructed de-

tails. Dark areas surrounded by bright AtGRP7-Dronpa-s
aggregates become visible.
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Although, Dronpa has been used for super-resolution imaging tech-
niques in the past (i.e. by Andresen et al. [2008]), it is not a straight-
forward solution. More over, there are better alternatives amongst
the fluorescent proteins for super-resolution purposes. l.e. mEOS2
has been reported to perform well in super-resolution imaging by En-
desfelder et al. [2011]. However, a new approach recently emerging,
termed Super-resolution optical fluctuation imaging (SOFI) ;| show-
cases a convenient method involving Dronpa as a blinking emitter to
compute super-resolved images [Dedecker et al., 2012, Dertinger et al.,
2010, 2012]. A first promising implementation of this method applied
to Arabidopsis root cells expressing AtGRP7-Dronpa-s is displayed
in figure 5.1. Progress on this extends the versatility of Dronpa-
s in terms of an all-purpose fluorescent protein for live cell imag-
ing.

A novel approach to colocalization studies

One of the major achievements of this work is the novel approach
to colocalization studies, which is based on the Correlation matrix
method introduced by Yahiateéne et al. [2012].

A new method to quantitatively evaluate colocalization in microscopy
data is introduced in chapter 4.6. This method, termed I'-norm analysis,
yields several key benefits: For the very first time a method is capable
to provide a single parameter, determining colocalization of three or
even more channels. Commonly used methods like PCC, are only able
to crosswise check two channels for colocalization at a time. The novel
[-norm analysis exhibits superior robustness against high background
or random noise levels. It is also demonstrated that the I'-norm is
only slightly affected by strong intensity fluctuations across different
channels. Furthermore, a topology map of I'-norm values is capable to
reconstruct even noisy images. Applied to live-cell images, the I'-norm
method allows to extract structural information as well as a reliable
anti-fraction by applying a linear selection, which is a novelty for its
own.
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For future work, the I'-norm analysis can readily be applied to 3D and
super-resolution microscopy data, as well as data obtained by other con-
trast methods, e.g. Raman scattering or second harmonic generation
(SHG). Another goal would be to expand the method to visualize dy-
namic colocalization effects in live cell movies.

To enable an easy adoption to the I'-norm analysis, a plugin for
the widely used open-source image analysis software Fiji was assem-
bled.

AtGRP7 is actively imported in the nucleus

In chapter 4.2 the localization of AtGRP7 throughout an Arabidopsis
cell is mapped with the help of Dronpa-s as a fluorescent reporter.
A high abundance of AtGRP7 within the nucleus was determined.
Further it was found that the protein localizes to the cytoplasm but is
not existent at the cell wall.

Selective photoswitching analysis in chapter 4.3 show that AtGRP7
overcomes the nuclear barrier by shuttling through the nuclear pore
complexes due to active transport against the concentration gradient.
It was found that the import speed is not constant, but varies during
the course of a day, according to the changing AtGRP7 concentration,
which obeys a circadian rhythmicity.

Furthermore, the nuclear export of AtGRP7 was revealed for the first
time during a selective photoswitching experiment.

FCS studies reveal binding mechanisms of
protein RNA interactions

The binding of AtGRP7 to its own mRNA AtGRP7 is considered a
key element to the protein’s physiological function. Upon binding,
AtGRPT induces an alternative splicing of the transcript, and therefore,
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triggers a self regulatory oscillation in form of a negative feedback-loop.
Closer in wvitro analysis of a putative binding site at the intron of
the transcript, exhibits a rather weak but specific binding. A Kp
value in the range of 400 nM (chapter 4.4.1) denotes a weak affinity of
protein and transcript, but may explain the high abundance of AtGRP7
within the nucleus, as the premature transcript locates exclusively to
the nucleoplasm. The high protein concentration might compensate
for the weak binding.

By determining the characteristic diffusion times of purified AtGRP7,
bound to several fragments of the putative binding site, a core binding
sequence could be narrowed down via FCS analysis of single molecule
time traces.

In chapter 4.4.2 the sequence specificity of the binding is determined
by a mutational analysis. Here, point mutations were inserted into the
core binding sequence. Furthermore, the affinity of AtGRP7 to the
mutated sequences was determined. Two particular point mutations
yielded a dramatic loss in binding affinity. This showcases the sequence
specificity of AtGRP7 binding to its transcript.

Chapter 4.4.3 describes how the core binding sequence was converted
to a secondary structure hairpin loop by insertion of two point muta-
tions. FCS studies reveal that the transcript, upon binding AtGRP7, is
unfolded into a stretched form. This may be of importance for the intro-
duction of the aforementioned alternative splicing.

AtGRP7 contributes in processing bodies

In chapter 4.5 the novel I'-norm analysis provides information about
protein-protein interactions between A{GRP7 and DCP1, which is a
marker for processing bodies. Upon introduction of oxidative stress to
Nicotiana benthamiana leaf cells, both proteins form aggregates within
the cytoplasm. I'-norm analysis reveals aggregations of both proteins
to colocalize significantly. This suggests AtGRP7 to contribute to
processing bodies, as known from other RNPs. Its ability to bind RNA
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might enable the aggregation, since processing bodies are sites of high
mRNA abundance.
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