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Abstract

The optical resolution of conventional light microscopy is limited by the diffrac-
tion barrier of light. This resolution limit impedes the characterization of cellular
structures featuring a size smaller than half the wavelength of light. RESOLFT
(reversible saturable optical linear fluorescence transitions)-microscopy breaks the
diffraction barrier by targeted swichting of fluorophores between separable states
using low light levels. Since its first demonstration in 2005, RESOLFT-microscopy
has proved its usability in high resolution imaging of living single cells.

This work reports, for the first time, the establishment of RESOLFT microscopy in
a multicellular organism, namely Drosophila melanogaster and its first application
for in vivo-imaging.

Using RESOLFT-microscopy on isolated tissues, a lateral resolution of 50 - 60 nm
on single microtubule filaments was achieved. Additionally, the dynamic changes of
the microtubule network were captured in high spatial resolution by recording 40
consecutive RESOLFT frames. The fluorescent probe rsEGFP2 enabled high reso-
lution three dimensional imaging with 4 fold improved axial resolution. Using intact
living Drosophila melanogaster larvae, in vivo high resolution RESOLFT imaging
with a resolution of ~ 50 nm could be demonstrated, which up to now had not been
shown.

Moreover, this work reports on the first application of RESOLFT-microscopy in
the plant Arabidopsis thaliana. The relatively low light levels used in RESOLFT-
microscopy enabled high resolution imaging in this light absorbing model organism
of plant research. RESOLFT imaging of green leaf epidermis cells resulted in lat-
eral resolution of ~ 70 nm. Further, it could be shown that the autofluorescence
of chloroplasts can be excluded in the fluorescence recordings of rsEGFP2 using
fluorescence lifetime gating. Time-lapse recording facilitated the characterization of
the dynamic behaviour of microtubule filaments in epidermis cells over a period of

approximately 1 hour without any signs of phototoxicity.
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3D three-dimensional

CCD charge-coupled device

CSLM confocal laser scanning microscopy

CW continous wave

DNA deoxyribonucleic acid

EGTA ethylene glycol-bis(/-aminoethyl ether)-N,N,N’ N’-tetraacetic acid
FBS fetal bovine serum

FRAP fluorescence recovery after photobleaching
FWHM full width at half maximum

GFP green fluorescent protein

GSD ground state depletion

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
HRP horseradish peroxidase

NIR near infrared

MAP microtubule-associated protein

NA numerical aperture

PALM photoactivatable localization microscopy

PBS phosphate buffered saline

PSF point spread function

PVDF polyvinylidene difluoride

RESOLFT | reversible saturable optical fluorescence transition
RSFP reversibly switchable fluorescent protein

SDS sodium dodecyl sulfate

SIM structured illumination microscopy

SLM spatial light modulator

SSIM saturated structured illumination microscopy
STED stimulated emission depletion

STORM stochastic optical reconstruction microscopy
TIRF total internal reflection fluorescence

Uuv ultraviolet
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1 Introduction

Light microscopy enables real-time observation of living specimens. Since the dis-
covery of the cell by R. Hooke in the year 1665, light microscopes have become an
indispensable research tool in the field of biology [1]. The continued improvement
of light microscopes facilitated unprecedented new insights into cellular substruc-
tures and processes; however, many unstained biological samples lack the contrast
required to visualize features in regular bright-field microscopy. The development
of modern fluorescence microscopy together with new labelling techniques allowed
for the specific visualisation of cellular proteins and structures.

In the following sections the fundamentals of fluorescence microscopy are described

in detail.

1.1 Fluorescence microscopy

1.1.1 Fluorescence

Fluorophores absorb light of a defined wavelength region, the so called molecule
specific absorption spectrum. Absorption of a photon by the molecule leads to a
transition to higher energetic states, which can be grouped into singlet (S,) and
triplet states (T,) (Figure 1.1).

Reversion to the energetic ground state takes place rapidly via emission of a photon
[2]. The average time between excitation of the molecule and return to the ground
state via fluorescence emission is defined as the fluorescence-lifetime (7), which typ-
ically falls in the time range of several nanoseconds (ns).

The emitted photon possesses less energy in comparison to the excitation photon
due to its rapid decay towards the lowest vibrational level of the S; state before
emission (Figure 1.1). The loss in energy leads to a red shift in the wavelength of
the emitted photon, denoted as the Stokes shift.

Aside from spontaneous relaxation via emission of a photon, excited molecules can
also be triggered to de-excite immediately. This can be achieved by illumination of
the excited molecule with light of a wavelength identical to the emission spectrum of
the fluorophore. This light depopulates the excited S; state to the energetic ground
state S¢ via stimulated emission. A photon with the exact same wavelength, polar-
ization and direction as the stimulating photon is emitted.

The relaxation of excited singlet states (S,) to the ground state (Sy) can occur via

non-radiative processes, a process called Internal Conversion (IC).
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Figure 1.1: Jablonski chart of energetic states of a fluorescent molecule.
From the energetic ground state Sy, molecules can absorb photons to be transferred
into higher energetic states (S, ). Fluorescence occurs from the S; state. ISC leads to
triplet state formation (T),). De-excitation out of a triplet state happens via phos-
phorescence or via ISC. Straight arrows indicate radiative processes, wave arrows
indicate non-radiative processes. 1C: Internal conversion; ISC: Inter system crossing
(Figure modified after [3]).

Here the excitation energy is mostly transferred into vibrational interactions between
the molecule and the surrounding solvent molecules.

The probability of a fluorophore to emit a photon instead of de-excitation via a non-
radiative pathway is denoted as the molecule specific fluorescence quantum yield (®),
which is described as the ratio of emitted photons per number of absorbed photons.
The molecule specific photon absorption is given by the extinction coefficient (g).
The product of the quantum yield and the molecular extinction coefficient is denoted

as the brightness (B) of a fluorescent molecule.

1.1.2 Fluorescence microscopy

In all fluorescence microscopes, the Stokes shift of the emitted fluorescence photons
is used to separate the excitation light from the emitted photons using wavelength
selective filters. All modern fluorescence microscopes share the same basic compo-
nents: a light source for the excitation of the fluorophores, lenses and mirrors to
focus and align the light paths, dichroic mirrors for separation of the excitation and
emission light and a detector to register the emitted fluorescence emanating from
the sample. In a classical wide-field microscope, the excitation light is provided by

a high power lamp (e.g. a mercury lamp) and is focused by the objective lens to the
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Figure 1.2: Sketch of a scanning confocal microscope. The excitation light
which originates from the light source (Laser) is depicted by black lines and is
focused by an objective lens into the sample. The emitted fluorescent light from
the focal plane is collected by the same objective lens and is illustrated by green
lines. The fluorescent light can pass through the dichroic mirror and is focussed
onto a detector. Light coming from out-of-focus planes is represented as dotted red
lines and is blocked by the pinhole. The scanner moves the excitation light over the
sample. The inset on the left side shows simulated excitation point spread functions
(PSF) in the lateral (xy) and axial (xz, yz) directions in the focal plane. The inset
in the upper right corner depicts the airy pattern at the detector. The central peak
flanked by the first minima is denoted as the Airy Disc. The plot on the right side
shows the cross section of the intensity distribution of the Airy pattern (Adapted
from [4]).

focal plane. The size of the illuminated area depends on the objective lens and is
typically in the range of 20 ym - 50 pum for a 100x oil objective lens. The detector
is typically an electronic camera, which records the emitted fluorescence from the
illuminated focal plane. The resolution of the recorded image depends on the objec-
tive and the pixel size of the CCD-(Charged Couple Devices) camera detector used.
However, the resolution is limited due to the diffraction-limit of light (Section 1.2).
A drawback of wide-field excitation is that the excitation light is also absorbed by
fluorophores located above and below the focal plane. This will contribute to the
image formation, resulting in a background signal. The excitation light can also
induce autofluorescence of the sample, which can perturb the image quality further
as it is also registered by the detector.

To improve the signal to noise ratio, confocal laser scanning microscopy (CLSM)
has been invented. Here the excitation light source is a laser of certain wavelength

which is focused by an objective lens to an excitation spot (Figure 1.2). The excita-
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tion spot is scanned over the sample while the emitted fluorescence is detected with
a single photon counting module. The number of detected photons per scanning
position are counted and used to reconstruct the image digitally pixel by pixel.

A confocal microscope offers optical sectioning of a sample via a pinhole in the de-
tection pathway. The emitted fluorescent light from the focal plane passes through
the pinhole in the detection pathway, whereas the light coming from out-of-focus
areas are blocked by the pinhole (Figure 1.2). Optical sectioning of a confocal micro-
scope thus allows imaging of large three dimensional samples with improved signal
to noise ratio at large imaging depths. The optical resolution of the image in a
scanning confocal microscope depends on the excitation spot size and the size of the

pinhole used to record the image (Section 1.2).

1.2 Theoretical resolution of a light-microscope

Microscopes have undergone substantial instrumental improvements and facilitated
better images with more detail and contrast. The improvement was initially focused
on increasing the resolution of the instrument, meaning the ability to focus the
excitation light to smaller spot sizes. After a certain point, the improvement in
optical resolution was no longer limited by the quality of the optical system itself,
it was limited by physical laws.

In light microscopes, a point-like emitter is transferred by the optical system to an
intensity distribution along the lateral and axial axes, called a point spread function
(PSF). The PSF possesses a cylindrical symmetry with maximum intensity at the
focal point. The intensity distribution of the PSF is extended along the z-axis
(Figure 1.2). The fluorescence emitted by an point like emitter is detected by the
microscope as the so called Airy pattern, which features a central peak of maximum
intensity which is surrounded by several weaker minima and smaller maxima. The
central peak flanked by the first minima is denoted as the Airy Disc (Figure 1.2) [5].
The minimal size of the excitation volume is limited by the so called diffraction-limit
which was first described by Ernst Abbe in 1873 [6]. Following Abbe, two point like
emitters can not be separated if they are located closer together than A/(2NA),
where A is the wavelength of the emitted light and NA is the numerical aperture of
the objective lens.

To separate two point like emitters using an optical system, the Rayleigh criterion
has to be fulfilled [7]. For the separation, the distance between the two emitters has
to be at least so large that the maximum of the Airy pattern from the first molecule
can be separated from the first minimum of the Airy pattern of the second molecule.

The optical resolution of a light microscope is described by the minimal distance of
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two points that can be optically separated. To separate two point-like emitters in
the lateral plane, the minimal distance (d) between the emitters can be described

as:

A
=0.61 X — 1.1
n sin « % NA (1.1)

Analogous to this, in order to separate two point-like emitters in the axial direction,

d=0.61 x

the minimal axial distance (z) of these two emitters is described by:

n X A

z2=2 X (NA)2

(1.2)

As can be seen from equations 1.1 and 1.2, the resolution of a light microscope is
limited by the wavelength of light (\), the refractive index (n) of the immersion
medium and the semi-aperture angle («) of the objective lens of the microscope.
The product of the refractive index (n) and the sine of the semi-aperture angle («)
of the objective lens is denoted as the Numerical Aperture (NA).

The central peak of the Airy pattern of a small point like emitter is often approxi-
mated by a Gaussian function. The resolution in the lateral plane is hereby defined
as the Full Width at Half Maximum (FWHM) of the fitted function of the central
peak of the Airy pattern.

The resolution of a light microscope is fundamentally limited by the diffraction of
light. This resolution limit impedes the characterisation of cellular structures featur-
ing a size below this resolution limit by light microscopy. To increase the resolution
of a fluorescence microscope, shorter wavelengths and higher NA objective lenses
can be used. However, fluorescence microscopy is primarily based on visible light
(400 nm - 750 nm) and standard objective lenses are limited to a NA of ~ 1.45.
Following this, the resolution is limited to ~ 200 nm along the lateral axis and to
~ 600 nm along the axial axis using 488 nm as the excitation wavelength.

For special microscopic applications, objective lenses with high NA values of 1.7 have
been developed. These objectives are used for Total Internal Reflection Fluorescence
(TIRF)-microscopy, where the excitation light illuminates through an inclined angle,
which leads to an exponentially decaying evanescent wave of excitation light at the
coverslip-medium interface (100 nm - 200 nm along the axial axis) [8]. This causes
semi high-resolution imaging along the z-axis, but limits the application of TIRF-
microscopy to structures located directly at the apical membrane of cells, close to

the coverslip-cell interface.
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1.3 Breaking the diffraction-barrier of light

microscopy

The resolution limitation of light microscopy has been overcome by the develop-
ment of various nanoscopy methods. These methods are based on the utilization
of separable states of fluorophores within the diffraction-limited excitation area of
a light microscope, which must be distinguishable for the time point of detection
[9]. For fluorescent molecules, in the simplest implementation, these states can be
a fluorescent and a non-fluorescent state. The nanoscopy methods can be grouped
into the so called coordinated-targeted and coordinated-stochastic methods, which

will be described in detail in the following Sections.

1.3.1 Coordinated-stochastic methods

In the coordinated-stochastic methods, the fluorescence of multiple fluorophores in
the excitation volume is separated on the temporal scale. Stochastic methods are
mainly based on a wide-field microscope, where the detection is camera based and
images a large field of view (Section 1.1.2). In conventional wide-field microscopy, all
fluorophores in the sample plane are excited simultaneously. The emitted photons
are concurrently detected by a camera, hereby losing the information from which
molecule the emitted fluorescence originates. If fluorophores are located closer than
A/(2NA) together, their fluorescence can not be separated and they appear as one.
In stochastic localisation microscopy, only a subset of fluorophores are emitting flu-
orescence in one detection time-span, e.g. one camera-frame. This can be achieved,
among others, by using photoactivatable fluorescent proteins which are only acti-
vated sparsely to ensure that the fluorescence emission of a single molecule is not
overlapping with the emission of a second one on a single recorded camera frame
(Figure 1.3 a). If this is achieved, the position from which the fluorescence came
from, can be determined with sub-diffraction precision. In the post-processing of
the recorded data, the diffraction blurred spot on the camera frame is fitted and the
center-position (center of mass) is calculated (Figure 1.3 b) [10].

The fluorophores have to be able to emit a sufficient number of photons before they
are bleached, because the localization precision of a molecule scales approximately
with the inverse square root of the number of photons emitted by the fluorophore.
Localisation itself does not provide high-resolution imaging intrinsically. Resolu-
tion is described by separating two emitters that are located closely together. The
position of single fluorophores can be calculated with virtually unlimited precision,

although, if they are located closer together than A/(2NA), their fluorescence can
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Figure 1.3: Principle of coordinated-stochastic imaging methods. a) Upper
image: Overview image of labelled structure. From this sample, multiple images are
recorded, whereby only a subset of fluorophores are excited/activated simultaneously
which are spaced further apart than the resolution limit. b) Pixelated PSF of a sin-
gle fluorophore detected by the CCD-camera and modelled by a three-dimensional
Gaussion function. For each fitted Gaussion profile of a fluorophore, the centroid
position is calculated. By combining all calculated centroid positions of all fluo-
rophores, a high-resolution image of the labelled structure is reconstructed. Scale
bar: 2 pm (Image modified after a) [11] and b) [12]).

not be separated due to the diffraction-barrier of light. Only by using separable
states within a diffraction-limited distance, these fluorophores become separable.
After detection of the fluorescence, the molecules are bleached or off-switched and
another subset is activated (or excited). By performing thousands of imaging and
localization steps, a high-resolution image displaying the calculated positions of the
individual fluorophores is computed (Figure 1.3).

Several different experimental designs have been introduced which are all based
on this general stochastic design of imaging. Beside (fluorescence)-Photoactivated
Localization Microscopy ((f)-PALM) [13], [14], STochastic Optical Reconstruction
Microscopy (STORM) was independently reported in 2006 [15]. These methods
differ in their utilised fluorophores, f-PALM relies on photo-activatable fluorescent
proteins, whereas STORM is based on single or pairs of organic dyes. The lateral
resolution of STORM and PALM is typically between 20 nm - 30 nm [13], [14].
The axial resolution of stochastic targeted methods can be improved using opti-

cal astigmatism to calculate the localization of fluorophores along the z-axis in the
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sample, resulting in axial resolutions of 50 nm - 60 nm [16]. A main limitation of
the coordinated-stochastic methods is the time consuming recording of hundreds to
thousands of single frames, which are needed to reconstruct a single high resolution
image. These long acquisition times make these methods largely unsuitable for live

cell imaging.

1.3.2 Coordinated-targeted methods

\
12500 Iy

X
1 f X
— Light that drives A—> B Scanning —=—»

I Molecules left in state A

Figure 1.4: Principle of RESOLFT-microscopy. a) Two state model of fluo-
rescent molecules featuring a light driven transition. The rate constant kag = o x I
is dependent on the light intensity I and the absorption cross section ¢. b) One-
dimensional exemplified confinement of molecules residing in state A by applying
different multiples of I, (i,ii,iii,iv) and with zero intensity at position x;. ¢) Graph-
ical two dimensional example illustrating the transition of flourescent molecules
(dots) located at an illustrated target structure to a flourescent off-state (state B
- gray color) by applying light with intensity I >> I,;. Depending on the light
intensity of the off-switching light pattern, the size of the area where molecules stay
in state A can be modified (Modified after [17]).

In the coordinated-targeted methods, a light pattern is used to precisely transfer
a subset of molecules within the diffraction-limited excitation spot into a second
state, which is discriminable from the first state. In case of fluorescent molecules, the
easiest two discriminable states are a fluorescent (e.g. state A) and a non-fluorescent
state (state B) (Figure 1.4 a). The light pattern features at least one position of
zero intensity to confine a small, sub-diffraction sized area in which molecules will
stay in their fluorescent on-state (state A) [17].

The light driven transition into a state can be described with a rate constant k,p =
o x I, with o describing the absorption cross section and I the intensity of the light

which drives the transition (Figure 1.4 a). The possibility of a molecule to be in
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state A or B is thereby depending on the rate kg, i.e. on the light intensity I which
drives the transition. At the saturation intensity I, the number of molecules in
state A and B are equal. At intensities I >> I,,; the molecules are transferred into
state B. The possibility to be in state A or B for a molecule is dependent on the
light intensity Iy, driving the transition, which is highly non-linear (Figure 1.4 b)
[17].

This non-linear light driven transition into a second state is used in coordinated-
targeted microscopy to confine a sub-diffraction sized spot of molecules residing in
state A, i.e. a fluorescent state, which can be read-out. Practically, this is achieved
by illuminating the molecules in the focus with a second light pattern which drives
the transition to the second state (state B).

The easiest implementation is a doughnut-shaped laser beam, which features a center
position of zero intensity (I = 0) (Figure 1.4 ¢). Apart from the center position,
this beam drives the transition of molecules to a fluorescent off-state at positions
where the light intensity is I >> I4;. Given this, the diffraction-limited spot of
fluorescent molecules can be narrowed to a sub diffraction sized spot of addressable
molecules (Figure 1.4 c¢).

The state-transition must be saturated to realize a good separation between the
states, hereby enabling the separation at the time point of detection. The size
of the effective excitation area can be tuned by the light intensity (/) of the off-
switching beam (Figure 1.4 b). Its spatial size can be described using the formula:

Ade— 2 (1.3)

TN/ I/Isat
Subsequently, the resolution formula from Abbe (1.1) can be modified to describe
the size of the effective excitation spot size of a microscope following the RESOLFT-
principle:

Ad = A (1.4)

2nsinay/1 + 1 /1y

The achievable resolution is in principle unlimited and only depends on the light

intensities which drive the transitions (I and I, ). The practical limitations consist
of the availability of powerful light sources and the amount of light a sample can
tolerate without damage. By using a state transition featuring a low Iy, the inten-
sity needed to achieve high-resolution can be decreased.

In the coordinated-targeted methods, the positions of emitting and non-emitting
molecules are defined spatially by illuminating the molecules with a light pattern

which drives the respective transition locally. The effective PSF (i.e. the combina-
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tion of excitation and depletion PSFs) of the microscope is much smaller than the
corresponding diffraction-limited PSFs.

The underlying principle can be extended to all discernible pairs of states that fea-
ture a light driven transition which can be saturated. Thus, this general principle
has been termed Reversible Saturable Optical Fluorescence Transition (RESOLFT)-
microscopy [18], [19], [20].

1.3.2.1 RESOLFT-type microscopy techniques

Stimulated Emission Depletion (STED)-microscopy was the first experimental
demonstration of the RESOLFT-principle utilizing a state separation within a
diffraction limited excitation volume, to overcome the diffraction limit [21], [22].
Here, the pair of separable states of fluorescent molecules are the non-fluorescent
ground state Sy and the excited fluorescent state S;. Next to an excitation pulse,
which transfers molecules to the excited S; state, a second superimposed off-
switching laser is used to de-excite molecules in the periphery of the excitation
area via stimulated emission (Section 1.1). The photons which are emitted via the
stimulated emission possess the same wavelength as the off-switching beam, thus
these photons can be discarded by using wavelength selective filters. Following this,
only the fluorescence of the molecules remaining in the excited S; state, located
at the very center of the excitation area, are detected. The de-excitation process
must outperform the spontaneous fluorescence emission, which features a lifetime of
~ 1-4 ns for typical fluorophores [23]. Therefore, the light intensities used in STED-
microscopy are relatively high (several tens to a hundred MW/ecm?) to achieve a
saturated de-excitation before the spontaneous emission occurs [17].

In Ground State Depletion (GSD)-microscopy, fluorophores are separated by trans-
ferring a subset of excited molecules from their S; state into a dark long-lived triplet
state (Ty), for example by using a doughnut shaped beam [24]. Within the T, state,
the molecules are not addressable by the excitation beam to emit fluorescence at
the time point of detection. A drawback is the fact that fluorophores situated in the
triplet state are prone to bleaching [25].

The high light intensities used in STED-microscopy may be unfavourable for imag-
ing of living cells. By utilizing separable stable states which feature a long lifetime,
the transition between the states can be driven with very low light levels. Reversibly
Switchable Fluorescent Proteins (RSFPs) can be targeted switched between long-
lived fluorescent and non-fluorescent states, which are stable for minutes or hours
using visible light [20]. The switching of the fluorescent state is based on a light
driven conformational change of the chromophore of these RSFPs [26]. The uti-
lization of this photo-switching in RSFP-based RESOLFT-microscopy is described
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in Section 1.4.4. In this work RESOLFT-microscopy is performed using RSFPs;
therefore, RESOLFT-microscopy is used synonymously for RSFP-based RESOLFT-
microscopy in the following.

The nonlinearity of photo-switchable fluorescent proteins is used in saturated struc-
tured illumination microscopy (SSIM) to confine molecules in a sub-diffraction sized
area in the ground state Sy. This is realized by illuminating the sample with an
excitation light pattern featuring intensity minima and maxima. The nonlinearity
of excitation leads to narrow regions where the molecules remain in the ground state
So flanked by areas of saturated excitation. The excitation grid pattern is rotated
several times and a microscopic image is reconstructed from of the recorded negative
images [27]. In combination with TIRF-illumination, the axial resolution of SSIM
can be restricted to imaging of the apical cell membrane of single cells with high

frame rate and high-resolution in the axial plane [28].

1.4 Reversibly switchable fluorescent proteins

1.4.1 Photophysical properties of RSFPs

The first characterized fluorescent protein was the Green Fluorescent Protein
(GFP) found in the jellyfish Aequorea victoria denoted as avGFP [29]. The cloning
of the GFP-gene enabled the heterologous expression in many biological organisms
and it is presently widely used in fluorescence microscopy to image the protein of
interest in living cells as a GFP-fusion construct [30].

GFP is a monomeric protein with a molecular size of about 27 kDa. All GFP-type
fluorescent proteins consist of ~ 240 amino acids which form a barrel consisting
of eleven co-axial oriented [-sheets. The barrel encases an a-helix of ~ 14 amino
acids containing the chromophore, thereby shielding it from the surrounding solvent
molecules [31]. The chromophore is formed auto-catalytically from three amino
acids of the amino acid chain in the presence of molecular oxygen and without any
cofactors [32].

Upon excitation of the chromophore, the barrel restricts movement of the excited
chromophore via several hydrogen bonds and via steric hindrance, hereby increasing
the radiative de-excitation mechanisms. The importance of this stabilisation is
accentuated by the fact that a free moving synthetic GFP chromophore in an
aqueous solution shows dramatically reduced brightness. This is most likely due to
a reduction of excitation energy via non-radiative processes e.g. vibration of the

chromophore and interactions with solvent molecules [33].
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In many fluorescent proteins, the imidazol ring and the p-hydroxyphenyl ring
of the chromophore can be protonated. Protonation of the hydroxyphenyl group of
the GFP-like proteins often lead to a blueshift of ~ 100 nm in the absorption peak
of the chromophore [32].

In avGFP, the chromophore can be found protonated as well as unprotonated,
which is visible in the absorption spectra as two peaks (at ~ 390 nm and ~ 475 nm)
[32]. Excitation at any absorption peak leads to emission of green fluorescence at
~ 505 nm. It was shown that the excitation of the neutral chromophore leads to a
proton transfer from the tyrosyl of the chromophore to glutamic acid at position
222 (Glu222) within picoseconds. This process is denoted Excited State Proton
Transfer (ESPT). The intermediate product emits at ~ 505 nm [34]. A single
point mutation of eGFP (enhanced GFP) shifts the absorption spectra almost
exclusively to a single peak at ~ 490 nm, demonstrating that the chromophore is
existing mostly in the anionic state. The S65T mutation rearranges the hydrogen
bond pattern of Glu222, suppressing its negative charge. By this, an interaction is
suppressed and the chromophore stays almost exclusively deprotonated [35].

In the year 2000, Lukyanov et al. reported on the fluorescent protein asFP595
which was found in Anemonia sulcata [36]. This tetrameric fluorescent protein
showed a switchable fluorescent behaviour. Excitation with light of ~ 550 nm led
to the emission of fluorescence at a peak of ~ 595 nm whereas light of ~ 450 nm
led to a reversible reduction of fluorescence.

The discovery of this reversible switchable fluorescence of a fluorescent protein
opened up the field to a new class of optical highlighters of fluorescent proteins. A
protein which possess such a reversible switchable behaviour is termed Reversible
Switchable Fluorescent Protein (RSFP). However, the tetrameric nature of asFP595
makes it unfavourable as a genetically encoded label for protein-tagging in living
systems. For this purpose, monomeric proteins are highly desired.

In 2004, Ando et al. described the first monomeric RSFP which was named
Dronpa (Figure 1.5) [37]. It was found in monomerisation studies with fluorescent
proteins of Pectiniidae. This protein features a reversible switchable fluorescent
characteristic similar to asFP595, but in the green spectral region and was used to
track the diffusion of proteins inside living cells. Interestingly, asFP595 and Dronpa
show an inverse switching behaviour. In asFP595, the excitation-wavelength drives
the transition to the fluorescent on-state whereas in Dronpa the excitation leads
to the off-switching to its non-fluorescent off-state. Depending on the switching
behaviour upon excitation, RSFPs are grouped into positive (e.g. asFP595) or

negative-switching (e.g. Dronpa).
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1.4.2 Switching mechanism of RSFPs
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Figure 1.5: Crystal structure and photo-switching of Dronpa. a) Cartoon
ribbon plot of Dronpa crystal structure, the chromophore is depicted in stick model
in the cis-(green) and trans-(gray) conformation. b) Close-up of the chromophore
in the cis-(green) and trans-(gray) conformation, surrounding amino acids are not
shown. c¢) Switching curve of Dronpa recorded in fixed HeLa cells, illumination
with light of 490 nm (blue bar) leads to reduction in fluorescence, illumination with
light of 400 nm (violet bar) leads to the on-switching and recovery of fluorescence.
d) Multiple switching curves at the same position recorded consecutively, showing
switching fatigue (i.e. reduction of fluorescence after multiple switching cycles).
Light intensities used in c): 490 nm (0.4W/cm?) and 400 nm (0.14W/cm?) and in
d) 490 nm (1.3W/em?) and 400 nm (0.47W/cm?). Dronpa crystal structures used
from PDB: 2POX (trans) and 2I0OV (cis) (c¢) and d) are modified after [37]).

Using x-ray crystal-structures of the RSFPs asFP595 and Dronpa in their fluores-
cent on- and off-states, the molecular mechanism for the switching of these proteins
was revealed [26], [38]. During off-switching, the chromophore is changing its con-
formation from a cis- to a trans-isomerization (Figure 1.5). Albeit, there are also
fluorescent proteins which are fluorescent in their trans-state and are non-flourescent
in their cis-state [39], [40].

Upon off-switching in Dronpa, the chromophore imidazolinone ring stays almost in
place, whereas the p-hydroxyphenyl ring moves by ~ 5.8 A via rotation around the
methine bridge. This translocation of the p-hydroxyphenyl ring needs space inside
the S-barrel, which is accomplished by the translocation of chromophore surrounding

amino acids [38].

13



1.4. Reversibly switchable fluorescent proteins

et CYG-H CYG-H

" 4
H193 Q d o it
; M7 ~>>
¢/ \A 405 nm H+
\{ / R <__—)
. 9 + 488 nm
\ L 4 H T
: H
JL:J /\/ V157 :
A - CYG

\/
S142 N\ PRl CYG
M159 Té -
\ IS
\

Figure 1.6: Switching mechanisms of the RSFP Dronpa. a) Stick model
of the orientation from the Dronpa chromophore (CYG) together with selected sur-
rounding amino acids in the cis- (green) and trans- (grey) state. Water molecules are
displayed as red stars. Hydrogen bonds are highlighted with dotted yellow lines. b)
Reversibly switching model of Dronpa between the cis- and trans-state and with dif-
ferent protonaton states. Dronpa crystal structures used from PDB: 2POX (trans)
and 210V (cis) (Figure modified after [38]).

The chromophore is connected via several interactions with amino acids of the (-
barrel. These interactions include hydrogen bonds to other residues, water-mediated
hydrogen bonds and van der Waals interactions. Upon off-switching, these interac-
tions are reduced and the chromophore is slightly tilted. The reduction in planarity
of the chromophore together with the looser attachment by the S-barrel leads to the
strong reduction of fluorescence of the trans-chromophore [26]. Further, the loose
attachment promotes non-radiative de-excitation mechanism after excitation [38].
The different chromophore conformations are thermally stable for seconds to hours,
depending of the respective RSFP.

The conformational change of the chromophore is often coupled with a direct change
in the protonational state [38]. The negative switching RSFP Dronpa features an
almost completely deprotonated chromophore in its cis-state leading to a strong ab-
sorbance peak at ~ 490 nm, which can be adressed by light to excite fluorescence and
will cause the off-switching to the trans-state. Upon switching in the non-fluorescent
trans-state, the chromophore’s hydroxyphenyl group becomes protonated which re-
sult in a strong blue-shift in the absorbance spectrum, leading to a peak at 390
nm [38]. By addressing this UV-absorbance peak, the protein can be switched back
to the cis-state again. Due to changes in the electrostatic surface potential of the

surrounding amino acids of the chromophore in the different isomerization, the pro-
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tonation state of the chromophore is changing after the cis/trans isomerization [38].
The different states are addressable separately, thus enabling a targeted excitation
of different chromophore conformations and facilitate a triggered switching between
two different states. In RSFP-based RESOLFT-microscopy, this targeted switching
is used to confine a subset of molecules into a sub-diffraction sized area in their
fluorescent on-state, while the molecules in the periphery of the excitation volume
are switched off.

In positive switching RSFPs, the on-state is partially protonated, hence enabling
the targeted off-switching with shorter wavelength compared to the excitation wave-
length [41].

So far only one exception from the cis/trans switching-mechanism has been found
in the RSFP Dreiklang. Here the switching is decoupled from the fluorescence ex-
citation. The switching is based on a hydration reaction of the imidazolinone ring
of the chromophore. In the on-state, Dreiklang exhibits two absorbance peaks, one
at 405 nm and the other at 511 nm. [llumination with light of 405 nm leads to the
addition of water to the imidazolinone ring and thereby to a shortening of the con-
jugated electron m-system, resulting in a new absorption peak at ~ 350 nm, where
the absorption at ~ 510 nm decreases strongly. This blue shift in the absorbance
spectrum, leads to the almost complete absence of fluorescence upon excitation at
488 nm. At illumination with light of ~ 350 nm, the imidazolinone ring gets dehy-
drated and the protein is converted back to the fluorescent on-state [42], [43].

1.4.3 RSFPs used for RESOLFT-imaging

In recent years several improved or new RSFP variants were reported. These proteins
are the product of semi-rational mutagenesis based on x-ray crystal structures of
template fluorescent proteins. Here, single or multiple amino acids of the template
proteins were changed to modify the photophysical properties of the protein for their
application in RESOLFT-microscopy. In a point scanning RESOLFT-microscope,
the acquisition time for an image is limited by the switching speed of the RSFP
used. Further, the number of switching cycles before bleaching of a RSFP is critical
to record multiple frames.

A single amino acid exchange in Dronpa at position 159 (exchange of Methionin by
Threonin) improved the off-switching speed by up to a factor of ~ 1000 times [44].
The M159T exchange leads to lowering of sterical hinderance of the isomerisation
of the chromophore by generating space inside the protein barrel. A drawback is
the looser stabilisation of the chromophore in the cis-conformation, leading to a
reduction of the quantum yield to 0.23 [44].
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Figure 1.7: Application of rsEGFP and rsEGFP2 in RESOLFT-
microscopy. a) Absorbance, excitation and emission spectra of rsEGFP2 in its
equilibrium state at pH 7.5. The chromophore fascilitate an excitation peak at 478
nm (red dotted line). The emission of the cis-deprotonated chromophore features a
maximum at ~ 510 nm (green line). b) Comparision of switching fatigue between
rsEGFP and rsEGFP2. ¢) Comparision of switching speed at different light levels
between rsEGFP and rsEGFP2. d) Confocal and RESOLFT-image of rsEGFP-
MreB fusion protein in living E. coli. €) RESOLFT-microscopy of KDEL-rsEGFP2
in living HeLa-cells, showing the dynamics of the ER. Scale bars: 1 um (a), b), c)
and e) adapted and modified after [45], d) adapted and modified after [46]).

Later, additional mutations in Dronpa resulted in a reversed switching mechanism
which turned Dronpa into the positive switching RSFP Padron [47].

In 2011, Grotjohann et al. [46] reported on rsEGFP, a reversibly switchable ver-
sion of mEGFP (monomeric enhanced GFP) and demonstrated its application in
RESOLFT-microscopy of biological samples as well as for data storage. rsEGFP is
a negative switching protein; excitation with light of 488 nm excites the fluorescence
as well as drives the transition to the fluorescent off-state. Upon irradiation with
light of 405 nm, the proteins are switched back to the fluorescent cis-conformation.
rsEGFP has low switching fatigue (bleaching due to switching), after ~1000 switch-
ing cycles it is bleached to ~ 50 % of the initial fluorescence. Further rsEGFP
features reasonable brightness and switching speed while still possessing good per-
formance as a genetically encoded tag, being a true monomer.

Using rsEGFP, the application of RESOLFT-microscopy was demonstrated for the
first time in living cells. Next to images of MreB-filaments of E.coli and cytoskele-
ton filaments of mammalian cells, the usability was proven by imaging F-actin fibers

in cultivated neurons. Here a resolution of ~ 70 nm in E.coli and a resolution of
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~ 40 nm at cytoskeleton filaments of mammalian cells was demonstrated. This im-
plies a resolution improvement by a factor of 4 - 5 times compared to the diffraction-
limited confocal resolution. A drawback is the fact that the off-switching time of
rsEGFP is in the time range of several milliseconds (ms). While this is a improve-
ment compared to Dronpa, the recording times of single RESOLFT-images were
in the time scale of several tens of minutes, complicating the imaging of dynamic
processes.

In 2012, Grotjohann et al. reported on the development of rsEGFP2, which pos-
sesses a 25 - 250 times faster switching speed at low light levels and improved
switching fatigue compared to rsEGFP (Figure 1.7). These properties enabled high-
resolution RESOLFT-imaging with recording times of seconds in living cells, and
thus recording of fast dynamic cellular processes of different structures like Vimentin,
Endoplasmic reticulum and Peroxisomes [45].

Based on the mutagenesis on mCherry, the color pallete of RSFPs was extended to
monomeric fluorescent proteins in the red-spectral region, resulting in the positive
switching rsCherry and the negative switching rsCherryRev [48]. Later rsTagRFP
was reported and successfully applied in photochromic Forster resonance energy
transfer [49]. However, so far it was not used for RESOLFT-imaging.

The time consuming point-wise scanning of a sample was overcome by Chmyrov
et al. in 2013 by parallizing the off-switching step of negative switching RSFPs.
Here standing light waves were used to generate an off-switching pattern in a wide-
field RESOLFT-microscope, featuring more than 100000 doughnuts. The strong
parallelization enabled the utilization of a slow switching RSFP variant, termed
rsEGFP(N205S) and resulted in RESOLFT images of large fields of view (~ 100 gm
x 100 pm) in less than 3 seconds [50].

In the following years new RSFPs for application in RESOLFT-microscopy were
reported. In 2016 Wang et al. reported on an additional negative switching RSFP
GMARS-Q for application in parallelized RESOLFT-microscopy. GMars-Q (Green-
form Mars) is a monomeric RSFP based on mMaple3, featuring a low residual
off-state fluorescence of only 1 % and a strong photo-bleaching resistance. GMars-Q
enabled longtime RESOLFT imaging of 50 frames [51].

Further, the application of RESOLFT-microscopy was extended to dual-color live
cell imaging by using two spectral separable proteins or by using fluorescent state
kinetics to seperate two spectrally similar RSFPs [52] [53].

Next to this, the folding of the rsEGFPs was improved, leading to rsFolder [54]
and rsGreen [55]. Both proteins fascilitated RESOLFT imaging with off-switching

times comparable to rsEGFP2. In 2015 a modified version of Padron was reported,
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Kohinoor demonstrated RESOLFT imaging with the so far lowest reported light
intensities used for RESOLFT-imaging [56]. In 2016 Zhang et al., reported on
Skylan-NS (sky lantern for non-linear structured illumination), a RSFP designed
for application in non-linear structured illumination microscopy (NL-SIM). It pro-
vides slow off-switching speed and very low switching background [57].

All these demonstrations were based on single cells over-expresssing a RSFP-fusion
protein, which can induce artefacts in the target structure or influence the fitness
of the cell (reviewed by [58]). Endogenous tagging via CRISPR/Cas9 demonstrated
that RESOLFT imaging can be performed with RSFP-fusion proteins expressed at

physiological levels in single mammalian cells [59].

1.4.4 Point scanning RESOLFT-microscopy using RSFPs
In a point scanning RESOLT-microscope, RESOLFT imaging with RSFPs is based

on performing multiple illumination steps at each scanning position to trigger the
on-, or off-switching of RSFPs in the focal spot. In the following, the standard
RESOLFT imaging scheme utilizing the negative switching rsEGFP2 is exemplified
[45]. To record a RESOLFT image using a point scanning RESOLFT-microscope,
three illumination steps are performed at each scanning position. First, illumination
with light of 405 nm (2 kW/cm?) for 40 pus to activate all rsEGFP2 molecules
within the excitation spot. Next, deactivation of molecules in the periphery of the
excitation volume via a doughnut-shaped off-switching beam featuring a central
position of zero intensity, using light of 488 nm (10 kW /cm?) for 300 us. Last,
readout of molecules that remained in their fluorescent-on state which were located
in the center of the doughnut-shaped beam using light of 488 nm (38 k1W/cm?) for
30 us.

Here, the recorded fluorescence originates from a sub-diffraction sized area, which is
confined in its size by the light intensity of the doughnut-shaped off-switching beam
(Figure 1.4). The above mentioned imaging parameters have to be adapted to the
respective sample depending on label density and movement of the target structure
while imaging. To achieve a high-resolution RESOLFT image with good signal to
noise ratio, each switching step has to be executed with best efficiency.

Using a negative switching RSFP for imaging, the signal per scanning position is
limited by the off-switching of the utilized RSFPs while readout. Thus, in sparsely
labelled samples, multiple iterations of the three illuminations steps have to be

performed at each scanning position and the signal has to be accumulated.
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1. On-switching 2. Off-switching 3. Readout
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Figure 1.8: Imaging scheme of RESOLFT-microscopy utilizing negative
switching RSFPs. A target structure (grey lines) is labelled with a negative
switching RSFP (dots). At each scanning position of the image three illumination
steps are repeated: 1. activation of the RSFPs at the scanning position, 2. off-
switching of the RSFP in the periphery using a doughnut-shaped laser beam, 3.
readout of fluorescence from the RSFPs which were located at the central position of
zero intensity of the doughnut-shaped off-switching beam (green dots). The effective
read-out area features a sub-diffraction size. The recorded fluorescence per scanning
position is detected, the steps are then repeated at the next scanning position.

If a positive switching RSFP is used, the off-switching and readout steps can be
combined if the off-switching step outweighs the on-switching of molecules in the
periphery of the excitation volume [56].

The off-switching of molecules via the doughnut-shaped beam has to be saturated
to guarantee a good state-separation at the readout time point and thus facilitate
a sub-diffraction image. Therefore, the off-switching intensity and duration of the
off-switching beam has to be chosen correctly. Further, the utilized RSFP needs to
have a low switching background, i.e. low residual fluorescence in the off-switched
state to enable a high resolution image.

Using the sub-diffraction effective PSF for scanning of the sample, a high-resolution
image can be achieved. Therefore, the switching steps are performed at each scan-
ning position of the sample and the fluorescence at each position is detected and
reconstructed as an image. The light intensities used in scanning RESOLFT-
microscopy are in the range of ~ 1-40 kW/em?, which is comparable to light in-

tensities used in regular confocal microscopy [45], [60].

1.5 Nanoscopy of Drosophila melanogaster

Drosophila melanogaster is an important biological model system for developmental

and cell biology. It is widely used as a simplified system to study cellular processes
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in living cells using live cell fluorescence microscopy. Drosophila features several
valuable properties for microscopy, for example many of its tissues are relatively
transparent and can be easily isolated by dissection. Mounted in the appropriate
medium, the tissues can be kept viable for longer periods of time at room tempera-
ture to perform long term live cell fluorescence microscopy studies.

Large tissues however, can be challenging for fluorescence microscopy. Imaging in
tissues is largely complicated by spherical aberrations caused by refractive index
mismatches. Tissues feature many different cell types with a variety of optical prop-
erties. Different cell layers can posses different refractive indices. When imaging
thick tissues, the excitation light is deteriorated by scattering, thereby reducing the
quality and resolution of the image. Therefore, the refractive indices of the immer-
sion media and the mounting media should be adapted to the respective tissue so
as to reduce spherical aberrations (reviewed by [61]).

Drosophila melanogaster offers the possibility to label the protein of interest using
genetically encoded fluorescent proteins via genetic modifications. Using spectrally
different fluorescent proteins, several proteins of interest can be labelled and studied
simultaneously. The protein of interest can be expressed as a fusion protein e.g.
using the GAL4/UAS system [62]. Depending on the driver line, the expression of
the fusion construct can be driven ubiquitously or restricted to a certain tissue or
cell type. Using the CRISPR/Cas9 system, endogenously labelling is possible, thus
avoiding artefacts induced by altering the expression level [59], [63].

Many studies report on the application of high resolution microscopy in Drosophila.
Albeit most studies are based on the application of SIM-microscopy, which is lim-
ited to an achievable optical resolution of ~ 120 nm [64]. SIM-microscopy is still
diffraction-limited and does not perform a state separation within a diffraction-
limited excitation volume to overcome the diffraction barrier, hence it is not a
nanoscopy approach (Section 1.3).

There are only few studies regarding the application of nanoscopy methods in
Drosophila melanogaster. These will be described in detail in the following.

In 2006, Kittel et al. reported on STED-microscopy of fixed presynaptic active
zones, analysing the protein localization of Bruchpilot, an ERC/CAST family pro-
tein. This study showed ring-shaped substructures, which are centered at active
zones of neuromuscular synapses [65]. Later, the studies were extended to multiple
proteins located at the neuromuscular junction, including DLiprin-alpha and DSyd-
1, a Bruchpilot binding partner [66], [67].

Additionally to these biological findings using STED-microscopy, Drosophila

melanogaster was used as a technical sample for demonstration of method develop-
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ment. In 2015, Jale et al. reported on STED-microscopy with a temporal resolution
of 8 ms on EGFP labelled vesicles in neurons of living Drosophila larvae, leading to
time- lapse recordings with a framerate of 125 frames per seconds [68].

Next to STED-microscopy, dSTORM was performed on fixed Drosophila tissues to
perform quantitative imaging on active zones of neuromuscular junctions. It could
be shown that the active zone cytomatrix comprises units built of ~ 137 clustered
Bruchpilot proteins [69].

Quantitave 3D PALM was used to study the size distribution of E-cadherin clusters
in fixed Drosophila embryos. Furthermore, it was shown that the E-cadherin cluster
organization depends on interactions with the actin network as well as Dynamin
depending endocytosis [70].

Recently, Structured Illumination Microscopy, Stimulated Emission Depletion mi-
croscopy and Single Molecule Localisation Microscopy were compared using fixed
Drosophila macrophages and primary spermatocytes. SIM typically reached
FWHMSs of ~ 107 nm, while STED achieved a FWHM of ~ 58 nm and STORM a
FWHM of ~ 56 nm on labelled microtubules [71].

As seen in these studies, the application of nanoscopy methods in Drosophila is
almost exclusively based on chemical fixed samples. The fixation restricts the anal-
ysis to single snapshots of processes within the cell (e.g. protein localization); thus
dynamic processes cannot be studied in real-time with high spatial resolution. The
application of high resolution live cell RESOLFT-microscopy in Drosophila has not
been analysed yet. Based on the low light levels applied in RESOLFT-microscopy,
it could likely be suitable for high resolution time-lapse imaging in living animals
and thus allow the characterisation of dynamic processes in Drosophila melanogaster
for the first time.

1.6 Nanoscopy of Arabidopsis thaliana

The application of high-resolution fluorescence microscopy in plant science is com-
plicated by the unique properties of plant material. Next to the plasma membrane,
plant cells possess a thick cell wall consisting of several layers featuring different re-
fractive indices, leading to light scattering during imaging. Further, the excitation
light can excite light absorbing molecules located inside the plant cell, which can
cause phototoxicity especially in photosynthesis active cells (reviewed in [72]).

Plant cells possess many sources of autofluorescence. One main source of autoflu-
orescence are the chloroplast, which contain many light absorbing and emitting
constituents like chlorophylls, carotenes, and xanthophylls. The cell walls include

lignins, which emit fluorescence upon excitation at ~ 530 nm [73].

21



1.6. Nanoscopy of Arabidopsis thaliana

Reports on the application of nanoscopy methods in living plant cells are restricted
to two studies which will be described in the following.

Using STORM, the cellulose microfibril organization in onion cells was analysed [74].
Next to this, there is one report of the application of STED-microscopy in living
plants. In this study YFP-labelled PIN proteins at the apical plasma membrane of
living root cells of Arabidopsis thaliana were analysed. However, the study was re-
stricted to non-photosynthesis active cells, making phototoxic effects less likely [75].
The absence of a large number of live-cell high-resolution studies in plant cells is
likely explained by their challenging properties in fluorescence microscopy. Every
high-resolution microscopy method has some limitation which make its application
in plant cell imaging challenging.

The high light intensities applied in STED-microscopy make this method un-
favourable for imaging in photosynthesis active cell types. The red-shifted depletion
laser can be absorbed by the chlorophylls and lead to a local heating of the cell
[76]. Further studies on the application of STED-microscopy are needed to anal-
yse its usability in a broad set of cell types of different plant species as well as to
further determine the photostress induced by the light intensities applied in STED-
microscopy.

The application of stochastic methods (STORM, PALM) for high-resolution plant
imaging is mostly restricted to studies using fixed samples, due to the time con-
suming imaging scheme. For the reconstruction of a single high resolution image
several hundred to thousand single frames were recorded, which typically results in
acquisition times of several minutes per single image [60]. If the labelled structure
is moving while the single frames are recorded, reconstruction artefacts might occur
in the post-processing of the recorded data.

Time-lapse imaging of cellular dynamics in planta have not yet been demonstrated.
High-resolution RESOLFT-microscopy requires only low light intensities of ~ 1 -
40 kW/em? to achieve a sub-diffraction resolution image [45]. Hence RESOLFT-
imaging is likely suited for imaging in light sensitive plant cells. However, a demon-
stration of RESOLFT-microscopy for high resolution imaging of plant cells is still
missing. Therefore the usability of RESOLFT-microscopy for imaging in plant cells

is characterized in this work.
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1.7 Aim of the study

The relatively low light intensities used in RESOLFT-microscopy make it a very
suitable high-resolution microscopy method for imaging dynamical processes in liv-
ing samples. Nevertheless, all RESOLFT demonstrations so far were restricted to
single cells. A report of the application of RESOLFT imaging for imaging in mul-
ticellular organisms and for in vivo studies is still required.

This work focuses on the characterisation and establishment of high resolution
RESOLFT-microscopy of multicellular organisms for the first time.

In the first part of the thesis, the usability of RESOLFT-microscopy for high res-
olution imaging of tissues and for in vivo imaging of the multicellular organism
Drosophila melanogaster is characterized.

In the second part of the thesis the applicability of high resolution RESOLFT- and
STED-microscopy for imaging in light absorbing plant cells is analysed for the first

time.
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2 Results
2.1 RESOLFT-microscopy of Drosophila

melanogaster

To analyse and adapt the usability of RESOLFT-microscopy for in vivo imaging,
Drosophila melanogaster was chosen as a multicellular model organism. The possi-
bility to perform long-term imaging at room temperature makes it the ideal model

system for the establishment of in vivo-RESOLFT imaging.

2.1.1 Generation of stably expressing rsEGFP2-a-tubulin
Drosophila melanogaster

To label the microtubule cytoskeleton within cells of Drosophila melanogaster, a fu-
sion construct consisting of rsEGFP2 fused to the N-terminus of a-tubulin (CG1913)
was generated (Section 4.1). Strong overexpression of a fusion protein can lead to
artefacts within the target structure and influence the viability of the cell (reviewed
by [58]). Therefore a strong overexpression was avoided and a permanent expression
at relatively low levels was chosen. The artificial expression of the fusion protein is
driven ubiquitously by the promotor region of the ubiquitin 68E gene (CG11624)
in addition with the endogenous non-labelled a-tubulin protein. This expression
construct was integrated into the landing site 3xRFP-86fb located on the third
chromosome and crossed homozygous resulting in a stably expressing rsEGFP2-a-
tubulin fly stock (Section 4.1). This stock was used in all following experiments and
is denoted as rsEGFP2-a-tubulin.

2.1.2 Characterisation of rsEGFP2-a-tubulin expression

To characterise the expression of the generated rsEGFP2-a-tubulin stock, tissues
from different developmental stages were isolated and analysed via live-cell fluo-
rescence microscopy. The results of the expression studies in selected tissues are
shown in Figure 2.1. The microscopic images of several different tissues confirm
the expression of the rsEGFP2-a-tubulin construct in all tissues analysed (Figure
2.1). The characterisation revealed a large variation of the morphology of the
microtubule cytoskeleton in different cell types.

In body wall muscles, the tubulin filaments show an alignment along the muscle
fibers (Figure 2.1 a). In salivary glands, the signal to noise ratio is lower compared

to body wall muscles but the microtubules build a dense network (Figure 2.1 b).

24
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Figure 2.1: Characterisation of rsEGFP2-a-tubulin expression pattern in
living resected tissues. Confocal fluorescence microscopy recordings of living
resected tissues of transgenic wandering third instar larvae (a-d) and of adult flies
(e, f) ubiquitously expressing rsEGFP2-a-tubulin. (a) Body wall attachment site,
(b) salivary glands, (c) salivary duct, (d) intestinal muscles, (e) sperms, (f) ovaries.
Images display raw data. Scale bars: 10 pm (modified after [77]).
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Figure 2.2: Western blot analysis of the expression level of rsEGFP2-a-
tubulin in Drosophila melanogaster third instar larvae. Protein lysates
of dissected Oregon R (wild type control) and rsEGFP2-a-tubulin expressing
Drosophila melanogaster larvae were decorated with antisera against a) a-tubulin
and b) GFP. As a loading control, the blots were decorated with an antiserum against
actin. To analyse the ratio between labelled (peak I) and non-labelled (peak II) a-
tubulin signal in a) the respective signal was determined using the ImageJ plugin
Gel Analyzer. The integral of the peaks for labelled (peak I) and non-labelled (peak
IT) a-tubulin was determined and the ratio was calculated (Section 5.2) (modified

after [77]).

In the salivary duct different orientations of the tubulin filaments of different cell
layers becomes apparent in the optical section (Figure 2.1 ¢). At the outside of the
intestine, single muscle strips are visible, which are surrounded by cells featuring a
strong labelled microtubule network (Figure 2.1 d). As depicted in Figures 2.1 e) and
f), also the microtubule cytosceleton within germline cells (sperms and oocytes) are
labelled by the expression of the rsEGFP2-a-tubulin construct. The labelling of the
microtubule filaments within the germline demonstrates the versatility of rsEGFP2
as a genetically encoded fluorescent protein for tagging. To analyse whether the
labelling of the microtubule network impacts the fitness of the rsEGFP2-a-tubulin

expressing flies, the average life span of the flies was analysed.
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18 strain

The flies had a life span of ~ 41 days, similar to the isogenic wild type w
which was used in this experiment as reference (Section 4.5). These results demon-
strate that the generated rsEGFP2-a-tubulin expressing fly stock showed expression
in all tissues analysed, while the flies were not influenced in their fitness.

To determine the ratio between rsEGFP2-labelled and non-labelled endogenous a-
tubulin subunits, protein lysate from wandering third instar larva was analysed by
Western blot (Section 4.3). Due to the fusion of rsEGFP2 to the a-tubulin subunit,
the increased molecular weight of this fusion protein can be used to differentiate
between the labelled and non-labelled a-tubulin subunits.

As depicted in Figure 2.2, the protein lysate of rsEGFP2-a-tubulin expressing lar-
vae show an additional signal at molecular weight of ~ 90 kDa. Probing with an
antiserum against GFP showed a signal of similar molecular weight, indicating that
this signal corresponds to rsEGFP2-a-tubulin.

Probing against a-tubulin as well as against GFP showed small degree of degrada-
tion of the fusion construct within the protein lysates. The signal intensities between
the rsEGFP2-labelled and the unlabelled a-tubulin show a 3:1 ratio (Section 5.2).
Following this, approximately one out of four a-tubulin subunits are labelled. Dur-
ing the whole study, no signs of artefacts in the morphology of the microtubule
filaments were observed.

Altogether, the generated homozygous ubiquitously rsEGFP2-a-tubulin expressing
fly stock showed a specific labelling of the microtubule network in various cell types,

while not influencing the fitness of the flies.

2.1.3 RESOLFT-microscopy of dissected tissues

2.1.3.1 2D-RESOLFT imaging of living tissues

To examine the applicability of RESOLFT-microscopy for high resolution imaging
of Drosophila melanogaster, several dissected larval tissues were used as sample for
the imaging. The tissues were maintained in Schneider’s cell culture medium to keep
them under physiological buffer conditions.

For RESOLFT imaging, switching parameters had to be identified to establish
RESOLFT imaging using rsEGFP2 in tissues of Drosophila melanogaster. Different
tissues showed varieties in the signal to noise ratio. Therefore pump and probe
measurements were performed to identify optimal RESOLFT parameters for each
individual tissue to achieve the best possible RESOLFT image. All laser intensities
used in this work, represent the light intensities measured at the position of the

objective’s back focal plane.

27



2.1. RESOLFT-microscopy of Drosophila melanogaster

All microscopic images in this chapter display only raw data to fully report on the
possibilities as well as on the limitations of RESOLFT-microscopy using rsEGFP2 in
Drosophila melanogaster. To compare the resolution enhancement in the RESOLFT
images, a diffraction-limited confocal image at the same position was recorded with
similar imaging parameters except performing the off-switching step (Section 1.4.4).
In the following, single examples of RESOLFT imaging in different tissues are
shown. The achieved resolution was analysed by determining the FWHM of the
line profiles measured across single tubulin filaments. To exclude mistakes in the
measurement by the occurrence of statistical outliers in the signal intensity, all line
profiles were averaged over the extent of three (Figures 2.3, 2.4, 2.5, 2.10), or five
(Figure 2.9) or ten pixels (Figure 2.7, 2.12).

For RESOLFT imaging of dissected salivary glands, the recording sequence was as
following: first the rsEGFP2 proteins were switched into the fluorescent on-state by
irradiation with 405 nm light (4.1 pW) for 20 us. After a short illumination break of
5 us, the off-switching 488 nm doughnut shaped beam (28 W) was applied for 430
us to switch the rsEGFP2 molecules in the periphery of the excitation volume to the
fluorescent off-state. Subsequently, a second Gaussian shaped laser beam of 488 nm
(11.9 pW) was used for 30 us to read out the fluorescence of the residual rsEGFP2
molecules in the fluorescent on-state at the center of the excitation volume. These
three steps of illumination were performed at each scanning position, i.e. at every
pixel of 25 nm width. To increase the signal to noise ratio, every line was scanned
twice and the signal per line was accumulated. The RESOLFT image of salivary
glands is depicted in Figure 2.3 a) and b).

The microtubule network in salivary glands showed a high degree of branching and
interconnections between individual filaments. By applying the RESOLFT imaging
mode, these single individual filaments become visible and are now separable.
The resolution enhancement is supported by the line profiles which were taken
across single tubulin filaments (Figure 2.3 b)). Here a FWHM of ~ 50 nm - 60
nm is achieved, this represents an improvement in resolution by a factor of ~ 4-5
compared to the diffraction-limited resolution in the corresponding confocal image.
In the confocal image, this degree of branching and interconnections is not visible.
Next, RESOLFT images of rsEGFP2-labelled tubulin filaments in dissected body
wall muscles were recorded. Imaging was performed within the first cell layer, there-
fore the intensity of the activation pulse of 405 nm could be decreased to 1.5 pW.
After on-switching using light of 405 nm (1.5 pW) for 17 us, the off-switching of
molecules in the periphery was performed by illumination with 26 W for 380 us
with the doughnut shaped 488 nm beam. A short (10 us) strong (14.4 pW)
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Figure 2.3: RESOLFT-microscopy of resected salivary glands and body
wall muscles of third instar larvae. (a) Comparison of confocal and RESOLFT
recordings taken on salivary glands of a larva expressing rsEGFP2-a-tubulin. b) Line
profiles averaged over three pixel sizes across single filaments at positions indicated
in (a) demonstrating a FWHM below ~ 60 nm. ¢) Confocal and RESOLFT image of
resected body wall muscle. d) Confocal and RESOLFT close ups of area indicated
in (c). e) Line profiles accros three pixel sizes of indicated positions in d). Blue
lines indicate Line profiles of confocal image, whereas the red line indicates the line
profile of the RESOLFT image. All images display raw data. Scale bars: 1 pum
(modified after [77]).

read-out pulse resulted in a good signal to noise ratio in the RESOLFT image.
Each scanning line was recorded twice with 20 nm pixel size and the recorded
signal was accumulated to obtain the final image (Figure 2.3 ¢). In body wall
muscles, the microtubules are often co-aligned over several micrometer distance.
In the diffraction-limited confocal image, these filaments can not be separated and
appear as one filament (Figure 2.3 d). In the high-resolution RESOLFT image,
these filaments can be optically separated. This can be seen in the corresponding
line-profiles of the RESOLFT (red-line) and confocal (blue-line) images (Figure 2.3

e).
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Figure 2.4: RESOLFT volume imaging using a 2D-doughnut for off-
switching. Dissected living body wall muscles of a Drosophila melanogaster
larva ubiquitously expressing rsEGFP2-a-tubulin were imaged. Along 3.5 pm, 14
RESOLFT images were recorded with 250 nm axial distance between each image.
a) Confocal overview at the center plane (z = 0 um) of the RESOLFT image stack.
b) RESOLFT and corresponding confocal image of the 3D stack recorded at z =
-0.5 pm. c¢) top: Maximum intensity projection of the recorded volume displayed
in the xy-view. The color coding shows the relative z-position of the microtubule
filaments within the recorded volume, bottom: xz slice of indicated position at white
arrowheads in ¢). d) line profile taken at indicated position in b). a), b) display
raw data, c) top: displays color coded data smoothed with 1.2 pixel wide Gaussian,
bottom: displays data smoothed with 1.2 pixel wide Gaussian. Scale bars: 2 ym a),
and 500 nm b), c¢) (modified after [77]).

Together, the performed RESOLFT imaging of various tissues showed a resolution
of 50 nm - 60 nm this represents a resolution enhancement by a factor of ~ 4-5
times compared to the corresponding diffraction-limited confocal images. The
chosen tissues depicted in Figure 2.3 are a selection of a variety of different tissues
which were recorded with high-resolution in the RESOLFT mode.

The improved resolution in RESOLFT-microscopy enabled the visualization
of fine sub-features of the microtubule network in living cells, like branching
and co-alignment which are unattainable by diffraction-limited regular confocal
microscopy. The axial resolution is still diffraction-limited, because the utilized
off-switching doughnut-shaped beam only leads to a confinement of molecules

remaining in the fluorescent on-state within the lateral plane.
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2.1. RESOLFT-microscopy of Drosophila melanogaster

By performing volume imaging (z-stacks) in cells, the three dimensional arrange-
ment of filaments can be analysed. In Figure 2.4 this is exemplified, here a z-stack is
recorded in the RESOLFT mode utilizing a two-dimensional off-switching doughnut-
shaped beam. The xy-pixel size was set to 25 nm to fulfil the Nyquist criterion to
display a resolution of 70 nm. To analyse the three dimensional arrangement of
the microtubule network, 14 RESOLF'T images with 250 nm axial distance between
each image were recorded, resulting in a recorded volume of 4.22 ym x 3.9 pm
x 3.5 pm. The individual frames show the resolution enhancement along the lat-
eral plane featuring a FWHM of ~ 71 nm (Figure 2.4 b), d)). The 14 individual
RESOLFT images were reconstructed as a maximum intensity projection which is
color coded in respect with the imaging depth of each frame visualizing the three
dimensional arrangement within the recorded volume (Figure 2.4 ¢). Single xz slices
demonstrate the diffraction-limited resolution along the axial axis. However, the
three dimensional arrangement of filaments within the recorded volume can still be

visualized.

2.1.3.2 3D-RESOLFT imaging of living tissues

To follow individual microtubule filaments along all three room dimension with
high-resolution, the xy-off-switching doughnut was exchanged against an xyz-off-
switching light pattern by integrating a spatial light modulator in the microscope
(Section 4.10). The three dimensional off-switching pattern restricts the activated
rsEGFP2 molecules along all spatial directions to a sub-diffraction sized volume,
thus improving the resolution along the x,y and z axes.

In the 3D-RESOLFT mode, a volume of 8.5 ym x 6.8 pym x 1.98 um was recorded by
capturing 33 single RESOLFT xy-frames with an axial distance of 60 nm between
each image. To record the three dimensional volume in the RESOLFT mode, several
imaging parameters had to be optimized to compensate the bleaching of rsEGFP2
during the image acquisition. Due to the fact that the PSF of the individual on-
and off-switching lasers have an axial size of ~ 600 nm, up to ten xy-slices with a
thickness of 60 nm were illuminated, while only one slices was actually recorded.
This led to the cycling of the rsEGFP2 molecules between the fluorescent on- and
off-state and therefore to switching fatigue (bleaching) before these molecules were
recorded within their respective slice. To reduce the bleaching during imaging,
the applied light intensities were reduced (405 nm activation: 2.9 W and 488 nm
readout: 10.2 uW). In addition, the pixel size in the lateral plane was set to 35 nm

and no line accumulation step was performed.
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3D RESOLFT

Figure 2.5: RESOLFT imaging of volumes using a 3D-light pattern for
off-switching. Dissected living body wall muscles of a Drosophila melanogaster
larva ubiquitously expressing rsEGFP2-a-tubulin were imaged. The recorded vol-
ume features a size of 8.5 ym x 6.8 ym x 1.98 pym. a) Large image: Maximum
intensity projection of the RESOLFT image stack in the xy view. Smaller images:
single xz-, zy-slices from the indicated positions (arrowheads) of the maximum inten-
sity projection. RESOLFT stack was recorded in indicated area of b). b) Confocal
overview image of living body wall muscle. c¢) large image: false color depth coding
of the maximum intensity projection to visualize the three dimensional arrangement
of filaments in the recorded volume. smal images: single xz-, zy-slices from the indi-
cated positions (arrowheads) of the maximum intensity projection. d) Line profiles
along indicated positions in ¢). Images display raw data smoothed with 1.2 pixel
wide Gaussian. Scale bars: 1 ym a), and 500 nm b), ¢) (modified after [77]).

To illustrate the three dimensional arrangement of the dense microtubule network,
the recorded high-resolution images were projected as a maximum intensity pro-
jection and color-coded with respect to the corresponding imaging depth of each
recorded RESOLFT frame (Figure 2.5 ¢). The improvement in resolution along
the axial direction is exemplified in single xz- and zy-slices of the recorded volume,
showing an ~ 4 fold improvement in resolution along the z-axis (Figure 2.5 d). In

the recorded volume single microtubule filaments are traceable along all spatial di-
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rections. This is exemplified by the selected xz slice in Figure 2.5 c), which shows
one filament crossing the whole recorded axial distance. The line profile along the
indicated position depicts a FWHM of the filament of ~ 160 nm. The resolution
enhancement along the axial axis allows the optical separation of filaments in the
cross-section that are located closely above each other (indicated by an arrow in xz
slice in Figure 2.5 a).

RESOLFT imaging of dissected tissues of Drosophila melanogaster is feasible fea-
turing a resolution of 50 nm - 60 nm along the lateral axis (Figure 2.3). By utilizing
a three-dimensional off-switching pattern, RESOLFT recording of volumes within
tissues with increased resolution along the axial axis is possible. Here a resolution of
~ 140 nm along the axial axis could be achieved, this represents a 4 fold resolution

enhancement compared to regular confocal resolution (Figure 2.5).

2.1.4 RESOLFT-microscopy at different imaging depths

All images so far were recorded within the first cell layers of isolated tissues at a
distance of ~ 1-10 pum from the coverslip. A confocal scanning microscope offers
optical separation of the fluorescence which originates from the focal plane and
the background from other planes. The rejection of out-of-focus light is crucially
important in highly fluorescent tissues to enable a good signal to noise ratio in
the image. By removing the pinhole of the microscope the recorded image largely
reflects a wide-field image. By integrating the pinhole in the detection path, a
confocal counterpart image can be recorded. The excitation is still realized by a
scanning point-like excitation spot, but the loss in image quality is discernable in
comparison to a confocal image recorded using a pinhole in the detection path
(Figure 2.6). The single filaments within the dense microtubule network in the
tissue, can only be discerned using a confocal detection. The depicted image
was recorded within the first cell layer. The background noise will increase if
the imaging is performed deep within the tissue. By using a confocal scanning
microscope, imaging in highly fluorescent tissues is not restricted to the first cell
layers.

The ability to reject out of focus light in a confocal microscope becomes important
in tissue imaging at larger image depth. By focussing into a tissue, the excitation
light is scattered by the tissue and the difference in refractive indices lead to
spherical aberrations, which will decrease the signal intensity from the focus. The
scattered light also excites molecules outside of the focus, thus increasing the
background noise. Confocal detection can reduce this background noise, but with

increasing imaging depth the signal to noise ratio becomes worse.
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Figure 2.6: Image quality of confocal detection in tissues of Drosophila
melanogaster. Fluorescence images of living dissected third instar larva body
wall muscles expressing rsEGFP2-a-tubulin. Pictures were recorded without, with
a pinhole (size: 1 Airy unit) and in the RESOLFT mode (pinhole: 1 Airy unit).
Boxed area in a) is magnified in b). All images display raw data. Scale bars: a): 5
pm, b): 1 pm.

To analyse whether RESOLFT imaging can reduce the increasing background noise
by utilizing the photo-switching feature of the rsEGFP2 molecules, RESOLFT
imaging was performed at different imaging depths.

To evaluate the strength of 2D-RESOLFT imaging within highly fluorescent tis-
sues, RESOLFT-images were recorded at different depths using the same imaging
parameters. To generate a thick fluorescent sample, the front half of a wandering
third instar larva was inverted and mounted in Schneider cell culture medium. The
first image was recorded at the first cell layer of body wall muscles, while the last
images were recorded up to 40 pum deeper within the sample. The microscope was
equipped with an objective lens which used silicon oil as the immersion medium
of refractive index n = 1.406 to better match the refractive index of the tissue

reducing spherical abberations.
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Figure 2.7: RESOLFT imaging at different imaging depths. RESOLFT
and corresponding confocal images were taken at the indicated depths on body
wall muscles of a dissected third instar larva ubiquitously expressing rsEGFP2-a-
tubulin. Line profiles were taken at the indicated positions across single filaments
in the RESOLFT frame. The data points represent an average of ten adjacent (20
nm distance between each measurement) measurements. The averaged data were
fitted with a Lorentzian function (solid line). The FWHM was determined on the
fitted function. All images display raw data. Scale bars: 1 um (modified after [77]).

As expected, the signal to noise ratio decreased upon focusing deeper into the highly

fluorescent tissue (Figure 2.7). At depths of 10 pm and 23 pm the confocal images
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show increasing background noise, while the signal intensity is decreasing. In the
RESOLFT mode, individual filaments can be resolved with improved optical reso-
lution of 87 nm and 108 nm as well as with better signal to noise ratio compared
to the confocal counterpart images. At an imaging depth of 42 pm, the achieved
resolution in the RESOLFT mode is decreasing to 135 nm while the signal to noise
ratio is increasing to 40 %.

The RESOLFT images at higher imaging depths illustrate the contrast enhance-
ment by utilizing the switching capability of RSPFs, which was described previously
(78], [79].

2.1.5 Time-lapse RESOLFT-imaging

To display the dynamic growth and depolymerization of single microtubule filaments
in high-resolution, dissected body wall muscles were imaged continuously in the
RESOLFT-mode over 40 frames. To capture the highly dynamic behaviour of the
filaments, the imaging parameters had to be adapted to decrease the acquisition
time of a single RESOLFT frame. Therefore the pixel size was set to 35 nm and
the off-switching step was shortened to 180 us. The shortening of the off-switching
step was compensated by increasing the laser intensity of the off-switching beam
to ~ 40 W to keep the resolution improvement comparable to Figure 2.4. The
modified imaging parameters enabled the recording of a single RESOLFT frame
of 52 um? size within 9.3 seconds. As depicted in Figure 2.8, the microtubule
filaments display fast dynamic behaviour. Between the individual frames, growing
as well as depolymerization of single filaments can be observed.

When recording multiple RESOLFT images of the same region of interest, switching
fatigue of the RSFPs can lead to a decrease in image quality as well as declining
resolution over the individual frames.

To visualize the reduction in signal intensity through bleaching, the colormaps
of the depicted frames in Figure 2.8 are normalized to the maximum signal of
the first frame. The decrease in signal intensity of single filaments is hereby
directly reporting the bleaching of the fluorescent proteins during imaging. As
can be seen in Figure 2.8, over 40 RESOLFT frames the fluorescent signal of the
labelled microtubule filaments is bleaching. Nevertheless, the recorded time-lapse
RESOLFT imaging allows the characterisation of the dynamic changes of the
microtubule network over 40 RESOLFT frames over a total observation time of
~ 6 minutes at high spatial resolution. Beside the discernible bleaching in the
recorded frames, no obvious sign of reduced polymerization of filaments or cell

damage induced by the continuous imaging were visible.
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Figure 2.8: Time-lapse RESOLFT imaging with high frame rate of the
microtubule cytoskeleton in body wall muscles of a dissected Drosophila
melanogaster larva. Selected frames from in total 40 frames are displayed. The
colormap is normalized to the brightness of the first frame. Recording time of a
single frame: 9.3 seconds. All images display raw data. Scale bar: 1 ym (modified
after [77]).

To further analyse if the light intensities used in RESOLFT-microscopy are
influencing the cell viability during image acquisition, a long-term RESOLFT
movie was recorded. Here an area of 552 um? of a body wall muscle of a dissected
third instar larva was recorded. By recording 40 frames with an acquisition time
of ~ 4 minutes per frame, the region of interest was imaged continuously for ~
2.5 hours. The RESOLFT imaging parameters were set to a pixel size of 30 nm
without performing line accumulation. The off-switching doughnut-shaped beam
was applied at each scanning position for 300 us at 39 uW. By applying these
image parameters, a resolution of ~ 73 nm was achieved, demonstrated by the line
profile taken across five pixels at the indicated position within the first RESOLFT
frame.

Before and after the long-term RESOLFT image acquisition at the same position,
confocal overview images were taken to visualize potential signs of cellular distress

in the imaged area as well as in the surrounding area (Figure 2.9 c).
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Figure 2.9: Time-lapse RESOLFT imaging of the microtubule cytoskele-
ton in body wall muscles of dissected Drosophila melanogaster larva
expressing rsEGFP2-a-tubulin. a) 4 selected frames from in total 40 frames
are displayed. Upper row: recorded RESOLFT frames, lower row: magnifications
of areas indicated in corresponding upper images. Recording time of a single frame:
227 seconds. b) line profile taken across single tubulin filament at the indicated
position in a). The datapoints represent an average of five adjacent measurements.
The averaged data were fitted with a Lorentzian function (solid line). The FWHM
was determined on the fitted function. c¢) Confocal overview of the imaged region in
a) before and after long-term RESOLFT time-lapse imaging. The RESOLFT time-
lapse recording (151.2 min of continuous recording) was performed in the indicated
area (23 pm x 24 pm). All images display raw data. Scale bars: a) upper images: 5
pm, magnifications: 1 pm, ¢) 10 pm (modified after [77]).

The confocal overview images show obvious bleaching in the recorded region after
151 minutes of continuous RESOLFT imaging within this position. Yet, the sur-
rounding area shows labelled intact microtubule filaments and no sign of fragmented

microtubules or signs of apoptosis.
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2.1.6 In vivo RESOLFT-microscopy of intact larva

As presented in Section 2.1.5, the light intensities used in RESOLFT imaging seem
not to influence the cell viability within the time scale of imaging. Together with the
capability of imaging in a thick and highly fluorescent tissue, RESOLFT-microscopy
should be able to facilitate high-resolution imaging in living animals. To analyse
the possibility of in vivo RESOLFT-microscopy, RESOLFT imaging was performed
using an intact second instar larva as a sample. The larva was placed within a
custom built cavity (Section 4.2) filled with Schneider cell culture medium, which
restrained the overall movement of the larva during imaging (Figure 2.10 a). How-
ever, irregular contraction of the body wall muscles was not restricted.

RESOLFT imaging was performed by focussing trough the intact larval cuticle into
the first cell layer. The larval cuticle is relatively transparent, but upon focussing
through the cuticle, the excitation light can be absorbed or deteriorated by scatter-
ing. As described in Section 2.1.2, the rsEGFP2-a-tubulin construct is expressed
in nearly all cells types, highlighting the microtubule cytoskeleton virtually in all
cells of the larva. To fully activate all rsEGFP2 molecules located in the first cell
layer underneath the larval cuticle, a strong 405 nm light pulse was needed (20 us of
11 pW). This represents 4 times the light intensity which was used for RESOLFT
imaging of isolated tissues (Figure 2.3). The deactivation pulse was set to 520 us
with 32 W to obtain the best possible resolution, these parameters enabled high-
resolution RESOLFT imaging within the first cell layer underneath the cuticle of
intact larva (Figure 2.10 ¢). The line profiles of the indicated positions demonstrate
an achieved resolution of ~ 50 nm in the RESOLFT image of intact larva, which
enables a separation of co-aligned microtubules. This is not possible in the corre-
sponding diffraction-limited confocal image (Figure 2.10 d).

The irregular movements of the larval muscles impeded the recording of multiple
RESOLFT frames of the same position. Still, single RESOLFT recordings of the
microtubule network in living intact larva was feasible.

To underline the robustness of RESOLFT-microscopy for in wvivo imaging of
Drosophila melanogaster, additional examples of different positions within the larva
are given in Figure 2.11. The visual resolution enhancement enables a much more
detailed study of the dense microtubule network as in the corresponding confo-
cal recordings. To further analyse the attained resolution enhancement of the
RESOLFT imaging of the whole intact larva, the average FWHM of the rsEGFP2-
a-tubulin filaments within an in vivo-RESOLFT image was assessed. Line profiles
averaged across ten pixel sizes were taken at several positions and the FWHM was
determined (Figure 2.12).
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Figure 2.10: In wvivo RESOLFT-microscopy of intact Drosophila
melanogaster larva. a) Living second instar larva expressing rsEGFP2-a-tubulin
placed under a coverslip between two spacers in Schneider’s medium. b) Confocal
overview image, recorded through the cuticle of the larva. ¢) Confocal (top) and
corresponding RESOLFT (bottom) image of the area indicated in b). d) Top: Mag-
nifications of the areas indicated in ¢). Bottom: Line profiles taken at the indicated
positions. e) Line profiles taken at the positions indicated in ¢). The data points
represent an average of three adjacent (25 nm distance) measurements. The av-
eraged data were fitted with a Lorentzian function (solid line). The FWHM was
determined on the fitted function. Images display raw data. Scale bars: 10 um b),
1 pm c), and 500 nm d) (modified after [77]).

40



2.1. RESOLFT-microscopy of Drosophila melanogaster

Figure 2.11: In wvivo RESOLFT imaging of intact Drosophila
melanogaster larva at different scan positions in the larva. Additional
examples to Figure 2.10 of RESOLFT imaging taken on living larva by focussing
through the intact cuticle of the larva at different positions. Confocal and corre-
sponding RESOLFT images display raw data. Scale bars: 1 pum.

The mean value of the determined FWHMs in RESOLFT images recorded by fo-
cussing through the intact cuticle into the larva was 60 nm (Figure 2.12).

All displayed RESOLFT images of Drosophila melanogaster verify the applicabil-
ity of RESOLFT imaging for live-cell high-resolution imaging in this multicellu-
lar organism. Further, it demonstrates the usability of RESOLFT imaging for in
vivo imaging of intact organisms for the first time. The attained resolution in the
RESOLFT imaging mode was robustly between ~ 50 nm - 60 nm (Figure 2.3, 2.12).
The utilization of the switching capability of RSFP offers an additional improvement
in imaging at high imaging depths. The low light intensities needed in RESOLFT
imaging to achieve high-resolution enabled the recording of cellular dynamics with
high frame rates (Figure 2.8) or over a long observation time (Figure 2.9). Moreover,
the usability of RESOLFT imaging for imaging of three dimensional volumes with

high-resolution along all optical axes was demonstrated.
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Figure 2.12: Determination of the achieved lateral image resolution in
intact larvae. RESOLFT recording taken on an intact living second instar larva
expressing rsEGFP2-a-tubulin. The data points represent an average of ten adjacent
measurements (20 nm distance between each measurement). The averaged data were
fitted with a Lorentzian function (solid line) and the FWHM was determined on the
fitted function. Scale bar: 1 um (modified after [77]).
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2.2 High-resolution RESOLFT-microscopy of

Arabidopsis thaliana

High-resolution RESOLFT-microscopy requires low light intensities of ~ 1 - 40
kW /em? to achieve a sub-diffraction resolution image [45]. Hence RESOLFT
imaging might be highly suitable for high resolution imaging in light sensitive
specimens such as plant cells.

This section describes the establishment of RESOLFT imaging in Arabidopsis
thaliana for the first time and evaluates its usability for high-resolution imaging

within this model organism of plant science.

The generation of MAP4-rsEGFP2 expressing Arabidopsis thaliana was kindly
performed by Dr. Hassan Ghareeb (University of Géttingen).

2.2.1 Generation of rsEGFP2 expressing Arabidopsis thaliana

To characterise the usability of RESOLFT-microscopy in high-resolution plant imag-
ing, similar as described before (Section 2.1.1), microtubule filaments were chosen
as the target structure for imaging. To label the microtubule network in Arabidopsis
thaliana, a strategy reported by Marc et al. [80] was applied.

The expression of a fusion protein consisting of the microtubule associated protein
(MAP) 4 and a fluorescent protein marks the microtubule network in the cell specif-
ically by attachment of MAP4 to the microtubule filaments. To enable RESOLFT-
microscopy, the eGFP coding sequence was replaced by the sequence of rsEGFP2.
The construct was expressed under control of the ubiquitin-10 promoter, which dis-
plays strong expression levels in various cell types [81]. The generated tranformants
of Arabodopsis thaliana were crossed homozygous as individual stable lines. Plants
of the T4 generation were used for imaging (Section 2.2.1).

All images in this Section display only raw data, except selected images where
smoothing with a 1.2 pixel wide Gaussian was used to reduce the background noise
in the RESOLFT images. All image modifications are denoted in the respective fig-
ures. Image manipulations like deconvolution or background subtraction were not

performed.

2.2.2 Characterisation of MAP4-rsEGFP2 expression pattern in
Arabidopsis thaliana

To characterise the expression of the MAP4-rsEGFP2 construct in the generated

Arabidopsis thaliana transformants, various cell types were analysed using live cell
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Figure 2.13: Live cell confocal overview images of MAP4-rsEGFP2
labelled microtubule filaments in different cell types of Arabidopsis
thaliana expressing MAP4-rsEGFP2. a) upper leaf epidermis, b) trichome
on the upper leaf epidermis, ¢) thin slice of petiole, d) lower leaf epidermis cells, e)
sepals cells. Scale bars: 10 pm.

fluorescence microscopy. Labelling of the microtubule network was visible in leaf
epidermis cells, stomata cells, trichome, cells of petiole, sepals and petals cells. The
fluorescence recordings of the respective cell types are shown in Figure 2.13.

The confocal recordings of leaf epidermis cells and trichomes (Figure 2.13 a, and
b) display a specific labelling of microtubule filaments in these cell types. Here the
labelled microtubule network exhibits a good signal to noise ratio. Thin slices of
petiole epidermis reveal an expression of the MAP4-rsEGFP2 construct and display
a polarised orientation of microtubules in this cell type (Figure 2.13 ¢). The micro-
tubule network in sepals show a weak labelling next to a strong background signal in
the detection channel (Figure 2.13 e). The autofluorescence of chloroplast is visible
in the GFP-detection channel (500 - 550 nm) as round shaped organelles located
underneath the microtubule network in various cell types (Figure 2.13 ¢, d).

Altogether, the generated MAP4-rsEGFP2 tranformants showed an expression of
the MAP4-rsEGFP2 construct in various cell types of Arabidopsis thaliana result-
ing in specific staining of the microtubule network. An expression or labelling of

microtubule filaments in root cells was not detectable.
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2.2.3 Autofluorescence suppression by fluorescence lifetime
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Figure 2.14: Autofluorescence reduction in live cell microscopy via fluo-
rescence lifetime gating. a) non-gated confocal image of lower leaf epidermis cells
illustrating autofluorescence of chloroplasts in the GFP-detection channel (detection
filter: 500 nm - 550 nm). The fluorescence of the MAP4-rsEGFP2 construct is not
discriminable from the autofluorescence of chloroplast b) false color coded confocal
image of a) illustrating separation of GFP signal and chloroplast autofluorescence
via fluorescence lifetime gating. ¢) raw data of single gated channels (Gate 1 and
2) and non gated (Total signal) image of highlighted areas in a) and b). Scale bars:
a), b) 10 pm and c) 5 pm.

The depicted images in Figure 2.13 were recorded using a continuous wave (cw)
light source for excitation, i.e. a continuous amount of photons is emitted over the
whole excitation time period. To analyse if the observed autofluorescence coming
from the chloroplasts can be separated from the rsEGFP2 signal using fluorescence

lifetime gating, the excitation laser was changed to a pulsed light source. A pulsed
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excitation laser emits a photon burst at a given frequency, e.g. every 25 ns (at 40
MHz repetition rate). The fluorescence detection of the microscope can be restricted
to small time periods (e.g. 1 ns - 2 ns) which is defined with respect to the rsEGFP2
fluorescence lifetime of ~ 1.6 ns [53]. Depending on the arrival time after the exci-
tation pulse, the detected photons can be assigned to the GFP detection channel or
to an additional detection channel.

The autofluorescence of chloroplast is mainly caused by chlorophylls which feature
a relative short fluorescence lifetime of ~ 250-300 ps [82]. The chloroplast detection
gate was set to 0-312.5 ps, while the rsEGFP2 detection channel was set to 2.656 -
16.71 ns. Although the main signal of rsEGFP2 was not detected, this combination
of time gates showed the lowest crosstalk between the rsEGFP2 detection channel
and the autofluorescence. The individual gates were false color coded to enable a
visual separation. The rsEGFP2 gate is shown in green color (Gate 1) while the
autofluorescence channel is in red (Gate 2) (Figure 2.14).

The fluorescence signal of the microtubule filaments labelled with the MAP4-
rsEGFP2 construct is overlapping with the autofluorescence of chloroplasts, which
impedes the tracing of single filaments in the non-gated image (Figure 2.14 a). The
gated rsEGFP2 detection channel (Gate 1) shows strong reduction in the autofluo-
rescence and enables the tracking of filaments over the whole image. The autofluo-
rescence gate (Gate 2) depicts the position of the chloroplast in the image (Figure
2.14 ¢). The false color coding strengthened the visual separation of the two chan-
nels. In the gated detection channel (Gate 1) the filaments are easily traceable over
single chloroplasts, while in the non-gated detection channel (total signal), the fila-
ments are overlaid by the background fluorescence.

Using fluorescence lifetime gating, it is therefore possible to separate the autofluores-
cence emanating from the chloroplast specifically from the fluorescence signal of the
MAP4-rsEGFP2 labelled microtubule filaments (Figure 2.14). Thus the rsEGFP2
labelled structure can be studied even if the fluorescence is overlapping with the

autofluorescence of the chloroplasts.

2.2.4 RESOLFT-microscopy of Arabidopsis thaliana
To analyse the applicability of RESOLFT-microscopy for live cell high-resolution

imaging in Arabidopsis thaliana, small pieces (~ 4 mm x 4 mm) of green leaves were
mounted in PBS-buffer and used as a sample for RESOLFT imaging (Section 4.9).
To record RESOLFT-images within upper leaf epidermis cells, imaging parame-
ters had to be identified for this specific cell type. For activation of the rsEGFP2

molecules, a strong activation pulse of 405 nm at 11 gW for 20 us was needed. For
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Figure 2.15: High-resolution RESOLFT imaging of MAP4-rsEGFP2 la-
belled tubulin filaments in leaf epidermis cells. a) RESOLFT image of MAP4-
rsEGFP2 labelled microtubule filaments. b) confocal and corresponding RESOLFT
image of highlighted area in a). ¢) RESOLFT image of MAP4-rsEGFP2 labelled
tubulin filaments in leaf epidermis cells. Line profiles were taken at the indicated
positions in a) and c). The data points represent an average of five adjacent mea-
surements (at 22 nm (a) or 23 nm (c) distance each). The averaged data were fitted
with a Lorentzian function (solid line). The FWHM was determined on the fitted
function. Scale bars: 1 pm.

deactivation of molecules in the periphery the off-switching was performed using
the 488 nm off-switching doughnut-shaped beam for 480 us with 32 pW. The fluo-
rescence of the residual rsEGFP2 molecules in the fluorescent on-state at the very
center of the excitation volume was subsequently read out for 40 us using a 488 nm
Gaussian shaped readout pulse with 14.4 4W. To record RESOLFT images, these
three steps of illumination were performed at each scanning position in the image,
i.e. at every pixel of 25 nm width. To increase the signal to noise ratio, every line
was scanned twice and the signal accumulated.

To validate the achieved resolution enhancement, a regular diffraction-limited confo-
cal image was recorded next to the RESOLFT image, by applying the same imaging

parameters except performing the off-switching illumination step.

A7



2.2. High-resolution RESOLFT-microscopy of Arabidopsis thaliana

The recorded RESOLFT images of upper epidermis leaf cells are depicted in Figure
2.15.

As seen before, the MAP4-rsEGFP2 construct shows a uniformly labelling of the
microtubule network within leaf epidermis cells. The degree of labelling is sufficient
to highlight the microtubule filaments in the high-resolution RESOLFT images (Fig-
ure 2.15). In epidermis cells, the microtubule filaments feature sites of crossings and
interconnections as well as co-alignment (Figure 2.15 b). In the RESOLFT mode,
filaments which were located close together can be optically separated which is not
possible in the respective confocal counterpart image. As shown in the line profiles
(Figure 2.15), FWHMs across single filaments of ~ 60 nm - 70 nm were achieved
in the RESOLFT imaging mode. This represents a resolution enhancement of 3 - 4
times compared to the best possible diffraction-limited confocal image. Further, the
total photon counts given in the line profile point out the low background signal in

leaf epidermis cells of only 0 - 4 counts in average.

2.2.5 STED-microscopy of MAP4-rsEGFP2 labelled microtubule

filaments in leaf epidermis cells
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Figure 2.16: High-resolution STED imaging of MAP4-rsEGFP2 labelled
microtubule filaments. a) Confocal and STED image of MAP4-rsEGFP2 la-
belled microtuble filaments in upper epidermis leaf cell. b) Line profile taken at
the indicated position in a). The data points represent an average of five adja-
cent measurements at 23 nm distance each). The averaged data were fitted using a
Lorentzian function (solid line). The FWHM was determined on the fitted function.
Scale bar: 1 pm.

So far, only one study has reported on the application of STED imaging in plant
cells [75], albeit only root epidermis cells were used which do not feature numerous
light absorbing molecules compared to photosynthesis active cells [76].

To analyse whether STED-microscopy is applicable for high-resolution imaging in
living leaf epidermis cells, STED imaging was performed on MAP4-rsEGFP2 la-

belled microtubule filaments in upper leaf epidermis cells. To record STED images
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Figure 2.17: High-resolution STED time-lapse imaging of MAP4-
rsEGFP2 labelled tubulin filaments in leaf epidermis cells. a) Confocal
overview images recorded before and after recording of 40 STED frames in the indi-
cated area. b) Three selected out of a total of 40 STED frames illustrating dynamics
of MAP4-rsEGFP2 labelled microtubules of the area indicated in a) while imaging.
Imaged were recorded continuously. Recording time per image: 31 seconds. Images
display raw data smoothed using a 1.2 pixel wide Gaussian function. Scale bars: a)
5 um, b) 2 pm.

using rsEPGF2 as a fluorescent label, the following identified imaging parameters
were applied: first, activation of rsEGFP2 with light of 405 nm for 20 us using 1.1
uW. Next, the molecules located at the periphery of the excitation volume were
switched to the fluorescent off-state via stimulated emission (STED-laser 587 nm,
7.86 mW, 20 MHz repetition rate), while the molecules located at the very center
were read out using light of 488 nm for 30 us using 18.7 uW. Every line was scanned
three times and the signal was accumulated to achieve the final image. The iden-
tified imaging parameters, enabled to record single STED images in leaf epidermis
cells (Figure 2.16). In order to quantify the attained resolution in the STED image,
a line profile measured across a single filament averaged over five pixel distance was
analysed and demonstrated a FWHM of 49 nm.

To examine the usability of STED-microscopy for time-lapse recordings in leaf epi-

dermis cells, all imaging parameters where kept constant in respect to Figure 2.16
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except that the STED intensity was decreased to 3.6 mW. These parameters enabled
continuous recording of 40 STED frames of an area of ~ 642 um? (Figure 2.17).
During the image acquisition, the microtubule network showed strong modifications
while recording continuously 40 STED frames, filaments located inside the obser-
vation area displayed a decreased dynamic growth and apparent depolymerization.
Confocal overview recordings of the observation area before and after the long-term
STED imaging, display the decrease in the number of filaments and the increase in
the background signal in the recorded area (Figure 2.17 a).

Comparing the depicted selected frames in Figure 2.17 b, a significant reduction
in signal intensity of the MAP4-rsEGFP2 construct while recording the 40 STED
frames becomes apparent. However, the fluorescence signal is still sufficient enough
to highlight the microtubule filaments, especially in the last frame even at the de-
creasing signal to noise ratio.

It can be concluded that STED imaging in leaf epidermis cells of Arabidopsis thaliana
is feasible to record single high-resolution images of microtubule filaments with ~ 50
nm resolution. Nevertheless, potential manipulations of the target structures may
occur due to the high light intensities used in STED-microscopy within the time

scale of image acquisition.

2.2.6 RESOLFT time-lapse imaging of Arabidopsis thaliana

During the acquisition of single RESOLFT frames (Section 2.2.4), no obvious signs
of cellular distress were visible. The microtubule network in upper epidermis leaf
cells exhibited a dynamic behaviour of growing as well as shortening of individ-
ual filaments. To analyse whether long-term RESOLFT recordings causes the same
photo-manipulation of the microtubule network as STED-microscopy, 40 RESOLFT
frames were recorded continuously. To capture fast dynamic changes of the micro-
tubule network with high spatial resolution, the RESOLFT imaging parameters
identified before (Figure 2.15) had to be adapted to reduce the acquisition time
per single RESOLFT-frame. To record the movement of microtubule filaments at
high-resolution within an area of 12.9 pym x 9.72 pm, the pixel size was set to 30
nm to fully display the before achieved resolution of ~ 75 nm (Figure 2.15). The
off-switching time of the 488 nm off-switching doughnut-shaped laser beam (43 pW)
was shortened to 120 us, while no line accumulation was applied. Beside this, the
activation was shorten to 12 us at 3.5 pW and the readout was performed with 30us
at 15.8 uW. These parameters resulted in an acquisition time of ~ 22 seconds for a
single RESOLFT frame.
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Figure 2.18: Time-lapse RESOLFT imaging of MAP4-rsEGFP2 labelled
microtubule filaments in upper leaf epidermis cells. Four selected from in
total 40 continuously recorded RESOLFT frames, illustrating the dynamics of the
MAP4-rsEGFP2 labelled microtubule network in upper leaf epidermis cells. The line
profiles of indicated positions represent an average of five adjacent measurements
(of 30 nm distance each) across single filaments at the indicated positions. The
averaged data were fitted with a Lorentzian function (solid line). The FWHM was
determined on the fitted function. Images display raw data smooth using a 1.2 pixel
wide Gaussian function. Scale bar: 2 pym.
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2.2. High-resolution RESOLFT-microscopy of Arabidopsis thaliana

Applying these RESOLFT parameters, the dynamic behaviour of the microtubule
network in upper leaf epidermis cells could be captured at high spatial resolution
in 40 consecutive RESOLFT frames (Figure 2.18). The selected frames from the
recorded time-lapse series illustrate the dynamic changes of the microtubule net-
work in upper leaf epidermis cells. The reduction in the off-switching time by ~
4 fold could be successfully compensated by a strong increase in the intensity of
the off-swichting beam. This is illustrated in the line profiles taken across single
filaments (averaged along five pixel positions) reporting a resolution of ~ 75 nm in
the recorded time-lapse series, indicating sufficient off-switching.

The colormap used in Figure 2.18 is normalised to the first frame of the recorded
time-lapse series. As can be seen by comparing the first and the last frame, the flu-
orescence signal of the individual microtubule filaments is not reduced significantly
over the 40 frames. This absence of bleaching is in contrast to the noticeable bleach-
ing in the recorded 40 RESOLF'T time-lapse series taken in Drosophila melanogaster
(Figure 2.8). The absence of bleaching is further strengthened by the fact that the
resolution is not declining over the recorded time-lapse series as can be seen in the

depicted line profiles (Figure 2.18).

2.2.7 Bleaching analysis of rsEGFP2 in Arabidopsis thaliana
The bleaching analysis on long term RESOLFT recordings of MAP4-rsEGFP2-

labelled microtubule filaments presented in this section was carried out together
with Dr. Lars Frahm.

2.2.7.1 Bleaching analysis

To analyse the bleaching behaviour of the MAP4-rsEPGF2 labelled microtubules in
RESOLFT recordings, an area of 47 um? was imaged continuously over 250 frames
in the RESOLFT mode. The following imaging parameters were applied: 405 nm
activation: 20 us, 3.8 uW, 488 nm off-switching: 340 pus, 11.5 pW, 488 nm readout:
40 ps 23.5 pW. These parameters resulted in a recording time of ~ 12 seconds per
RESOLFT frame.

As observed before, the microtubule filaments in upper leaf epidermis cells exhibited
a dynamic behaviour; in the recorded time-lapse series, the total number of filaments
in the observed area is constantly changing since filaments are moving in and out of
the observation area.

The fast dynamics of the microtubule network impeded a bleaching analysis based
on the average fluorescence signal per frame, since the total number of filaments is

constantly changing over the recorded time-lapse series (Figure 2.19 a).
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Figure 2.19: Bleaching analysis of MAP4-rsEGFP2 in RESOLFT time-
lapse recordings of leaf epidermis cells. a) Three selected from in total 250
RESOLFT frames illustrating the bleaching behaviour of MAP4-rsEGFP2 labelled
microtubules in the RESOLFT mode. The color map of the depicted images is
normalized to the signal intensity of the first frame. b) Bleaching analysis of single
RESOLFT frames. The average signal intensity of all shown white pixels per frame
were analysed. Pixels corresponding to the background noise were rejected for the
analysis. ¢) Bleaching curve of average signal per filament in each RESOLFT frame.
Data (black dots) was fitted with a linear function (red line). d) Confocal overview
image after RESOLFT time-lapse imaging of 250 frames of the indicated position.
Scale bars: 2 pm.

A change in the number of filaments in the observation area will also alter the aver-
age signal per frame; therefore a possible bleaching of the fluorescent label rsEGFP2
cannot be detected.

In order to analyse the bleaching of rsEGFP2 in the time-lapse recordings, an algo-
rithm was applied which determines the average fluorescence signal per filament in

each frame.
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Following this, the bleaching analysis is independent of the total number of
filaments in the frame (Figure 2.19 b).

The applied algorithm detects filaments in each frame and calculates the average
fluorescence signal of all pixels which were assigned to be part of the filaments
(depicted in white lines in Figure 2.19 b). Figure 2.19 ¢) depicts the plotted average
brightness per filament in each single frame of the recorded time-lapse RESOLF'T
series. Here a reduction of the average filament brightness of ~ 25 % over the

recorded 250 frames is discernible.

2.2.8 FRAP measurements on MAP4-rsEGFP2 labelled

microtubule filaments
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Figure 2.20: FRAP measurement on MAP4-rsEGFP2 labelled micro-
tubules in upper leaf epidermis cells of Arabidopsis thaliana. a) Confocal
overview image before bleaching of indicated positions. b) Four selected frames from
in total 50 consecutive frames illustrating the recovery after photobleaching of in-
dicated region. c) Analysis of FRAP measurement on indicated area in a) and b).
Blue dots depict the average fluorescence signal in the indicated area in each frame
of the recorded time-lapse series after photo-bleaching. Red dots depict the average
fluorescence outside the indicated area per frame in the recorded time-lapse series.
Black line depicts an exponential fit of the FRAP data points. Recovery to 50 %
after 5 frames. Recording time of each frame: 1.3 seconds. Scale bar: 5 ym.
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To examine whether the reduced bleaching rate of rsEGFP2 in the RESOLFT mode
is the result of replacement of the bleached MAP4-rsEGFP2 molecules at the micro-
tubule filaments, fluorescence recovery after photobleaching (FRAP) measurements
were performed (Section 4.12).

In upper leaf epidermis cells a region of interest was illuminated with light of 405 nm
and 488 nmm simultaneously to bleach the MAP4-rsEGFP2 protein in this region
(indicated region in Figure 2.20). Subsequently, 50 consecutive confocal overview
frames were recorded to analyse whether the bleached fluorescence will recover. As a
control, the average fluorescence in the non-bleached region was used. The analysis
of the average fluorescence signal in the recorded confocal time-lapse series was re-
stricted on the filaments in each frame, similar to as described in Section 2.2.7. The
normalized average fluorescence of the control region is shown in red dots whereas
the normalized average fluorescence of the bleached area is depicted in blue dots in
Figure 2.20 ¢). After the bleaching pulse, the bleached region displays fast recovery
of the average fluorescence signal. After ~ 7 seconds the fluorescence is recovered
to 50 % of its initial value and reaches 90 % after ~ 39 seconds (Figure 2.20 c).
The performed FRAP experiment revealed a fast replacement of bleached MAP4-

rsEGFP2 proteins in upper leaf epidermis cells within seconds.

2.2.9 Filament counting in RESOLFT time-lapse series

The applied algorithm in section 2.2.7 was used to determine the average brightness
of a single filament in every frame of the recorded time-lapse RESOLFT series. If
the brightness of a single filaments is known, the filaments in each frame can be
counted and tracked over time in a time-lapse series.

This is especially important if the optical resolution of the image is not sufficient
to fully separate filaments located directly close together. In plant cells, micro-
tubule filaments are often co-aligned over several micrometer distances and move
along each other. The achieved resolution in RESOLFT imaging of plant cells of
~ 70 nm represents an ~ 3 - 4 times resolution enhancement compared to regular
diffraction-limited confocal imaging. However, it is still insufficient to optically sep-
arate filaments which are located directly next to each other.

This is well exemplified in the depicted frames of the recorded RESOLFT time-lapse
series shown in Figure 2.21. In frame 128, two filaments are located closely to each
other and cannot be optically separated (marked by the arrow in frame 128 Figure
2.21). The data analysis identified two filaments at this position via the fluorescence
signal at this position which is represented by the green color coding (arrow in frame
128 Figure 2.21).
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Frame 128 ~JFrame 128
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Frame 138 =~ Frame 138

Frame 156 Frame 156 |

Figure 2.21: Filament counting and tracking in time-lapse RESOLFT
recordings of the microtubule network in upper leaf epidermis cells of
Arabidopsis thaliana. Left images: depicted frames in a total of 200 recorded
RESOLFT frames. Right images: False color coded images, every pixel in the frame
is color coded with respect to the multitude of the average brightness of a single
filament. Colormap illustrating the average brightness of 0 - 4 filaments. Scale bar:
2 pm.

As can be seen in frames 138 and 156, the movement of single filaments resulting in
fusion and co-alignment of two filaments can be visualized and tracked over time in
the recorded time-lapse series (arrows in frames 138 and 156 in Figure 2.21).

Together, the displayed recordings of rsEGFP2-MAP4 labelled microtubule fil-
aments in Arabidopsis thaliana demonstrate the applicability of RESOLFT-
microscopy for high-resolution imaging in plant cells. RESOLFT imaging facilitated

single images as well as time-lapse recordings featuring ~ 70 nm resolution of upper
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epidermis cells. The bleaching of rsEGFP2 was negligible while recording continu-
ously 250 RESOLFT frames while no signs of phototoxicity were discernible during

the image acquisition.
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3 Discussion
3.1 RESOLFT-microscopy of Drosophila

melanogaster

Since the first proof of principle RESOLFT demonstration by Hofmann et al.
[20], several studies demonstrated the application of high-resolution RESOLFT-
microscopy in different living specimens (Section 1.4.3).

With this work the usability of RESOLFT-microscopy for high-resolution imaging

of multicellular organisms was analysed and established for the first time.

3.1.1 rsEGFP2-a-tubulin expressing Drosophila melanogaster

For the establishment of high-resolution RESOLFT-microscopy in Drosophila
melanogaster, microtubule filaments were chosen as the target structure for imaging.
Microtubule filaments are rigid rods with a fixed diameter of ~25 nm, which is ~8
times smaller than the size of the diffraction-limited excitation spot [83]. Using a
small structure of fixed size, the resolution enhancement in the RESOLFT imaging
mode is comparable along different experiments.

The stable genomic integration of the expression construct led to a sample with
invariable and constant labelling of the target structure in all cells of Drosophila
melanogaster. This enabled a comparison of the achieved resolution enhancement
between various experiments and different configurations of the custom-built micro-
scope used for imaging.

Previous reports on the application of RESOLFT-microscopy were based on tran-
fected single cells expressing RSFP fusion proteins to label a target structure in the
cell (Section 1.4.3). Transfected cells exhibit variable expression levels of the fusion
construct due to different numbers of expression plamids in the cells [84]. Further,
overexpression of fusion proteins can cause numerous artefacts like protein mislocal-
ization, erroneous morphology of the target structure and many others [59], [63].
For the establishment of RESOLFT-microscopy in Drosophila melanogaster, the
expression level of the RSFP fusion construct was chosen to avoid overexpression
artefacts so as not to affect the fitness of Drosophila melanogaster. Albeit, the
fluorescent signal had to be sufficiently high to enable RESOLFT-microscopy of
various cell types. As shown in Section 2.1.2, the additional expression of rsEGFP2-
a-tubulin next to the endogenous protein did not interfere with the fitness of the
generated Drosophila melanogaster stock. The labelling of microtubules during the

oogenesis and spermatogenesis suggests no negatively impact of the rsEGFP2-a-
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tubulin expression on the embryogenesis and underlines the versatility of rsEGFP2
as a genetically encoded label for tagging of target proteins.

The Western blot analysis revealed a 3:1 ratio of non-labelled to rsEGFP2-labelled
a-tubulin protein in total cell lysate of third instar larvae (Section 2.1.2). This ratio
can be seen as an average proportion for all tissues; small variations between tissues
may exist, since it is possible that differences in gene expression and protein turnover
lead to varied protein levels of the rsEGFP2-labelled a-tubulin fusion protein. Al-
beit, the average fluorescence brightness of single rsEGFP2 labelled a-tubulin fil-
aments was similar in different types of tissues used for RESOLFT-microscopy in
Section 2.1.

The fluorescence signal of single microtubule filaments was sufficient to enable
RESOLFT-microscopy, it was however relatively low. The maximum fluorescence
intensity of single tubulin filaments was in the range of 10-20 photon counts in the
RESOLFT mode featuring a 30 - 40 us readout step. To increase the fluorescence
signal of the labelled microtubule filaments, the degree of labelling could be en-
hanced. This could be achieved by using endogenous labelling techniques like the
CRISPR/Cas9 system [85], [86], [87]. Endogenously labelling of the genomic loci of
the a-tubulin gene could enable a complete labelling of all a-tubulin proteins in the
cell. This would increase the fluorescence signal of the labelled tubulin filaments
compared to the generated fly stock, where approximately one out of four a-tubulin
proteins is labelled by rsEGFP2.

3.1.2 Optical resolution in RESOLFT imaging of Drosophila
melanogaster

As demonstrated in Section 2.1, RESOLFT-microscopy could be performed on iso-
lated tissues as well as in intact larvae of Drosophila melanogaster. The achieved
optical resolution in the RESOLFT mode was robustly in the range of 50 nm - 60
nm (Section 2.1.2), this represents a 4 - 5 fold enhancement compared to regular
diffraction-limited confocal microscopy using a GFP derivative as a fluorescent la-
bel. The achieved resolution is in accordance with previously reported FWHMs
of 45 - 48 nm of rsEGFP2-labelled Keratin filaments of single mammalian cells in
RESOLFT-microscopy [45].

The achieved resolution in the RESOLFT recordings in this work is comparable
to that of live-cell STED-microscopy using fluorescent proteins as label, which is
typically in the range of 50 nm [88]. One advantage of STED-microscopy is that
the off-switching of fluorescent molecules in the periphery of the excitation volume

is in the ns time scale, whereas in RESOLFT it is in the us or ms timescale. Thus
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STED-microscopy is better suited for imaging of dynamic structures or processes.
However, in STED-microscopy the applied light intensities are up to ~ 10° times
higher compared to RSFP-based RESOLFT-microscopy, therefore RESOLFT is bet-
ter suited for long-term imaging of living cells [46], [45].

To exclude an erroneous determination of the achieved resolution in RESOLFT
recordings of Drosophila melanogaster, all line profiles in this work were taken along
3 - 10 pixel widths and the FWHM was determined by using a fitted function. This
analysis is in contrast to some previously reported RESOLFT studies, where line
profiles were taken along single pixels or in deconvolved images, resulting in erro-
neous small resolution values [56], [59], [89].

As can be seen in Figure 2.12, the determination of the FWHMs based on line pro-
files can show variations in the range of ~ 10 % if multiple line profiles were taken in
the same image. This can be explained by variations in the local background signal
at different positions in one image. Therefore in this work, in all RESOLFT images,
line profiles were taken at multiple positions to determine the average resolution in
cach image (Figures 2.3 and 2.12).

The achieved optical resolution of ~ 50 nm in RESOLFT recordings of Drosophila
melanogaster could still be further improved. One major constraint to achieve bet-
ter resolution was the limitation in the fluorescence signal in the RESOLFT mode.
As demonstrated in Section 2.1.2, single microtubule filaments often exhibited only
10 - 20 photons as maximum intensity in RESOLFT recordings, even if a line accu-
mulation of two iterations was applied.

To further increase the optical resolution in RESOLFT recordings, the off-switching
doughnut shaped beam has to be applied with higher light intensities. Thus the
total number of molecules resting in their fluorescent on-state at the center of the
excitation volume will be further restricted to a smaller size, resulting in better
optical resolution in the image. However, this will lead to a decrease in the signal
to noise ratio, since the number of off-switched molecules in the excitation spot in-
creases compared to the number of molecules remaining in the fluorescent on-state.
Consequently, the residual fluorescence signal of the off-switched population in the
periphery of the excitation spot contributes stronger to the image. Therefore it is im-
portant that the RSFP used features a very low residual fluorescence in the off-state.
The RSFP rsEGFP2 exhibits a residual fluorescence in the off-state of ~ 6 - 7 %,
whereas rsEGFP has a residual fluorescence of 1 - 2 % and could be used to achieve
higher optical resolution in RESOLFT recordings of Drosophila melanogaster [45],
[46]. However, the folding of rsEGFP at 37 °C is inefficient, leading to low fluores-

cence in the target structure since many fluorescent proteins are not functionally
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folded [46], [55]. The folding efficiency of fluorescent proteins is in general better
at lower temperatures, thus rsEGFP might be used in Drosophila melanogaster at
room temperature.

Nevertheless, the off-switching of rsEGFP is in the range of 10 - 20 ms, which is
~ 25 times slower compared to rsEGFP2, thus imaging of fast dynmics of the mi-
crotubule network may not be possible [45].

The limitation of the fluorescence signal in the RESOLFT recordings is further
based on the utilization of a negative switching RSFP, since it is switching to the
fluorescent off-state while the fluorescence is read out. Therefore the total number
of photons per read out step is limited. This can be compensated by performing
line accumulations with the drawback of longer acquisition times.

The signal limitation in RESOLFT-microscopy could be overcome by utilizing the
RSFP Dreiklang. In Dreiklang, the on- and off-switching is decoupled from the
read out of fluorescence. Hence the molecules restricted to a sub-diffraction size
at the very center of the excitation spot can be read out until sufficient photons
are detected. However, Dreiklang possesses a strong switching fatigue; after ~ 160
switching cycles, 50 % of the Dreiklang molecules are bleached. Additionally, the
off-switching of Dreiklang is in the timescale of ms which makes RESOLFT imaging
of fast dynamic processes in living cells challenging [42].

Next to optimisation of the image acquisition, the resolution of the recorded
RESOLFT images can be improved using deconvolution algorithms, as already il-
lustrated in several previous RESOLFT studies [45], [56], [46], [89]. However all
data shown in this work represents only raw data to fully report on the possibilities

as well as the limitations of RESOLFT-microscopy in Drosophila melanogaster.

3.1.3 Photostress in RESOLFT-microscopy

The light intensities applied in RESOLFT recordings of isolated tissues of Drosophila
melanogaster were in the range 5 - 40 kW /em?. This is in accordance with previ-
ously reported values of RESOLFT-microscopy using rsEGFP2 in single mammalian
cells [45]. These intensities are comparable to those applied in scanning confocal
microscopy (10 - 50 kW /cm?) resulting in a total light dose of approximately 500
Joule/cm? per image [60], [90]. However, these light intensities are higher than what
is sometimes regarded as a critical light intensity threshold in long-term imaging of
developmental processes of only few Joule/cm? [60], [90].

Photostress is dependent on the wavelength of the applied excitation light [60], [91].
[lumination with light of 405 nm wavelength at 0.2 kW /cm? for 240 seconds or a

total illumination dose of 48 Joule/cm? can cause photodamage like photo-fixation
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and an impairment of cell division upon irradiation. If the same total light dose is
applied using light of 514 nm wavelength, no similar cellular destructions occur [60].
Compared to the stochastic targeted nanoscopy methods, point scanning
RESOLFT-microscopy restricts the damaging excitation light to small parts of the
sample while the rest of the sample is not illuminated. Thus possible phototoxic
effects could be better compensated by the cell since the excitation light is applied to
a restricted area for a very short time period. In contrast, in the stochastic targeted
method PALM, the whole cell is illuminated for e.g. 240 seconds using light inten-
sities of 0.05 kW /em? of 405 nm light and 0.2 kW /em? of 488 nm light to capture
12000 frames [60].

In this work, the illumination with light of 405 nm was needed to activate the
rsEGFP2 molecules at each scanning position. The average light dose applied per
single RESOLFT frame was in the range of 2-10 Joule/cm? in accordance with
Grotjohann et al. [45]. Following this, in the long-term RESOLFT recordings of
40 RESOLFT frames (Figures 2.8 and 2.9), the critical 405 nm illumination dose
of 48 Joule/cm? identified by Wildchen et al., was exceeded [60]. However, in the
performed RESOLFT recordings, no visual signs of photostress were noticed.

One way to decrease the photostress in RESOLFT imaging using rsEGFP2 might
be the use of two photon illumination for activation of the off-switched rsEGFP2
molecules, thus avoiding the illumination with light of 405 nm wavelength. This can
be achieved via a two photon process using a femtosecond-pulsed laser at 780 nm
wavelength as demonstrated by Bohm et al. [92].

The photostress in RESOLFT imaging could be decreased further by using an RSFP
which exhibits absorbance and emission spectra in the red spectral range. Light of
longer wavelength is less damaging to cells, since it is less absorbed by cellular com-
pounds [60]. This would be an additional advantage for tissue imaging, because
UV-light is strongly absorbed and scattered by tissue at high imaging depths. As
seen in Section 2.1.2, the UV-light intensities could be decreased 3 fold if imaging
was performed in the first cell layer instead of imaging at ~ 10 ym distance to the

cover slip inside the tissue.

3.1.4 Tissue RESOLFT-microscopy

Previous studies of RESOLFT-microscopy performed on tissues were based on imag-
ing of single neurons in hippocampal brain slices. In these reports, single neurons
were transduced to express an RSFP-Lifeact fusion protein. Lifeact is a short pep-
tide of 17 amino acids which binds to F-actin filaments and thus highlights the actin
network of the cell [93]. RESOLFT imaging was performed on neuronal spine necks
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and a FWHM of ~ 70 nm - 80 nm of these sub structures was reported. Actin fibers
within the neurons were not visible [46], [89].

The indirect labelling of the F-actin network via transiently binding of Lifeact-RSFP
fusion proteins allows for the replacement of bleached Lifeact-RSFP proteins and
thus can compensates a decrease in the fluorescence signal during image acquisition.
Overexpression of Lifeact-RSFP fusion proteins might lead to a volume staining of
the neuronal spine neck, caused by mostly unbound Lifeact-RSFP proteins situated
in the cytoplasm, resulting in a strong fluorescence signal.

This labelling of the F-actin network is in contrast to the labelling strategy ap-
plied in this work for visualisation of a filamentous target structure in tissues. In
Section 2.1 direct labelling of the tubulin network was achieved via expression of a
RSFP-a-tubulin fusion construct. The rsEGFP2-a-tubulin protein was integrated
into microtubule filaments, therefore it cannot be easily replaced and is prone to
bleaching during imaging. Further, the fluorescence signal of labelled single tubulin
filaments which feature a diameter of ~ 25 nm, is lower compared to a semi-volume
staining of the neuronal spine neck featuring a diameter of 70 nm - 80 nm [83], [94].
However, as can be seen in Section 2.7, RESOLFT-microscopy can be used to record
high-resolution images of single filaments up to ~ 40 pm deep inside living tissues.
RESOLFT-microscopy features an additional improvement for imaging at higher
imaging depths. As mentioned before, the switching capability of RSPFs led to an
enhancement of the signal to noise ratio in the recorded RESOLFT images (Figure
2.7). This effect is based on the targeted off-switching of fluorescent proteins in the
periphery of the focal spot, leading to a reduced background signal in the image
(78], [79].

At increasing imaging depths, the optical resolution of the RESOLFT recordings
decreased, most likely caused by aberrations of the excitation light in the tissue.
A further study could assess whether two photon RESOLFT imaging can be per-
formed to enable RESOLFT imaging with rsEGFP2 at higher imaging depths. As
mentioned before, the activation of rsEGFP2 can be performed via a two photon
process [92], however, it needs to be analysed if also the off-switching and readout
of rsEGFP2 can be performed as two photon processes. In this case, the applied
laser wavelengths will be strongly red shifted compared to the wavelength used in
this study and thus will be less scattered and absorbed by the tissue. This might
enable RESOLFT imaging with rsEGFP2 at imaging depths > 40 pm in tissues.
So far there is no demonstration of a stochastic-targeted method (STORM, PALM)
applied to living tissues. These methods are likely unsuited for imaging of thick

specimens due to scattering and aberrations of the excitation light by the tissue.
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Further, in most stochastic-targeted methods the detection is based on a camera
recording a large field of view. In this design, the detection is not restricted to a
single small optical section of the tissues, meaning also out-of focus fluorescence is

detected which results in a high background signal in the image.

3.1.5 In vivo RESOLFT-microscopy
With this work, the application of RESOLFT-microscopy was extended to in

vivo imaging of intact living Drosophila melanogaster larvae (Section 2.10). The
utilisation of a confocal point scanning RESOLFT-microscope allowed imaging
through the intact cuticle of the living larva; however, irregular movement of the
larva impeded the recording of multiple RESOLFT frames of the same position.
The larva was mounted between two spacers in Schneider media and sealed with
a coverslip. Due to absence of sedation, irregular muscle contractions of the
larva occured during the image acquisition. Further work is needed to establish
long-term RESOLFT imaging of Drosophila melanogaster including improved
sample preparation. The larva could be placed in a specialized imaging chamber to
sedate the larva and thus suppress muscle contractions while imaging. It had been
shown previously that specialized sample preparations allow live cell recordings of
living Drosophila larvae over long time periods including feeding and ventilation
of the larva [95], [96]. Further, this would enable long-term in vivo RESOLFT
imaging to study developmental processes over time with high optical resolution.
As demonstrated in this work, using rsEGFP2 as a fluorescent probe time-lapse
RESOLFT recordings of 40 consecutive frames in isolated tissues are possible
(Figure 2.8). RESOLFT imaging with more than 40 frames will be complicated by
bleaching of the fluorophores during the acquisition. However, the imaging period
could be extended by performing regular diffraction-limited confocal time-lapse
imaging first to reduce the bleaching of the rsEGFP2 proteins, with the possibility
to switch to high-resolution RESOLFT imaging instantly, capturing the process of
interest in high spatial resolution.

Next to optimization in the sample preparation, RSFPs in the red spectral region
might be beneficial for in vivo RESOLFT imaging. Longer wavelengths are less
absorbed and scattered by the cuticle of the larva and thus would enable RESOLFT
imaging at high imaging depths. Further, the photostress induced by the excitation
light would be reduced, since light of longer wavelengths features lower energy and
is less absorbed by the tissue [60].

In the last years, the palette of fluorescent proteins was extended to the Near

Infrared (NIR)-spectrum by engineering of e.g. bacterial phytochromes. These
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proteins are well suited for in wvivo imaging since the absorbtion of hemoglobin,
water and melanin is minimal in the NIR spectral reagion (650 nm to 900 nm) [97].
So far no RSFP based on a bacterial phytochrome has been reported. However,
few studies refer to the utilization of NIR-fluorescent proteins in Drosophila for
diffraction limited confocal imaging. In 2014, Yu et al. reported on the utilization of
the fluoresent protein IFP 2.0, which was engineered from a bacterial phytochrome
that incorporates biliverdin as an external chromophore and features excitation and
emission maxima at 690 nm and 711 nm, respectively. It was successfully used for
imaging of neurons in living Drosophila larvae [98]. In 2015, Yu et al. reported on
the development of mIFP as an improved monomeric bacterial phytochrome which
was used for labelling of several cellular structures of Drosophila [99]. However, in
all demonstrations, the additional expression of a heme oxygenase was necessary
to increase the amount of free biliverdin in the cells since the endogenous levels of
biliverdin are low in Drosophila cells resulting in weak fluorescence signal in tissues
[98], [99].

3.1.6 Conclusions and Outlook

This work presents the characterisation and establishment of RESOLF T-microscopy
in Drosophila melanogaster. As it could been shown for the first time, RESOLFT-
microscopy is capable of high-resolution tissue and in vivo imaging of Drosophila fea-
turing a lateral resolution of 50 - 60 nm. The used fluorescent label rsEGFP2 demon-
strated its versatility as a genetically encoded tag for high-resolution RESOLFT
imaging in a multicellular organism without influencing the fitness of the living
sample.

Based on the presented establishment of RESOLFT-microscopy in Drosophila,
RESOLFT-microscopy could be used for high resolution live cell imaging in the
field of cell biology or developmental biology of Drosophila. Therefore, structures or
proteins of interest should be labelled with the GFP derivative rsEGFP2, enabling
a characterisation of their localization and dynamics on the nanoscale.

One possible application of RESOLFT-microscopy would be the characterisation
of mitochondrial protein localization since mitochondria feature a diameter of ~
200 nm, which is below the optical resolution limit of conventional light microscopes.
Therefore, high resolution imaging is needed to study the sub-mitochondrial protein
localization.

Since the development of rsEGFP2, several other RSFPs have been reported (Sec-
tion 1.4.3). Further studies are needed to fully compare these RSFPs and their

65



3.2. RESOLFT-microscopy of Arabidopsis thaliana

performance for high-resolution RESOLFT imaging in Drosophila. With ongoing
development of RSFPs, the palette will be expanded to RSFPs in the NIR-spectral
region, which might be beneficial for tissue and in vivo imaging. Thus, their utiliza-
tion would reduce the possible phototoxic effects in living systems and allow imaging
deeper inside tissues or whole animals.

Next to the improvement by parallelization of the off-switching step of negative
switching RSFPs by Chymrov et al. [50], the point scanning RESOLFT-microscope
approach should be improved to achieve faster RESOLFT imaging. One way would
be the establishment of adaptive scanning. Hence scan positions where no structures
are located could be skipped and the recording time of a single RESOLFT frame
could be reduced. This would further reduce the photostress during imaging since
many illumination steps might be omitted.

Based on the described establishment of RESOLFT-microscopy in Drosophila, the
applicability of RESOLFT-microscopy in other model organisms like Caenorhabditis

elegans and Danio rerio should be evaluated and characterised in the future.

3.2 RESOLFT-microscopy of Arabidopsis thaliana

This work reports on the characterisation and establishment of high-resolution
RESOLFT-microscopy of the model plant Arabidopsis thaliana for the first time.
The low light intensities applied in RESOLFT-microscopy make it particularly suit-
able for imaging in light absorbing plant cells.

3.2.1 High-resolution imaging of Arabidopsis thaliana

Previous demonstrations of live cell nanoscopy in plant cells were limited to two
studies (Section 1.6). Liesche et al. reported on STORM-microscopy with optical
resolution of ~ 100 nm and visualised cellulose bundles in living onion epidermis
cells. The TIRF-STORM approach used in this study restricted the imaging to the
apical cell wall of epidermis cells, since the excitation light decays exponentially
from the coverslip-medium interface (100 - 200 nm along the axial axis) [74]. In
2011, Kleine-Vehn et al. reported on STED imaging of YFP-labelled PIN proteins
in living non-photosynthetic root epidermis cells of Arabidopsis thaliana [75].

Next to these studies, there are many reports on the application of SIM-microscopy
in plant cells (reviewed by [72]). As mentioned before, SIM is by definition not a
nanoscopy method because it is still diffraction-limited. The optical resolution of
SIM is limited to ~ 120 nm laterally and ~ 350 nm axially [64]. To achieve a better
optical resolution, SIM has to be combined with nonlinear approaches, like satu-

rated illumination (SSIM) or e.g. photoswitchable fluorescent proteins [27], [100].
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However, there are no demonstrations of the application of these approaches in plant
cells yet.

In the work of Komis et al., SIM-microscopy was used to analyse the dynamic
changes of the microtubule network in hypocotyl cells of Arabidopsis [101]. Similar
to as performed in Section 2.2, the microtubule filaments were labelled by the ex-
pression of a MAP4-GFP construct following Marc et al., [80]. The application of
SIM-microscopy enabled the visualisation of single microtubule filaments featuring
a FWHM of ~ 135 nm using a 1.57 NA 100x objective.

Spherical aberrations caused by light scattering at the plant cell wall can lead to
reconstruction artefacts in the post-processing of SIM data. To reduce these aber-
rations during the imaging, etiolation of the plants was performed in this study.
Growing plants in complete darkness leads to a thinning of the outer epidermal
cell wall, thus reducing spherical aberrations while imaging. Nevertheless, this is a
strong sample manipulation, since it represents abnormal physiological conditions,
which can alter the target structure. This sample manipulation is in contrast to
the performed sample preparation in this work. For the RESOLFT recordings of
Arabidopsis thaliana, seedlings were grown under physiological conditions with 16 h
of light illumination (Section 4.7). From these plants, small pieces (4 mm x 4 mm)
of leaves were cut out and used as sample without any additional manipulations
(See Section 5.3). The recorded images presented in Section 2.2 demonstrate that
RESOLFT-microscopy can be used for high resolution imaging in plant cells without

any sample manipulation.

3.2.2 Labelling of microtubule network by MAP4-rsEGFP2
expression

The labelling strategy of Marc et al. [80] was used to specifically label microtubule
filaments by the attachment of a microtubule binding protein fused with a fluores-
cent protein. The MAP4-rsEGFP2 construct was expressed in leaf epidermis cells,
stomata cells, trichomes, cells of petiole, sepals and petals cells and displayed uni-
form and specific labelling of microtubule filaments in these cell types.

An expression of the MAP4-rsEGFP2 fusion protein in root cells was not found.
However, the ubiquitin-10 promoter used here is known to be active in root cells [81].
The absence of expression in root cells could be explained by the performed transfor-
mation via Agrobacterium tumefaciens. The integration of the expression construct
occurs randomly into the genome. Accordingly, position effects can influence the
expression pattern. An integration in genome regions which are transcriptionally

silent in root cells, might suppress an expression in the generated transformants.
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The MAP4-rsEGFP2 expression level in leaf epidermis cells was sufficient for high-
resolution RESOLFT and STED imaging in this cell type. However, the maximum
fluorescence intensity of single microtubule filaments was in the range of 5 - 15
counts in the RESOLFT mode (Figure 2.15).

The MAP4-rsEGFP2 construct is expressed under control of the ubiquitin-10 pro-
motor which exhibits a constant expression level and is well suited to be used in
stable lines of transformed plants [81]. The Cauliflower Mosaic Virus (CaMV) 35S
promoter features a stronger expression level than the used ubiquitin-10 promoter
and could therefore be used to enhance the fluorescence signal of MAP4-rsEGFP2
for the RESOLFT recordings [81], [102]. This can be done using a transient trans-
formation of single leaves using Agrobacterium tumefaciens. For the generation of
stable transformants, this promotor was not used since it shows invariable expres-
sion levels and is sensitive for gene silencing, which in turn could result in weak

expression levels in stable transformants [81], [103].

3.2.3 Autofluorescence suppression by fluorescence lifetime
gating

In Section 2.14, fluorescence lifetime gating was used to suppress the autofluores-
cence from chloroplasts in the rsEGFP2 detection channel during confocal live cell
recordings of leaf epidermis cells. The chloroplasts are one of the main sources of
autofluorescene in the wavelength region of GFP in plant cells [104]. Chloroplasts
contain various light absorbing and emitting molecules, like chlorophylls, xantho-
phylls and carotenes. Chlorophyll a has a relatively broad emission spectrum with
a strong emission peak at 680 nm [82]. Illumination with blue light of 470 nm leads
to the emission in the range of 480 nm - 600 nm, which is overlapping with the
emission of rsEGFP2 and is thus detected in the GFP detection channel (500 nm -
550 nm) [105].

As demonstrated in Figure 2.14, the performed fluorescence lifetime gating resulted
in a reduction of the chloroplast autofluorescence in the rsEGFP2 detection channel
and thus enabled the analysis of rsEGFP2 labelled microtubule filaments which were
located directly next to the chloroplasts.

In previous studies, sample modifications were used to reduce the autofluorescence
of the chloroplasts in fluorescence imaging of plant cells. These modifications include
the extraction of chlorophylls via ethanol or gene silencing to suppress the xantho-
phyll and chlorophyll production in leaves [104], [106]. Albeit, these modifications
represent a strong modification of the plant and can alter the sample.

The performed fluorescence lifetime gating allowed the suppression of the chloro-
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plast autofluorescence without altering the physiology of the sample. Thus green
plants which were grown under physiological conditions could be used for imaging
without any further sample manipulation.

While working on this project, a similar approach was indepently reported by Ko-
dama in 2016 [105]. In this study, fluorescence lifetime gating was used to reduce
the autofluorescence of chloroplasts in Metrosideros polymorpha and Arabidopsis
thaliana in conventional confocal microscopy.

It has been demonstrated previously that RESOLFT can be combined with fluo-
rescence lifetime imaging to separate two spectrally similar RSFPs based on their
respective fluorescence lifetimes [53]. However, fluorescence lifetime gating has not
used in planta with high-resolution imaging to suppress autofluorescence so far. Fur-
ther work is required to extend the RESOLFT imaging of MAP4-rsEGFP2 labelled
microtubules to analyse whether the fluorescence lifetime imaging in planta can be
used to reduce the autofluorescence of chloroplasts in high-resolution RESOLFT

images.

3.2.4 Live-cell STED-microscopy of Arabidopsis thaliana

So far only one study reports on the application of high resolution STED-microscopy
in living plant cells. In this study STED-microscopy was used to analyse the pro-
tein localization of YFP-labelled PIN2 auxin eflux carriers at the membrane of
Arabidopsis thaliana root epidermis cells [75]. The study was restricted to single
STED images of non-photosynthesis active root cells, time-lapse imaging was not
performed.

The high light intensities used in STED-microscopy might cause photodamage in
photosynthesis active plant cells. The red shifted STED light could be absorbed by
chlorophylls, which could then lead to the production of reactive oxygen species and
to overheating of the sample [76].

In this work, STED-microscopy was performed to analyse whether STED-
microscopy is applicable for high-resolution imaging in photosynthetic active leaf
epidermis cells. For STED-microscopy of rsEGFP2, a pulsed STED-laser at 587 nm
with intensities of 3-7 mW (measured at the back focal plane of the objective lens)
was used.

In the recorded STED time-lapse series, a modification of the microtubule network
was discernible during the image acquisition of 40 continuously recorded STED
frames (Figure 2.17). The filaments showed reduced growth and apparent depoly-
merization. This modification of the target structure was not visible if single STED

frames were recorded (Figure 2.2.5). The observed changes in the microtubule net-
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3.2. RESOLFT-microscopy of Arabidopsis thaliana

work within the STED time-lapse imaging is in contrast to the recorded time-lapse
series of 40 consecutive RESOLFT frames. Here no visual signs of photoinduced
changes of the microtubule network were visible (Figure 2.18).

The absence of photodamage during the time-lapse RESOLFT recordings might
be explained by the different light intensities applied in STED- and RESOLFT-
microscopy. As mentioned before, the light intensities used in RESOLFT-microscopy
are up to several orders of magnitude lower compared to those in STED-microscopy
[45], hence photodamage is less likely in the RESOLFT imaging.

3.2.5 Time-lapse RESOLFT recordings

The development of fast switching RSFP variants like rsEGFP2 and Dronpa M159T
enabled the acquisition of single RESOLFT recordings within seconds [44], [45]. This
speed improvement allowed the recording of cellular dynamics in high optical reso-
lution in a reasonable time scale using RESOLFT-microscopy [45], [89], [53], [59].
So far, no high-resolution time-lapse imaging of cellular dynamics in plant cells
has been reported. As demonstrated in Figure 2.18, time-lapse RESOLFT imaging
of microtubule filaments in leaf epidermis cells is possible. The nearly absence of
bleaching during the imaging enabled time-lapse recordings with ~ 70 nm resolution
in the RESOLFT mode (Figure 2.18). The presented RESOLFT time-lapse record-
ings in this work are the first demonstration of high-resolution time-lapse imaging
in plant cells.

As demonstrated in Section 2.1.5, the RESOLFT parameters can be optimized to
increase the imaging speed by applying higher light intensities for the off-switching.
For the acquisition of single RESOLFT frames in Arabidopsis thaliana, the off-
switching doughnut shaped beam was applied for 480 us at 32 uW (Figure 2.15).
For fast time-lapse RESOLFT recordings, the off-switching was shortened to 120 us
using 43 pW to reduce the acquisition time per single RESOLFT frame, thus enable
the recording of the dynamics of the microtubule network. As demonstrated by the
line profiles in Figure 2.18, the shortening of the off-switching time did not result in
a reduction of the achieved optical resolution compared to single RESOLFT record-
ings. This indicated that the shortening of the off-switching step was compensated
by the increased light intensity of the off-switching beam.

One drawback of point scanning RESOLFT-microscopy imaging is the time consum-
ing point-wise switching of the RSFPs at each scanning position. Using the fastest
RSFP variants, the recording time of a single RESOLFT frame is slower compared
to single STED frames. The dwell time in the performed RESOLFT time-lapse
recordings of MAP4-rsEGFP2 labelled tubulin filaments was 180 us (Figure 2.18);
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in the performed STED time-lapse imaging using rsEGFP2, it was 59 us. STED-
microscopy on fluorescent proteins is normally performed with non-switchable fluo-
rescent proteins. In the performed STED imaging of MAP4-rsEGFP2 an additional
activation step of 20 us was performed at each scan position. Typically, the dwell
times of STED-microscopy using non-switchable fluorescent proteins are in the range
of 20 - 50 us [88], [107].

The acquisition time of a single RESOLFT image is dependent on the switching
speed of the RSFP used which is typically in the us time range for fast switching
RSFPs like rsEGFP2 or DronpaM159T using light intensities of tens of kW /cm?
[44], [45]. The switching in STED-microscopy can be seen as instantaneous, since
it occurs within the fluorescence lifetime of the fluorophore used. Therefore STED
recordings are faster as compared to single RESOLFT recordings even if the same
fluorescent protein is used. However, as mentioned before, the light intensities used
in STED-microscopy are in the MW /em? to GW /cm? range, whereas in RESOLFT-

microscopy intensities of only several kW /cm? are used.

3.2.6 FRAP measurements of MAP4-rsEGFP2 labelled
microtubules

Within the performed time-lapse imaging of 40 consecutive RESOLFT frames of
MAP4-rsEGFP2 labelled microtuble filaments in leaf epidermis cells, no signs of
bleaching were visible (Figure 2.18). The absence of bleaching of MAP4-rsEGFP2 is
in contrast to the observed bleaching of rsEGFP2-labelled a-tubulin in the recorded
time-lapse series of 40 consecutive RESOLFT frames of Drosophila melanogaster
(Figure 2.8).

The performed FRAP measurements in leaf epidermis cells demonstrated a fast
replacement of the bleached MAP4-rsEGFP2 fusion proteins within ~ 5 seconds to
recover 50 % of the initial fluorescence.

This replacement is possible, since the microtubule filaments were indirectly
labelled via the attachment of a microtubule binding protein fused with rsEGFP2
which enables dissociation and replacement of the bleached rsEGFP2 proteins.
In Drosophila melanogaster the microtubules were labelled via expression of
rsEGFP2-a-tubulin fusion proteins, which were integrated in mictotubule filaments
and thus can not be easily replaced.

The fast replacement of MAP4-rsEGFP2 enabled long-term RESOLFT recordings
with 250 consecutive RESOLFT frames while the fluorescence signal was only
reduced by ~ 30 %. As can be seen in Section 2.17, the fast replacement of
bleached MAP4-rsEGFP2 enabled 40 consecutive STED frames without strong
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bleaching of the rsEGFP2 signal. Normally, if the fluorescent proteins cannot

be replaced during imaging, only ~ 10 consecutive STED frames were possible [107].

3.2.7 Conclusions and Outlook

Previous demonstration of live cell high resolution microscopy were restricted to
non-photosynthesis active cells or to imaging at the apical cell membrane.

With this work, the applicability of RESOLFT-microscopy in plant cells was char-
acterised and demonstrated for the first time.

It could be shown that RESOLFT-microscopy is capable of high-resolution imaging
in green leaf epidermis cells, featuring a resolution of ~ 60 nm - 70 nm. Next to the
acquisition of single RESOLFT images, time-lapse recordings of living plant cells
with ~ 70 nm optical resolution could be recorded using RESOLFT-microscopy for
the first time.

The implementation of RESOLFT-microscopy using a point scanning microscope
enabled imaging beyond the apical cell wall deep within plant tissue with good sig-
nal to noise ratio in the recorded high resolution-images. The low light levels applied
in RESOLFT-microscopy enabled time-lapse recordings of 1 h while capturing cel-
lular dynamics in light absorbing leaf epidermis cells.

Based on the performed RESOLFT imaging in this work, high resolution RESOLFT
imaging can now be applied to other target structures or proteins of interest to study

their localization with high optical resolution in living plant cells.
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4 Material and Methods

4.1 Generation of rsEGFP2-a-tubulin expressing

Drosophila melanogaster

For labelling of the microstubule network within Drosophila melanogaster, a syn-
thetic gene sequence encoding the fluorescent protein rsEGFP2 (GenBank #
AGES84598.1) attached to the N-terminus of the alpha-tubulin 84B (CG1913,
UniProt #P06603) protein was synthesized. The synthesised DNA was cloned
into an attB-containing fly transformation vector under the control of the Ubiqg-
uitin p63E (CG11624) promotor-region (3L; 3901762 to 3903743) using the Spel
and Xbal restriction enzymes (New England Biolabs Inc.). To generate transgenic
Drosophila melanogaster flies, a standard phiC31 integrase based germ line trans-
formation procedure was followed, targeting the landing site M3xP3-RFP.attPZH-
86Fb using Bloomington stock #24749. The injection into the Bloomington stock
#24749 was performed by BestGene Inc. (California, USA). The stock was crossed

homozygous and used for all experiments described in Section 2.1.

4.2 Sample preparation of Drosophila melanogaster

Third instar larvae of rsEGFP2-a-tubulin expressing Drosophila melanogaster were
dissected in Schneider’s cell culture medium (Life Technologies, California, USA)
supplemented with 10 % Fetal Bovine Serum (FBS) to isolate single tissues. The
tissues were mounted in Schneider’s cell culture medium supplemented with 10 %
FBS on a microscope slide and covered with a coverslip (No. 1.5H 12mm (), Paul
Marienfeld GmbH, Lauda-Koénigshofen, Germany). For in vivo RESOLFT imaging
an intact second instar larva was placed between two spacers in Schneider’s medium
and covered with a coverslip. All samples were sealed using nontoxic duplicating

silicone (Picodent, Wipperfuerth, Germany).

4.3 Western Blot

To gather protein lysate of rsEGFP2-a-tubulin expressing Drosophila melanogaster,
wandering third instar larvae were dissected in 1x PBS to remove the fat tissue and
subsequently homogenized in protein extraction buffer (10 % (v/v) Glycerol, 50 mM
HEPES (pH 7.5), 150 mM NaCl, 0.5 % Triton-X-100, 1.5 mM MgCl, 1 mM EGTA)

containing protease inhibitors (Pierce Protease Inhibitor Tablets, ThermoFisher,
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Massachusetts, USA). Protein lysate was centrifuged to pellet cellular debris. The
supernatant was transferred to a new 1.5 mL tube and mixed with Laemmli Buffer
(Sigma-Aldrich, St. Louis, Missouri, USA) and denatured for 10 min at 95 °C before
loading onto an 10 % SDS-polyacrylamide gel. The protein-lysate of approximately
two larvae was loaded into each lane of the gel. The SDS gel was blotted using a semi-
dry blotter onto a PVDF membrane. The protein-blot was blocked using 5 % fat
free milk powder dissolved in 1x PBS for 1 hour. The polyclonal a-tubulin antiserum
(Abcam, Cambridge, England) and the anti-GFP antibody (Clonetech) were used
in a concentration of 1:5000 in 2.5 % fat free milk powder dissolved in 1x PBS for
1 hour. HRP-conjugated secondary antibody (Jackson ImmunoResearch, Suffolk,
UK) was used at a dilution of 1:10.000 in 2.5 % fat free milk powder dissolved
in 1x PBS for 1 hour and detected with an ECL-kit (Perkin Elmer Life Science,

Massachusetts, USA) using a custom built imaging system with a CCD-camera.

4.4 Western Blot analyis

To determine the signal ratio of rsEGFP2-labelled a-tubulin to non-labelled «-
tubulin in Western blots, the signal intensities were determined using the ImageJ
Plugin Gel Analyzer and the ratio was calculated based on the integral of each

respective signal.

4.5 Lifespan analysis

The lifespan analysis was performed similar as described before [108]. For the anal-
ysis, 510 flies of the same gender were used in 17 vials (30 flies each), the flies were
transferred to a new vial every three days and the total number of dead flies was

recorded. The data of the lifespan analysis is depicted in Section 5.1.

4.6 MAP4-rsEGFP2 Plasmid Construction

To generate the microtubule marker fusion construct rsEGFP2-MAP4, the
binary vector pC2 that confers in planta Basta resistance was used [109].
The UBQ10 promoter was integrated into pC2 via the Rsrll restriction sites
and the resulting plasmid was linearized with the BamHI and Spel restric-
tion sites. The rsEGFP2 and MAP4 were generated by PCR amplification
from pMD-Vim-rsEGFP2 [45] and pC3 [109] using the oligonucleotide primer
pairs CTGATTAACAGCGGTCCGGGATCCATGGTGAGCAAGGGCGAGG and
CATCACCGCGTGCTTGTACAGCTCGTCCATGC, and ACAAGCACGCGGT-
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GATGTCCCGGCAAGAAGAAGCAAAG and GGTGATTTTTGCGGACTCTA-
GACTAGTTTAACCTCCTGCAGGAAAGTGGC, respectively, and ligated with
the linearized vector by Gibson Assembly kit (NEB, Hitchin, UK,[110]) to construct
the expression vector pUBQ10-rsEGFP2-MAP4.

4.7 Generation of MAP4-rsEGFP2 expressing

Arabidopsis thaliana.

Seeds of Arabidopsis thaliana ecotype Col-0 were sown onto 8 ¢cm? pots and ver-
nalized at 4 °C for three days. For Agrobacterium-mediated transformation, the
plants were grown in a climate chamber (Johnson Controls, USA) under long day
conditions (16/8 h) at 22/18 °C.

4.8 Arabidopsis thaliana transformation

Arabidopsis transformation was performed according to the floral dip method [111].
The pUBQ10-MAP4-rsEGFP2 plasmid was transformed into the Agrobacterium
tumefaciens strain GV3101 pMP90RK. The resulting Agrobacterium strain were
inoculated in LB liquid medium supplemented with 50 mg/l rifampicin, 30 mg/1
gentamicin, 50 mg/l kanamycin, 50 mg/1 carbenicillin and grown for two days at
28 °C. The suspension culture was centrifuged at 4000 x g for 20 min and then resus-
pended in infiltration medium (0.5x MS, 5% sucrose, and 0.015% Silwet L-77) that
was used for floral dipping. Positive transformants were selected on soil by spraying
seedlings of the T1 generation with 0.1% BASTA (Bayer CropScience, Leverkusen,

Germany). Plants of the T4 generation were used for microscopy.

4.9 Sample preparation

For imaging of leaf epidermis cells, small pieces of the leaf were cut out using a
sharp knife. These pieces were placed in a drop of PBS, covered with a coverslip
(Menzel 22 x 40 mm, 1.5H) and sealed using non-toxic duplicating silicone (Picodent,

Wipperfuerth, Germany). For illustration of the sample preparation see Figure 5.3.

4.10 RESOLFT-microscopy
RESOLFT nanoscopy was performed using a modified 1C RESOLFT QUAD Scan-

ning microscope (Abberior Instruments, Gottingen, Germany) equipped with an

Olympus UPLSAPO 1.4 NA 100x oil or UPLSAPO 1.3 NA 60x silicone objective.
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4.11. STED-microscopy

For RESOLFT imaging with rsEGFP2 the following switching scheme was applied
to the sample at each scanning position: First, illumination with light of 405 nm
wavelength to switch all rsEGFP2 proteins into the fluorescent on-state. Second,
off-switching of rsEGFP2 proteins in the periphery of the excitation spot using a
488 nm doughnut-shaped beam. The 2D-doughnut was realized by using a phase
plate, whereas the 3D-doughnut was generated by using a spatial light modulator.
Third, the residual on-state fluorophores at the very center of the excitation spot
were read out using a Gaussian shaped beam of 488 nm light. The corresponding
confocal images were recorded by applying the same switching scheme as used for
RESOLFT imaging without the illumination step using a doughnut shaped beam.
Some RESOLFT images were recorded with a line accumulation depending on the

signal intensity.

4.11 STED-microscopy
STED imaging of MAP4-rsEGFP2 labelled microtubule filaments in Arabidopsis

thaliana was performed using a custom build STED microscope which has been
described previously [107]. For STED-imaging of MAP4-rsEGFP2, the following
imaging scheme was applied to the sample at each scanning position: First, rsEGFP2
proteins were switched into the on-state with light of 405 nm wavelength. Second,
rsEGFP2 proteins were excited using a pulsed 485 nm diode while the periphery of
the focal spot was destimulated using superimposed doughnut-shaped STED beam
of 587 nm (using a 20 MHz repetition rate). The corresponding confocal images
were recorded by applying the same switching scheme as used for STED imaging
without the illumination with the STED beam.

4.12 FRAP measurements

FRAP measurements in upper leaf epidermis cells of Arabidopsis thaliana were per-
formed using a Leica SP8 microscope equipped with a 60x 1.3 NA oil objective.
Bleaching of region of interest was performed using simultaneous illumination with
405 nm and 488 nm light for 12 seconds. Subsequently, a confocal overview time-
lapse series of 31 pm x 31 pum was recorded using simultaneously illumination with
405 nm and 488 nm with a pixel dwell time of 4.88 us. Recorded time series: 512
x 512 pixel, 4.88 us dwell time, recording time per frame: 1.3 seconds. Analysis
of the average fluorescence signal in the bleached and non-bleached region in the
recorded time-lapse series was performed with Matlab 2016 (The MathWorks, Inc.,
MA, USA) applying a custom written algorithm described in Section 4.14.
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4.13. Image analysis - Line profiles

4.13 Image analysis - Line profiles

For determination of the FWHM of single tubulin filaments in recorded images, line
profiles averaged along several pixel sizes were measured on raw data and fitted by
a standard Lorentz-fit using the software Origin Pro 9.1 (OriginLab, Massachusetts,
USA).

4.14 Image analysis - Filament detection and

counting

To detect the tubulin filaments in the image, we used a ridge detection algorithm
based on the calculation of the major eigenvalue of the Hessian Matrix at each pixel
of the image [112]. In the resulting image of ridges, locally maximal lines were found
by applying a filter returning one if a pixel was among the three largest pixels of it’s
eight neighbours. The filament brightness was estimated from the smoothed image
at the positions of the detected filaments. The median of the brightness values was
used to estimate the single filament brightness. The number of filaments was found
by dividing the image by the single filament brightness and rounding the result. All
procedures were implemented in Matlab 2016 (The MathWorks, Inc., MA, USA).

4.15 Image manipulations

All fluorescence images presented in this work are raw data, except where
indicated, smoothing by convolution with a 1.2 pixel wide Gaussian using Im-
Spector (www.imspector.de) was performed. Image manipulations like background
subtraction was never performed. False color coding was performed using the

Temporal-Color Code plugin of ImagelJ.
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5 Appendix

5.1 Determination of average life span
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Figure 5.1: Analysis of average life span of rsEGFP2-a-tubulin expressing
Drosophila melanogaster used in Section 2.1. The flies displayed an average
life span of 41 days. Life span analysis was performed as described in Section 4.5.
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5.2. Western Blot analysis

5.2 Western Blot analysis
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Figure 5.2: Western blot analysis of the expression level of rsEGFP2-a-
tubulin in Drosophila melanogaster third instar larvae.

To analyse the ratio between rsEGFP2-labelled (peak I) and non-labelled (peak
IT) a-tubulin signals in the Western blot, the respective signals were determined
using the ImageJ plugin Gel Analyzer (Figure 5.2). The integral of the peaks
for rsEGFP2-labelled (peak I) and non-labelled (peak II) a-tubulin signal was
determined and the ratio was calculated (Table 5.1)

Table 5.1: Analysis of signal intensities of rsEGFP2-labelled (peak I) and non-
labelled (peak II) a-tubulin signal in Figure 5.2.

Percentage of
total protein
rsEGFP2-labelled-a-tubulin (peak I) 3644 26.3
Non-labelled-a-tubulin (peak II) 13862 73.7

Signal intensity [a.u.]
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5.3. Sample preparation Arabidopsis thaliana

5.3 Sample preparation Arabidopsis thaliana

Figure 5.3: Illustration of sample preparation of MAP4-rsEGFP2 express-
ing Arabidopsis thaliana for imaging of leaf epidermis cells. From green
leaves, small pieces of 4 x 4 mm size, were cut out and placed in a drop of PBS,
covered with a coverslip and sealed using non-toxic duplicating silicone.
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