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Abstract

Interaction and spatial organization of subcellular structures within living cells are an essen-

tial aspect of biological research, but conventional microscopy can elucidate these properties

only to a finite extent as it is limited in its optical resolution by the diffraction barrier. In

recent years, this boundary has continuously been pushed and ultimately been broken in the

field of nanoscopy. Reversible saturable optical linear fluorescence transition (RESOLFT)

super-resolution microscopy as one of these methods is particularly suited for nanoscopy of

live cells. It utilizes the transition of fluorophores between a fluorescent on-state and a non-

fluorescent off-state and breaks the diffraction barrier at low light intensities in the range of

103 W/cm2. Reversibly switchable fluorescent proteins (RSFPs) are established probes for

RESOLFT nanoscopy. Most implementations rely on negatively switchable RSFPs, which

transition to the fluorescent off-state in a process driven by the same wavelength that fa-

cilitates fluorescence excitation and that can be reversed with light of another wavelength.

Fluorescence emission and transition to the off-state are competing processes that set a limited

photon budget for RESOLFT nanoscopy. This can be circumvented by positively switchable

RSFPs that have a reversed light response: their transition to the on-state is driven by their

fluorescence excitation wavelength, which can be subdued by another wavelength that facil-

itates the inverse transition. So far, the poor performance of available positively switchable

RSFPs such as Padron, asFP595, and rsCherry has limited their use for nanoscopy and only

few demonstrations have been published. This thesis reports the generation of Padron 2.0,

which was created by multiple rounds of mutagenesis and screening from Padron.

Padron 2.0 is a significant improvement over Padron in key aspects of fluorescence state tran-

sition and is therefore particularly suited for RESOLFT nanoscopy. In contrast to Padron,

Padron 2.0 displayed good expression and maturation at 37℃ as well as enhanced capabilities

as a protein tag in live-cell applications. Most importantly, key aspects relevant for RESOLFT

nanoscopy were improved. Residual ensemble off-state fluorescence after switching was be-

low 1%, and transition to this state was more than one order of magnitude faster compared

to Padron. The number of switching cycles before an ensemble of Padron 2.0 fluorophores

was bleached to 50% fluorescence intensity was increased more than 50-fold. Padron 1.9 and

Padron 2.1 are presented as direct precursor and successor of Padron 2.0. They showed sim-
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ilar but less pronounced improvements and were characterized as candidates for potential

niche applications. While Padron 1.9 is brighter than Padron 2.0 but more prone to switching

fatigue, padron 2.1 displays more efficient transition to the off-state but is darker and tends

towards oligomerization.

RESOLFT nanoscopy of Padron 2.0-labeled vimentin structures in live HeLa cells featured a

lateral resolution of single filaments as low as 60 nm. In addition, the unique switching char-

acteristics of Padron 2.0 allowed for the establishment of a novel RESOLFT imaging mode

that was termed "one-step RESOLFT" in this thesis. As off-switching was more dominant

than on-switching in Padron 2.0, a simplified imaging sequence with a steady-state approach

and short pixel dwell times of 300 µs was demonstrated that achieved similar lateral resolu-

tion as classical RESOLFT schemes but reduced bleaching during time-lapse imaging.

Padron 2.0 was shown to be the most robust and versatile positively switching RSFP to date

and constitutes a promising candidate for further applications.
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1 Introduction

1.1 Microscopy

The field of biology aims at understanding the fundamental mechanisms underlying life and
nature. Since the first visualization of a plant cell with a microscope by Hooke in 1665 [1],
cellular biology has focused on unraveling the elemental building blocks of life. Technical
advances and improved optics allowed for the discovery of subcellular structures and com-
partments like the nucleus [2]. The discrimination of cellular features in brightfield microscopy
is based on the contrast between structures resulting from their differing optical densities and
scattering or absorption of passing light. However, molecular structures are not addressable
with this approach.

1.1.1 Fluorescence microscopy

Fluorescence microscopy overcomes the limitations of brightfield microscopy and enables the
selective visualization of molecular structures. Subcompartmental structures can be specif-
ically labeled with fluorophores and allow for the discrimination of single molecules from
the complex proteome present within a cell due to the fundamentally different principle of
fluorescence microscopy compared to brightfield microscopy. Instead of the full visible spec-
trum (VIS) of light, fluorescence microscopy uses a narrow part of that spectrum or a single
wavelength from a laser. The incident light is absorbed by fluorophores in the sample which
transfers an electron from the ground-state S0 to an excited state S1. The energetic dif-
ference between S0 and S1 is equal to the energy hν of the absorbed photon, where h is
Planck’s constant and ν the frequency of light. The electron subsequently relaxes back to
the ground-state, which occurs under the emission of a photon. Because the electron relaxes
vibrationally within the excited state, the subsequent relaxation to the ground-state emits a
photon of longer wavelength. This discrepancy between the absorbed energy and the emitted
one is known as Stokes shift. The average time a fluorophore spends in the excited state
before fluorescence emission is known as the fluorescence lifetime, which is in the range of
a few nanoseconds. Naturally, there are other means of relaxation to the ground-state that
are non-radiative such as vibrational relaxation, which is dissipated as heat within the sam-
ple. In addition, the excited state can be converted into a triplet-state T1 via intersystem
crossing. This state is stable for a prolonged time and can relax under the emission of a
photon as well, an event which is known as phosphorescence. The ratio of photons emitted as
fluorescence and photons absorbed is defined as the fluorescence quantum yield, a distinctive
characteristic of fluorophores.
Structures labeled with fluorescent tags (or ’dyes’) facilitate optimal contrast in fluorescence
microscopy as the excitation light can be blocked by a filter and all light recorded by a camera
during imaging originates from such structures, whereas the remaining areas of a cell ideally
emit no light at all. However, in widefield microscopy of living cells this contrast is attenuated
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1 Introduction

by out-of-focus light. Because the whole specimen is illuminated, fluorescence emission orig-
inates not only from the focal plane of the objective lens but also from out-of-focus planes.
This results in a blurred image as the resulting image planes are not aligned with the camera
(fig. 1.1a). Fine structures in a densely labeled cell are thus masked.

Figure 1.1: Principle of widefield and confocal fluorescence microscopy. (a) Wide-
field fluorescence microscope. The light source provides light that covers the VIS spectrum,
the excitation light is selected with the excitation (exc.) filter. The whole sample is il-
luminated in the field of view and fluorescence is recorded with a camera from all layers.
(b) Confocal laser scanning microscope. Fluorescence excitation is facilitated with light from
a laser source. The collimated beam is focused to a diffraction-limited spot in the sample
and deflected by a scanner to scan the sample. Emitted fluorescence is focused on a detector
and out-of-focus light is blocked by a pinhole, ensuring that the fluorescence signal recorded
emerges from the focal plane.

This problem was solved with the development of the confocal laser scanning microscope
(fig. 1.1b). Instead of illumination of the whole specimen, the excitation light from a laser
enters the objective lens as a collimated beam and is thus focused to a single spot, which
limits and defines the excited volume in the focal plane. The focal spot is moved through
the sample by means of a deflecting scanner. At every coordinate in the focal plane the
fluorescence signal is recorded by a detector such as a photomultiplier tube (PMT) or an
avalanche photodiode (APD) to reconstruct the image pixel by pixel. Repeating this process
in different focal planes allows for three-dimensional sectioning of the sample as light above
and below the focal spot is blocked by a pinhole in front of the detector. Because the image is
reconstructed by scanning the sample, this method requires more time for recording a single
frame compared to a widefield microscope equipped with a camera, but limiting the origin of
fluorescence emission to a single plane greatly improves the contrast. In addition, the precise
spatial control over the incident light allows for experiments like FRAP (fluorescence recovery
after photobleaching) in spatially defined subcelluar volumes (reviewed in [3]) or imaging of
complex three-dimensional samples.
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1.1 Microscopy

Practically, the contrast in fluorescence microscopy is influenced by the following aspects:
Depending on the chosen fluorophore and its spectral properties, the excitation light evokes
autofluorescence, which occurs when the absorption spectrum of the fluorophore overlaps with
that of cellular molecules capable of fluorescence emission. This problem becomes more severe
with wavelengths like 405 nm, which are close to the ultraviolet (UV) spectral range where
excitation of biological molecules like nicotinamid adenine dinucleotide (NADH), flavine ade-
nine dinucleotide (FAD), or porphyrins causes autofluorescence [4]. It can be overcome by
the implementation of fluorescence lifetime imaging (FLIM), a method in which differing
lifetimes of fluorophore labels and cellular components contributing to autofluorescence are
used to discern both emitters [5, 6]. With lifetimes in the nanosecond range, excitation with
a pulsed laser can be used to determine the delay between fluorescence excitation and arrival
of emitted photons at the detector. If the lifetime of the autofluorescent component and the
label are sufficiently different, photons can be sorted into two channels, effectively eliminating
autofluorescence from the label channel. This has for example been demonstrated in planta
with chloroplasts [7], which particularly contribute to autofluorescence in plant cells [8, 9],
and citrine, a genetically encoded fluorescent protein [10]. Naturally, FLIM also allows for
multi-color imaging with multiple dyes that cannot be separated spectrally [5].
Another approach to eliminate autofluorescence is to avoid the spectral range in which it
occurs. This can be achieved with multi-photon excitation of fluorophores [11] or by shifting
their excitation and emission to regions beyond the VIS range. Whereas the human eye is
unresponsive to these wavelengths, cameras can detect photons emitted in the near infrared
(NIR) region of 650–900 nm. Here, tissue absorption by H2O or hemoglobin is minimal and
thus results in lower autofluorescence [12]. In addition, the use of wavelengths in the NIR
region has further advantages for imaging of more complex samples such as tissue of live
organisms. At higher imaging depths, NIR light is less attenuated and scattered [13], and
the point spread function (PSF) of the emitting fluorophores is less prone to aberrations in
comparison to UV/VIS light [14]. A longer wavelength, however, has implications for the
achievable resolution, which is based on the diffraction barrier of light.

1.1.2 Diffraction barrier in light microscopy

Although fluorescence microscopy enhanced the contrast of biological samples and technical
advances improved the optical components of microscopes, resolving of fine details was still
limited. In a widefield microscope, the resolution is determined by the quality of the objec-
tive and the pixel size of the camera, but the resolution cannot be improved infinitely by
optimizing the components due to fundamental physical properties of light. Confocal micro-
scopes reconstruct the image based on the intensity of a fluorescence signal and the known
coordinate of the focal spot. Consequently, the size of the far-field focal spot determines the
excited volume and thus the resolution. The size of the focal spot, however, is dependent on
the wavelength of the focused light. This relation was first stated by Ernst Abbe in 1873 [15].
The size of the focal spot in lateral and axial dimension can be described as follows:
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1 Introduction

Lateral resolution:

rlateral = λ

2n sinα (1.1)

Axial resolution:

raxial = λ

n sin2 α
, (1.2)

where λ is the wavelength of light, n the refrative index of the immersion medium, and α the
half-angle of the aperture of the objective lens.

The factor n sinα is known as the numerical aperture (NA) and a property of the objective
design. Therefore, the achievable resolution is limited by the wavelength and NA. This
limitation is known as the diffraction barrier in microscopy, as both the numerical aperture
and the employable wavelength of the excitation light cannot be optimized infinitely in light
microscopy.
Another way to define resolution in fluorescent samples is the minimal distance d required
for two infinitely small emitters at which they still can be discerned. A single emitter of this
kind results in an image with a circular intensity peak that is surrounded by several other,
ring-like intensity maxima and minima known as Airy pattern [16]. The radius of the first
minimum around the center is the minimal distance d two identical of these emitters must
have in order to be distinguishable. This measure of resolution is known as the Rayleigh
criterion [17]:

Lateral resolution:

dlateral = 0.61 λ

NA (1.3)

Axial resolution:

daxial = 2nλ
NA2 (1.4)

In practical applications, the NA of the objective typically has a maximal value of ap-
proximately 1.4. With an emission wavelength of 500 nm, this results in an approximate
resolution of 200 nm laterally and 750 nm axially, which is often estimated by the full-width
half-maximum (FWHM) of a Gaussian or Lorentzian function fitted to the intensity cross
section of structures in microscopy images. Due to the dependency on the wavelength,
light in the NIR region results in a lower resolution, while shorter wavelengths improve the
resolution. This dependency has been utilized with scanning electron microscopy (reviewed
in [18]), where the wave nature of electrons allows to achieve resolutions on the atomic
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1.1 Microscopy

level [19]. Unfortunately, sample preparation requires fixation and coating of structures with
heavy metals, which excludes live-cell specimens from this approach.
In a confocal laser scanning microscope, the resolution is theoretically improved in com-
parison to calculations based on Abbe’s equation (eq. (1.2)) because the effective PSF
results from the product of the excitation spot and the emission PSF. The resolution is
thereby improved by a factor of 1/

√
2. However, this calculation is based on an infinitely

small pinhole, which is not feasible because an increasingly smaller pinhole attenuates
the fluorescence signal and thus impairs the signal-to-noise ratio. Practically, the resolu-
tion of a confocal microscope is therefore only minimally improved [20, 21]. Nevertheless,
several methods to overcome the diffraction limit have been presented in the last two decades.

1.1.3 Diffraction-unlimited microscopy

Several concepts, collectively termed super-resolution microscopy, have been developed to
achieve improved resolutions in the lateral and axial dimension (reviewed in [22]). 4Pi [23]
and I5 microscopy [24] improve the axial resolution by employing coherent excitation and
detection of fluorescence bilaterally with two objectives, which results in 3–4 times better
axial resolution due to constructive interference and smaller effective PSFs of the incident
and thus emitted light [25]. Structured illumination microscopy (SIM) [26] improves the
resolution by a factor of 2 by reconstructing the spatial distribution of fluorophores from a
series of images recorded with shifted structured illumination. Further methods include super-
resolution optical fluctuation imaging (SOFI) [27], AiryScan [28], expansion microscopy [29],
and lattice light sheet microscopy [30]. However, these methods improved the resolution
and/or contrast, but were ultimately still diffraction-limited. Other methods on the other
hand, which are summarized under the term nanoscopy, facilitate diffraction-unlimited super-
resolution microscopy and in theory allow for an infinite improvement of the resolution.
These methods utilize discernible states of fluorophores such as a fluorescent on-state and
a non-fluorescent off-state to achieve improved super-resolution microscopy of fluorescently
labeled structures. Two categories of nanoscopy can be distinguished: coordinate-targeted
and coordinate-stochastic approaches [22]. Both categories include multiple realizations of
nanoscopy concepts and differ in how fluorescence of a sub-diffraction sized volume is mapped
to the respective coordinate of the final image (fig. 1.2). The following sections will give an
overview over the demonstrated approaches of nanoscopy.

1.1.3.1 Coordinate-stochastic nanoscopy

Concepts of coordinate-stochastic nanoscopy rely on the localization of single fluorescence
emitters. Their fluorescence is recorded in a widefield microscope with a camera, which
results in a diffraction-limited spot in the image (fig. 1.2c). However, this spot can be math-
ematically fitted to determine its centroid, which allows for the localization of the origin of
fluorescence, that is, the fluorophore. Precision of this localization is dependent on the num-
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ber of photons N and scales with 1/
√
N . Thus, a high bleaching resistance is a requirement

for fluorophores in order to obtain as much photons as possible. An infinite number of pho-
tons emitted from a single fluorophore would allow for infinitely precise localization of this
emitter, rendering this approach diffraction-unlimited.
For the imaging of biological specimens, thousands of single molecule fluorescence events of
fluorophores labeling the desired structure are recorded. They are subsequently localized, and
the spatial information obtained is used to reconstruct the nanoscopic image, the emitters
are thus discerned in the temporal dimension. The critical requirement here is that local-
ization is performed on isolated, single emitters. Whereas a single frame can of course be
used to locate multiple emitters, these are required to be spatially separated by a sufficient
distance. Because the single frames recorded are diffraction-limited, two emitters that are
separated by a distance smaller than rlateral (eq. (1.1)) are indiscernible [21]. Consequently,
coordinate-stochastic methods rely on fluorophores to be distinguishable by different states,
which is mostly realized with a non-fluorescent off- and a fluorescent on-state.
The concept described above was first demonstrated in 2006 in a number of indepen-
dent publications under the names (fluorescence) photoactivated localization microscopy
((f)PALM) [31, 32] and stochastic optical reconstruction microscopy (STORM) [33].
(f)PALM utilizes photoactivatable fluorophores, which are non-fluorescent in their native
state. Upon irradiation with a wavelength distinct from the fluorescence excitation wave-
length, they are activated irreversibly to their fluorescent state. Low activation intensities
ensure that only a small subset of emitters is active at a time, and these emitters are fully
bleached during or after frame acquisition to avoid accumulation and subsequent overlapping
of active fluorophores [31, 32]. STORM, on the other hand, uses photoswitchable dyes which
can repeatedly be alternated between an on- and an off-state with light of different wave-
lengths [33]. In these concepts, the number of fluorophores in the fluorescent state is regulated
by the intensity of the incident light, and the activation is not spatially controlled but occurs
randomly in the illuminated field of view. Thus, the term coordinate-stochastic nanoscopy.
The initial demonstrations discussed above could resolve structures with 20 nm resolution,
but image acquisition time was in the range of multiple hours, which prevents their appli-
cation for imaging of fast cellular dynamics [31, 33]. Shortly after, the (f)PALM/STORM
protocol was accelerated to the range of minutes with PALM with independently running
acquisition (PALMIRA) [34–36]. Image acquisition is in this case not synchronized to se-
quential activation and deactivation. Instead, a reversibly switchable fluorophore is driven
to the off-state with the excitation laser and the return of single emitters to the on-state
occurs spontaneously while images are recorded independently. This approach is similar
to ground-state depletion microscopy followed by individual molecule return (GSDIM) [37],
or direct STORM (dSTORM) [38], where the majority of fluorophores is driven into a long-
lived dark-state, such as the triplet-state T1, with high excitation laser intensities. Individual
emitters are imaged upon their return from the dark-state and allow for their localization.
Another implementation of discernible fluorescence states is points accumulation for imag-
ing in nanoscale topography (PAINT). Here, fluorophores can reversibly transition between
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being bound to the target structure and an unbound state with free diffusion. Fluorescence
emitted from the former immobilized state can be localized [39]. All nanoscopy concepts
described above rely on distinguishing single, stochastically active emitters. This is different
from coordinate-targeted methods, where the fluorescent state is confined spatially.

Figure 1.2: Principle concepts of far-field nanoscopy. (a) Widefield (or confocal,
not illustrated) excitation of fluorophores (green asterisks) labeling a structure results in a
diffraction-limited image with overlapping emission PSFs. (b) Coordinate-targeted nanoscopy
utilizes a light pattern like a doughnut-shaped beam to spatially restrict fluorescence emission.
(c) Coordinate-stochastic nanoscopy localizes the centroid of the diffraction-limited spot of
single emitters.

1.1.3.2 Coordinate-targeted nanoscopy

Coordinate-targeted nanoscopy employs a more direct approach to localize fluorescent emit-
ters with sub-diffraction precision. The concept was first proposed in 1994 [40–42] and uses a
spatial light pattern to facilitate saturated transition of molecules between states (fig. 1.2b).
It was first realized in 2000 with the demonstration of stimulated emission depletion (STED)
microscopy [41], an approach which uses a doughnut-shaped focal spot with a central re-
gion of zero intensity to laterally render peripheral fluorophores non-fluorescent (although
in principle any pattern with a zero-intensity region can be used and the concept naturally
can also be applied in the z-dimension). This is achieved by stimulated emission depletion
of the excited state S1. Fluorophores in this state can be depleted to S0 in a process driven
by a second red-shifted depletion laser (fig. 1.3), which stimulates the relaxation of S1. The
photon emitted as a result of stimulated emission is red-shifted in comparison to the photon
emitted as a result of spontaneous fluorescence and can thus be separated from it [43].
However, this process competes with the spontaneous emission of fluorescence, which occurs
in the nanosecond timescale. To fully prevent spontaneous fluorescence emission and to
saturate STED, the second laser thus has to be applied with a high intensity in the range of
MW/cm2 and a short pulse duration much smaller than the fluorescence lifetime [44]. Both
the excitation and depletion laser are usually pulsed in applications of STED microscopy,
with the delay and wavelength necessary for optimal STED being a property of the dye.
Due to the doughnut-like shape of the depletion laser, the required intensity for STED is

7



1 Introduction

Figure 1.3: Stimulated emission depletion. (a) The doughnut-shaped stimulated emis-
sion depletion beam scans the sample during imaging with a centrally aligned Gaussian-
shaped excitation beam. (b) High STED intensities with I � Isat deplete fluorophores in the
fluorescent state A to the non-fluorescent state B, resulting in a smaller effective PSF (green
profiles). Red graphs represent the intensity profile of the STED spot along the scanning
axis x. Isat is the intensity at which half of the fluorophores are depleted. Figure b was
adapted from [44], with permission from Elsevier, © 2004.

only achieved for peripheral fluorophores, and the central region remains fluorescent. With
higher intensities of the depletion laser, this central region becomes smaller. The achievable
resolution can be approximated in the lateral dimension based on equation (1.1) [21]:

∆r ≈ λ

2n sinα
√

1 + Imax/Isat
,

where n is the refrative index of the immersion medium, α the half-angle of the aperture of
the objective, Imax the peak intensity of the depletion laser, and Isat the intensity at which
half of the fluorophores are depleted from S1 to S0.

The resolution thus scales with 1/
√

1 + Imax/Isat and is diffraction-unlimited for infinitely
high Imax intensities; high doughnut intensities and low saturation intensities for STED result
in a small central region where fluorophores remain fluorescent. Because this approach em-
ploys scanning of the sample with a STED laser and an excitation beam, the sub-diffraction
sized volume of emitting fluorophores can be directly mapped to the respective coordinate (or
pixel) to reconstruct the image, much like in confocal laser scanning microscopy. Compared
to coordinate-stochastic methods this approach has thus the advantage that no calculations
are required after data has been recorded.
Recently, the advantages of coordinate-targeted and coordinate-stochastic methods have
been combined to achieve a quasi-molecular resolution of 1 nm [45]. Nanoscopy with mini-
mal photon fluxes (MINFLUX) achieves such precise localization by employing a patterned
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illumination to determine the position of single, stochastically active emitters. Similar to
coordinate-targeted approaches, the pattern has a region of zero intensity and probes fluores-
cence of the emitter at different positions. The exact position can then be calculated based
on the intensity distribution within the pattern and the fluorescence intensity of the probing
steps, which requires much less photons than coordinate-stochastic methods [22, 45].
Other concepts than STED have been proposed and realized to separate different states of flu-
orophores for coordinate-targeted nanoscopy. Ground-state depletion (GSD) microscopy uses
patterned illumination to pump peripheral fluorophores into a long-lived dark state such as
the triplet-state [21, 46, 47]. While the term RESOLFT, which stands for reversible saturable
optically linear fluorescence transition, denotes the general concept of coordinate-targeted
nanoscopy methods [44, 48], it is mostly used for coordinate-targeted nanoscopy concepts
which employ reversibly switchable fluorophores for the distinguishment of states [22]. While
these can be organic dyes [49, 50], the first demonstration was with a switchable fluorescent
protein [51]. The following sections will give an overview over fluorescent proteins and their
switching capabilities before their application and requirements for RESOLFT nanoscopy will
be discussed. Further use of the acronym RESOLFT will refer to the utilization of switchable
fluorophores.

1.2 Fluorescent proteins

Fluorescent proteins have revolutionized live-cell microscopy as they provide a simple way to
tag subcompartmental structures. While staining of such structures can be facilitated at high
specificity with antibodies labeled with organic dyes, the protocols required for intracellular
target proteins such as fixation or permeabilization preclude their application in living cells
or whole organisms. Fluorescent proteins, on the other hand, can easily be fused to the
desired target protein. After full maturation, these proteins exhibit fluorescence, which can
be utilized for diffraction-limited or -unlimited microscopy.

Figure 1.4: Chromophore structure of avGFP. The 4-(p-hydroxybenzylidene)-5-
imidazolinone chromophore of avGFP is formed autocatalytically from the tripeptide Ser65-
Tyr66-Gly67 in the central α-helix of the β-barrel [52–54]. The formation of the methine
bridge, which connects both aromatic rings and shifts the absorption of avGFP to the VIS
range, requires oxidation by molecular oxygen [55].
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The first description of a fluorescent protein was published in 1962 by Shimomura et al.,
who discovered a protein that was responsible for green fluorescence of samples obtained
from the jellyfish Aequorea victoria [56]. This protein was later termed green fluorescent
protein (GFP, or avGFP), and its biological function is to red-shift the apparent wavelength
of bioluminescence emitted from aequorin [57]. Despite its early description, the scientific
impact of avGFP was low in the following years. This changed when its cDNA was cloned in
1992 by Prasheret al., revealing the genomic sequence of avGFP, which codes for the protein
of 238 amino acids with a molecular weight of 27 kDa [52]. Soon after, the protein was
expressed in E. coli and proposed as a marker for gene expression as it could be shown that
maturation towards the fluorescent state of avGFP required no external factors in a cellular
context except for the presence of oxygen [58–60].

a b c

Figure 1.5: Crystallographic β-barrel structure of Padron. (a) Side view, (b) top
view, and (c) tetrameric interaction of the crystal structure are shown in cartoon representa-
tion. The chromophore is in stick representation, with the on-state in green and the off state
in purple (PDB IDs 3ZUJ and 3ZUF, [61]).

Already in 1978 the fluorescent chromophore was proposed to be a 4-(p-hydroxybenzylidene)-
5-imidazolinone moiety integrated into the backbone of the protein (fig. 1.4, [62]). The
crystal structure was solved in 1996 and revealed a barrel-like structure built from 11 β-sheets
with a central α-helix, which was termed β-barrel [63, 64]. Figure 1.5 depicts the β-barrel
structure of Padron. Since then, a large number of homologues have been found in a variety
of organisms covering a large range of spectral properties [65–68]. Due to the similarity of
overall structures and chromophores within this family of proteins, they are often referred
to as GFP-like proteins. Other fluorescent proteins with different fluorogenic moieties exist,
but will only be briefly mentioned in the following sections as the focus of this work is on the
GFP-like protein Padron.

1.2.1 Chromophore maturation and spectral properties of GFP

Although sequence identity of GFP-like fluorescent proteins can be as low as 23% [69], all
proteins in this class fold into a common barrel-like structure. This structure is a prerequisite
for the fluorogenic properties of these proteins: Early experiments with synthetic compounds
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identical to the chromophore moiety resulted in similar absorption as observed in denatured
avGFP [70], but displayed no fluorescence emission [71]. Lowering the temperature to 77K,
on the other hand, enabled fluorescence in the synthetic chromophore, which was attributed
to the chromophore microenvironment and a lack of isomerization around the methine
bridge [71]. The importance of the chromophore surroundings in the protein were supported
with later research elucidating the origin of this moiety (reviewed in [72]). The fluorogenic
moiety is formed after proper folding in an autocatalytic process from a tripeptide motif
situated in the central α-helix, involving Ser65, Tyr66, and Gly67 [52–54]. The initial
step here is a cyclization of the helix backbone, where the peptide bond nitrogen of Gly67
performs a nucleophilic attack on the carbonyl group of Ser65, forming an intermediate
with a heterocycle consisting of the Ser65 carbonyl group carbon, Tyr66 nitrogen, Cα,
and carbonyl carbon, as well as Gly67 nitrogen [60, 73]. The elimination of water results
in the aromatization of this formation and yields the imidazolinone ring [74], followed by
oxidation with hydrogen peroxide as a byproduct, which is the rate-limiting step [55]. The
latter reaction connects the conjugated π-systems of the Tyr66 hydroxyphenyl ring and the
imidazolinone, shifting the absorption of the chromophore to the VIS range (fig. 1.4). The
rate of this final, oxygen-dependent step differs between proteins and is often determined to
compare maturation speed of variants. To do so, proteins can be expressed under anaerobic
conditions and fluorescence increase as a result of maturation is then monitored at aerobic
conditions. While the maturation time constant for GFP was determined to be 120 minutes,
this value was reduced to 27 minutes in GFP-S65T [60, 75].
A prerequisite for chromophore formation is the spatial organization of the secondary
structure within the barrel, which positions the autocatalytic tripeptide in the necessary
orientation [76]. Configurations contributing are a certain lack of hydrogen bonds within the
central helix, a backbone bend in the chromophore vicinity which positions the tripeptide,
and the stabilization by amino acids such as Arg96 and Glu222, which are conserved and
essential to chromophore formation [72, 76, 77]. The essential role of Arg96 in chromophore
maturation is likely the reason for the strong conservation of Gly67, as larger amino acids
would disturb the hydrogen bonding network due to steric hindrance resulting in impaired
maturation [72, 77]. The first GFP-like protein with an altered amino acid at this position,
namely alanine, was published in 2016 [78]. The surrounding amino acids in the chromophore
cavity have also been proposed to have a catalytic role. Arg96 lowers the energetic barrier
for the initial cyclization of the backbone [76, 79], whereas Glu222 stabilizes deprotonation
in intermediate steps of the reaction [80].
Aside from catalytic contribution, the amino acids in the chromophore pocket also influence
the spectral properties of fluorescent proteins [81]. The wild-type GFP has an absorption
spectrum with two distinct absorption peaks at 395 and 475 nm, which result in fluorescence
emission with a wavelength of 508 and 503 nm, respectively [60]. The absorption peaks
represent the protonation state of the hydroxybenzylidene moiety. While the peak at
395 nm is attributed to the protonated form of the chromophore, deprotonation results in
an increased delocalization of electrons in the conjugated π-system and the concomitant
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rise of the red-shifted absorption peak [82]. For avGFP, the Stokes shift of the emission in
response to excitation in the UV range is particularly large; it results from a process termed
excited state proton transfer (ESPT). The terminal proton of the hydroxyphenyl group is
stabilized by the anionic Glu222. Upon excitation, it is fully transferred to Glu222 within
the timescale of the excited state, giving rise to the phenolate form of the chromophore
from which emission occurs [83–85]. The proton transfer is quickly reversed in avGFP,
but repeated excitation can pump proteins into a state where the chromophore is fully
deprotonated [83, 86], shifting its absorption towards the peak at 475 nm. Conversely, S65T
results in permanent deprotonation of the chromophore due to altered hydrogen bonds
preventing ionization of Glu222 [84].

1.2.2 Spectral variation of GFP-like proteins

The autocatalytic maturation dynamics described in the previous section were reported for
wild-type GFP with the chromophore shown in figure 1.4. However, in the years following
its rediscovery, a plethora of fluorescent proteins have been reported covering the whole VIS
range and extending into the NIR region [87–89], and recently the de novo design of a β-barrel
capable of binding free chromophore to fluoresce has been demonstrated [90]. The FPbase,
an open-source online resource for fluorescent proteins, lists 717 entries at the time of writing
this thesis [67], figure 1.6 depicts their spectral variation. Because the database was created
in 2018 and is based on contributions by the community, the actual number of fluorescent
proteins published or discussed is likely to be even higher considering variants that have not
yet been entered.

Figure 1.6: The spectral range of fluorescent proteins. The figure depicts the molec-
ular brightness, which is calculated as the product of the extinction coefficient ε and the
quantum yield, in relation to the emission maximum. Values were taken from FPbase.org,
where 486 of the 717 entries listed both molecular brightness and emission maximum at the
time of writing this thesis [67].
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A number of strategies have been found and utilized to increase the spectral range, the most
obvious being to alternate the extent of the conjugated π-system. Obviously, a change in the
π-system can be achieved by site-directed mutagenesis. While glycine in the chromophore-
forming tripeptide is conserved to a large extent [78], it seems promising to mutate tyrosine,
which contributes to the size of the π-system due to its aromatic nature. Consequently, it
was replaced with tryptophane, histidine, and phenylalanine, all of which resulted in blue-
shifted variants emitting blue or cyan light [85, 91, 92]. Alternatively, the π-system can be
influenced by the introduction of another aromatic residue in the vicinity of the chromophore
which interacts with the phenolate moiety via π-stacking, thereby lowering the excitation
energy due to increased polarity of the chromophore [93].
Naturally, shifting the absorption and emission to longer wavelengths compared to GFP in
order to increase biocompatibility of the protein with live-cell imaging applications is de-
sirable and can be achieved by extending the conjugated π-system. The first red-emitting
GFP-like protein published was DsRed, which was isolated from the coral Discosoma sp. [94].
It has a conjugated π-system that extends beyond the Cα of the first tripeptide amino acid
participating in cyclization [69], which is generated in a second oxidation step that creates
a blue intermediate and subsequently matures via hydroxylation and elimination of a wa-
ter molecule to its final red form [95, 96]. DsRed, which forms stable tetramers, was later
monomerized and published as mRFP1 with the ’m’ denoting the monomeric state [97]. This
variant was the template for an extensive mutagenesis study resulting in a set of 8 new red
fluorescent proteins collectively denoted as mFruits, which displayed different hues in the red
VIS range [98]. The underlying mechanisms that resulted in their shifted emission spectra
were elucidated by Shu et al. [99]. They found that mOrange exhibits a further covalent
modification introducing a third heterocycle to the backbone, which resulted in blue-shifted
emission due to the removal of a carbonyl moiety from the π-system. Conversely, mStraw-
berry and mCherry were proposed to be red-shifted as a result of an altered electron density
distribution resulting from changed protonation equilibria and side chain rearrangements in
the chromophore vicinity [99]. The microenvironment of the chromophore thus plays an im-
portant role in determining the spectral properties. In mPlum [100] a large Stokes shift of
60 nm is attributed to hydrogen bond modulation and relaxation of the excited chromophore
prior to emission [101, 102].
Recently, the spectral range of fluorescent proteins has been extended to the NIR range
with bacteriophytochromes (reviewed in [66]). These photoreceptors are inherently non-
fluorescent, but could be engineered to emit fluorescence [103, 104]. They require biliverdin
as an external chromophore, which can be naturally produced from heme by heme-oxygenase
1 in mammals, allowing for the application of bacteriophytochromes as a tag in organisms of
this group. Alternatively, biliverdin can be added externally to a respective sample [66].
A distinct extension of the chromophore π-system is present in Kaede [105]. This protein
exhibits green fluorescence in its native state, but can be converted to a red form with UV ir-
radiation. Other proteins with this feature have been published after they were either cloned
from cDNA or generated from constitutively fluorescent proteins [106–110]. They are collec-
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tively termed photoconvertible fluorescent proteins (PCFPs). In all PCFPs the conjugated
π-system is extended in response to excitation, mostly with light in the UV range. In Kaede,
the presence of histidine as the first amino acid of the chromophore-forming tripeptide is a
prerequisite for its photoconversion. Here, UV excitation induces a cleavage of the backbone
of the central α-helix at the peptide bond involving the histidine amino group. A following
elimination reaction connects the existing π-system of the chromophore with the histidine
side chain by introducing an additional double bond [111].
Similar to PCFPs, photoactivatable fluorescent proteins (PAFPs) exhibit a modification in
response to irradiation. These proteins, however, are non-fluorescent (or barely fluorescent)
in their native dark state and are then converted to a fluorescent state [112–115]. The first
representative of this group was PA-GFP (PA for photoactivatable) [112], which exhibits
green fluorescence after activation. The underlying mechanism is a strongly impaired ESPT
as a result of a T203H mutation, which affects the Glu222 orientation so that the chro-
mophore is mainly present in its neutral form, but ESPT rarely takes place. UV irradiation
decarboxylates Glu222, resulting in deprotonation of the chromophore, which in turn exhibits
fluorescence [116].
Both PCFPs and PAFPs are suitable probes for PALM nanoscopy [31, 32]. However, their
conversion is irreversible, which prevents employment of their spectral states for coordinate-
targeted nanoscopy. The discovery of reversibly switchable fluorescent proteins on the other
hand allowed for the establishment of alternating states for RESOLFT microscopy with low
laser intensities. The following section will give an overview over the origin and capabilities
of reversibly switchable fluorescent proteins before their use in RESOLFT nanoscopy will be
discussed.

1.2.3 Reversibly switchable fluorescent proteins

Reversibly switchable fluorescent proteins (RSFPs) are proteins which display a particular
form of photochromism. They can be reversibly switched between a fluorescent on-state
and a non-fluorescent off-state in a process that is driven by irradiation with two different
wavelengths. Such a behavior had been observed in engineered variants of GFP, but tran-
sition between states was incomplete and resulted in low contrast [117]. The first protein
capable of a relevant transition between states was asFP595 [118], which, in an ensemble of
proteins, displays switching to the on-state with yellow light while simultaneously emitting
fluorescence. Irradiation with blue light on the other hand reduces fluorescence emission
by switching the protein to the off-state [51]. Because the same wavelength is capable of
switching the protein to the on-state that also evokes fluorescence, asFP595 is categorized as
a positively switching RSFP (fig. 1.7). However, low fluorescence intensity and its tetrameric
interaction prevented wider use in cell biology [51, 118]. Soon after, Dronpa was published as
the first bright, monomeric RSFP with an opposing switching scheme [119]. The fluorescence
excitation wavelength simultaneously switches the protein off while irradiation in the UV
range reverses this effect, categorizing Dronpa as a negatively switching RSFP.

14



1.2 Fluorescent proteins

Figure 1.7: Reversible switching of Padron. Padron is a positively switching RSFP.
This means that the excitation wavelength of 488 nm also induces cis-trans isomerization of
the non-fluorescent trans-state (purple) to the fluorescent cis-state (green). The latter state
can be reversed to the trans-state with light of 405 nm.

So far, only few positively switching RSFPs have been reported, with asFP595 being the
only wild-type form of these proteins. Others were: Padron [120], which was engineered
from Dronpa, its successor Kohinoor [121], both emitting in the green VIS range, and
rsCherry [122], which emits in the red VIS range. The majority of RSFPs are negatively
switching RSFPs, which is why most research concerned with the elucidation of the switch-
ing mechanics has focused on these proteins. The group of negatively switchable RSFPs
includes, among others: rsEGFP [123] and rsEGFP2 [124] as derivatives of GFP, Dronpa-
M159T (or Dronpa-2) [125] and Dronpa-3 [126], which exhibit faster switching kinetics than
Dronpa, Skylan-S [127] and Skylan-NS [128], two particularly bright and switchable vari-
ants based on EosFP [106], rsCherryRev [122], which was the first red-emitting negatively
switching RSFP, as well as rsFusionRed2 and rsFusionRed3 [129], two proteins developed for
RESOLFT nanoscopy. Two peculiar members of this group are NijiFP [130] and IrisFP [131],
which can be reversibly switched but also maintain the ability of their respective template to
be photoconverted from a green to a red fluorescent form.

1.2.3.1 Switching mechanism of RSFPs

Switching between states is facilitated by light induced isomerization of the chromophore as
a result of a single-photon process [61, 132, 133]. Although the nature of this isomerization
has been the focus of extensive research (reviewed in [81, 132]), the precise mechanism is
still a subject of debate and might vary in different proteins. Both rotation around the bond
between methine bridge and imidazolinone ring, which would require a spacious chromophore
cavity, and a space-saving hula-twist have been found in rsEGFP2 [134].
While fluorescent proteins with a trans-chromophore have been described [135, 136], only one
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RSFP with a fluorescent trans-state has been found so far [137]. All other RSFPs described
display an off-state with a trans-chromophore [117]. For Dronpa, it was shown that the iso-
merization is accompanied by extensive rearrangements in the chromophore pocket and by
protonation of the trans-state after off-switching. In addition, the cis-conformation of the
on-state is stabilized via hydrogen-bonding [125, 138, 139]. Conversely, the M159Y mutation
in Padron was sufficient to reverse the switching regime by stabilizing the trans-chromophore,
which is deprotonated, via hydrogen bonding [120, 140]. The ability to fluoresce is thus not
determined by the isomeric state of the chromophore, but rather by the resulting condi-
tions of the respective microenvironment [117]. This is supported by the suggestion that
the non-fluorescence of the free chromophore in solution stems from its ability to rapidly
isomerize [141]. Less stabilization of the β-barrel was also described for the non-fluorescent
off-state of Dronpa [142, 143], and motions in the chromophore pocket of the trans-state of
Padron were suggested as an explanation of its non-fluorescence [61].
So far, only two proteins have been reported which pose an exception from the isomerization
switching mechanism: Dreiklang [144] and Spoon [145], which was engineered from Dreik-
lang, both emitting yellow fluorescence. Both proteins can be excited with light of 510 nm
and switched on with UV light in the range of 350 nm. However, in Dreiklang and Spoon,
fluorescence excitation does not switch the protein, their continuous fluorescence emission is
only limited by photobleaching mechanisms. Nevertheless, they can be switched to a non-
fluorescent off-state with light in the range of 400 nm. The switching mechanism does not
involve an isomerization of the chromophore but rather relies on the reversible hydration and
dehydration of the chromophore, thereby disrupting the conjugated π-system. Due to the
separation of switching and excitation wavelengths this mode of switching was denoted as
decoupled switching.
The molecular basis for spectral properties and switching characteristics is highly diverse.
Dronpa for example undergoes extensive reorganization of the chromophore cavity upon
switching [125, 139], whereas the same motions are absent in Padron [61, 140]. However,
the resulting macroscopic changes such as the decrease of fluorescence or absorption spectra
can be easily monitored in order to compare switching capabilities of different proteins. The
following chapter will define the terminology required to describe the switching characteristics
of RSFPs.

1.2.3.2 Switching characteristics

In order to utilize RSFPs in coordinate-targeted nanoscopy, they are required to fulfill
certain characteristics. While a low tendency to form oligomers (fig. 1.5c) is necessary to
label cellular structures without affecting their organization in response to aggregation,
switching characteristics influence the robustness and quality of imaging. These factors can
be engineered by mutagenesis of proteins; a defined terminology is thus required to describe
the effects of such mutagenesis, figure 1.8 gives an overview over the associated parameters.
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Figure 1.8: Switching characteristics of the positively switching RSFP Padron.
(a) Single switching cycle. Light of 405 nm switches the protein to the off-state from which
it can be returned to the on-state with 488 nm. This step can be observed via fluorescence
detection as an activation curve that allows for the calculation of characteristic switching
parameters. The first data point D of the activation curve represents the off-state, while the
protein has reached full on-state intensity C after activation. The ratio D/C is the residual
off-state fluorescence intensity. The half-time B is the time after which half of the ensemble
fluorophores have reached the on-state (A=(C−D)/2). (b) Multiple consecutive switching
cycles. The decrease E of the on-state fluorescence intensity after a number of cycles is the
switching fatigue and is reported as the intensity of the on-state of the last cycle relative to
the one of the first cycle.

For any given sample, the fluorescence intensity (or brightness) can be observed rather easily
(C in fig. 1.8a) with a suitable detector. While the molecular brightness is defined as the
product of extinction coefficient ε and the quantum yield, it has to be distinguished from
the ensemble fluorescence intensity. While the former is a molecular entity, the latter is the
apparent brightness of the sample. In the case of RSFPs, it is also influenced by the equilib-
rium of switching states, that is, the ratio of RSFPs that reside in the on- and off-state after
thermal relaxation, which is denoted as the ground-state. The brightness is also influenced by
external factors such as chromophore protonation and thus pH, maturation, or temperature.
It is therefore dependent on the experimental conditions as well as the sample, which is why
interexperimental comparisons can be difficult [146, 147].
Upon deactivating RSFPs, an increasing number of proteins is present in the off-state. How-
ever, switching all RSFPs in an ensemble to one state or the other can be challenging.
Processes such as thermal relaxation, spectral overlap of the on- and off-state, or return of
proteins from a long-lived dark-state [148] influence the ratio of states. In addition, the con-
figuration denoted as the off-state could still emit fluorescence depending on the fluorescence
quantum yield of this state. RSFP ensembles thus display a residual off-state fluorescence
intensity (D in fig. 1.8a), which can be reported as the ratio of fluorescence intensity af-
ter off-switching and the fluorescence intensity in the on-state after full activation (D/C in
fig. 1.8a). The reciprocal value often is reported as the switching contrast [117]. In RESOLFT
nanoscopy, this value determines how well states are separable, which is directly connected
to the resolution improvement [149]. If the switching progress is monitored over time, these
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values can easily be calculated from the switching curve (fig. 1.8a).
Likewise, the switching curve can be used for calculation of the ensemble switching half-time
as a measure of switching speed (B in fig. 1.8a). Optimally, one would employ fitting of curves
with a suitable mathematical model to reveal contribution of multiple factors. Alternatively,
the switching half-time can be approximated by determining the time after which the fluores-
cence has increased (or decreased) by 50% of the difference between off- and on-state (time
B to reach A=(C−D)/2 in fig. 1.8a). Switching speed is dependent on the light intensity as
well as crosstalk between the on- and off-state at the given switching wavelength, and it is
directly connected to the time required to record a RESOLFT image.
While photobleaching is associated with the irreversible fluorescence decrease in response
to bleaching as a result of fluorescence excitation, switching contributes to the decrease of
the ensemble brightness (E in fig. 1.8b) as switching fatigue. It is reported either as the
relative on-state fluorescence intensity after a given number of switching cycles or as the
relative on-state fluorescence decrease per cycle. The ability to perform a large number of
switching cycles is a necessity for RSFPs in RESOLFT nanoscopy [149], because every single
fluorophore undergoes a multitude of cycles during point-scanning RESOLFT nanoscopy.
The parameters described here are intertwined to a large extent. Slowly switching RSFPs
are more often excited during switching, resulting in a higher contribution of photobleaching
to switching fatigue, while a low residual off-state fluorescence intensity renders the protein
unresponsive to fluorescence excitation. If crosstalk between on- and off-states is relevant,
a fast switching half-time for the activation could possibly prevent a low residual off-state
fluorescence intensity if it cannot be compensated by the deactivation. If an RSFP is suitable
for RESOLFT nanoscopy thus relies on the interplay and quality of these features.

1.2.4 RSFPs in RESOLFT nanoscopy

RESOLFT nanoscopy with reversibly switchable fluorescent proteins was proposed in
2003 [150] and first demonstrated with asFP595 in 2005 [51]. This demonstration was done
with asFP595-filled grooves on a glass surface, because the tetrameric organization of asFP595
precluded it from correctly tagging live-cell target structures. Nevertheless, it performed well
enough to show the potential of RESOLFT with sub-diffraction resolution at a low satura-
tion intensity in the range of mW/cm2, which is several orders of magnitude lower than the
intensities typically employed for STED nanoscopy [51]. This is possible as the separation of
discernible states is determined by the rate constants for on- and off-switching as well as their
ability to reside in said states for a prolonged time relative to the pixel dwell time [51, 123]. In
contrast, STED requires high laser intensities to deplete emission in the short-lived nanosec-
ond timescale of the fluorescence lifetime [44]. RESOLFT microscopy with RSFPs is thus
particularly suited for live-cell applications. This was first shown in 2011 with Dreiklang [144]
and rsEGFP [123] by imaging cytoskeletal structures in cultivated cells, achieving a resolu-
tion as low as 35 nm. While the conceptual realization of RESOLFT with asFP595 employed
a deactivation pattern with a linear zero-intensity region with adjacent deactivating intensity
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peaks [51], the live-cell approaches used a doughnut-shaped deactivation pattern. In detail,
fluorescence was activated in an initial step with a Gaussian-shaped beam and peripheral
fluorophores were then switched to the off-state with the doughnut-shaped pattern. RSFPs
remaining in the on-state were subsequently probed with a Gaussian-shaped readout laser.
This sequence was repeated at every coordinate to reconstruct the image with sub-diffraction
resolution. Figure 1.9 depicts this principle for a positively switching RSFP.

Figure 1.9: RESOLFT principle for a positively switching RSFP. (a-c) RESOLFT
switching scheme. RSFPs are initially switched to the on-state with the activation wave-
length (a). Subsequently, peripheral fluorophores are rendered non-fluorescent with a
doughnut-shaped deactivation beam (b). The remaining central fluorophores in a sub-
diffraction volume are then read out with the same wavelength employed for activation (c).
(d) Whereas diffraction-limited imaging results in indiscernible structures (left), RESOLFT
nanoscopy restricts fluorescence emission to a nanoscale region (right).

While these first demonstrations of live-cell RESOLFT nanoscopy used light intensities
of approximately 1 kW/cm2 or less, pixel dwell times amounted to 20–40ms [123, 144],
which is unfavorable for imaging of live-cell dynamics. The imaging acquisition time
was greatly improved by engineering or utilizing faster RSFPs for RESOLFT nanoscopy,
namely rsEGFP2 [124] and Dronpa-M159T [126, 151], reaching pixel dwell times below
1ms. rsEGFP2 was also used for endogenous tagging of target structures [152] and was
used for the first demonstration of RESOLFT nanoscopy in a living organism in Drosophila
melanogaster [153]. Two-color RESOLFT nanoscopy could be facilitated by discerning two
different RSFP labels either spectrally [154] or based on their fluorescence lifetime [5]. In 2019,
smart RESOLFT was published as a method which accelerates point-scanning RESOLFT
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nanoscopy by probing the fluorescence signal at every pixel before employing the switching
sequence. This approach subsequently omits switching and accelerates the scanner in regions
with a fluorescence signal below a defined threshold [155].
Alternatively, the parallelization of the RESOLFT concept was already proposed in the first
publication with asFP595 [51] to accelerate image acquisition. By employing a deactiva-
tion pattern with multiple regions of zero intensity separated by a distance larger than the
diffraction limit, the separation of states required for nanoscopy can be facilitated at a large
number of positions at the same time. This proposal was facilitated with a grid of point-like
zeros, where widefield illumination was used for activation and readout with a camera [156].
The concept could also be shown in a dual-color realization [157], and Wang et al. demon-
strated consecutive imaging of 50 frames with a parallelized RESOLFT microscope [158].
Parallelized RESOLFT nanoscopy was later extended by employing multi-focal activation
and readout instead of widefield illumination [129, 159]. Another approach utilized a pattern
of line-shaped zero-intensity regions to combine SIM with the non-linearity introduced by the
RSFP Skylan-NS [128], which was thus denoted as patterned activation non-linear SIM (PA
NL SIM) [160].
However, all the implementations of RESOLFT nanoscopy described above, with the excep-
tion of the asFP595 proof of concept, utilized negatively switching RSFPs or Dreiklang with
decoupled switching. While the former have a limited photon budget due to their deacti-
vation during readout, Dreiklang requires rather long imaging dwell times in point-scanning
approaches [144].

1.2.5 Nanoscopy with positively switchable RSFPs
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Figure 1.10: Point-scanning RESOLFT microscopy with Kohinoor. (a-d) HeLa
cells expressing vimentin-Kohinoor imaged in RESOLFT (a, c) and confocal (b, d) mode.
The boxed region in b marks the field of view in c and d. (e) Line profiles at the positions
indicated by arrows in c and d. 1ms pixel dwell time with 400 µs readout duration were
employed for RESOLFT imaging. Scale bars: 1 µm (a, b) and 500 nm (c, d). Adapted by
permission from Springer Nature Customer Service Centre GmbH: Springer nature, NATURE
METHODS [121], © 2015.
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Positively switching RSFPs are expected to overcome the photon budget limitations of
negatively switching RSFPs in RESOLFT nanoscopy by simultaneous employment of the
doughnut-shaped off-switching laser beam with the Gaussian-shaped readout laser, thereby
keeping RSFPs in the periphery in the non-fluorescent off-state. However, only few positively
switching RSFPs have been published so far with even less nanoscopy applications [120–122,
161]. Padron was the first green-emitting positively switching RSFP with low residual off-
state fluorescence intensity [120], but has not been used in nanoscopy applications.

Figure 1.11: Influence of irradiation intensity on the switching state of Padron.
(a) Sequential switching leads to almost complete reversible saturation of the on-state (green
cis-chromophore) or off-state (purple trans-chromophore) of Padron. (b) If both on- and
off-switching irradiation is applied simultaneously, the saturation of states depends on the
relative light intensities as well as the rate constants for activation and deactivation.

Nevertheless, it was used to demonstrate diffraction-limited imaging of spectrally overlapping
RSFPs in different channels [120, 162]. Another use was in studies on fluorescence detected
sedimentation velocity [163, 164] or the switching capabilities of RSFPs at cryotempera-
tures [165].
Aside from asFP595 [51], the only positively switchable RSFP that has been used for
super-resolution microscopy is Kohinoor, which is based on Padron and has been published
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during the course of this thesis [121]. It has been used in both point-scanning RESOLFT
nanoscopy [121] and non-linear SIM [161], a resulting RESOLFT image is shown in fig-
ure 1.10. However, while this image displays an effect in response to RESOLFT imaging, it
lacks the increase of structural information that is typically achieved with established RSFPs
in RESOLFT nanoscopy [124]. In addition, the off-switching kinetics of Kohinoor were im-
proved only threefold in comparison with Padron. This is only a minor improvement and
expected to complicate off-switching under simultaneous 488 nm irradiation. In order to pro-
long fluorescence readout of a positively switching RSFP in RESOLFT nanoscopy after the
deactivation step, both the doughnut-shaped deactivation and the Gaussian-shaped readout
laser have to be applied simultaneously. The applied intensities have to result in a sufficient
separation of saturable states, that is, switching peripheral RSFPs to the off-state while cen-
tral ones remain fluorescent. This concept requires fast off-switching rates compared to the
rate of activation at a given combination of intensities (fig. 1.11).
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2 Aim of thesis

The aim of this thesis was to develop a positively switchable RSFP with emission in the
green VIS range with switching characteristics that allow to utilize the conceptual benefits of
the positive switching regime for RESOLFT nanoscopy. For this purpose, Padron [120] was
chosen as a template. While Padron was reported to be switchable to a very low residual off-
state fluorescence intensity below 1%, its inefficient expression and maturation at 37℃, low
switching fatigue, and slow switching rendered it unsuitable for live-cell RESOLFT nanoscopy.
Consequently, no super-resolution images have been published with Padron as a label.
The presented thesis describes the mutagenesis strategy employed to improve Padron and the
subsequent characterization in comparison with Kohinoor, which was generated from Padron
as well [121]. The implementation of live-cell point-scanning RESOLFT nanoscopy is shown
to demonstrate the improved performance of the novel variant.
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3 Results

In this study, the RSFP Padron [120] was improved by performing multiple rounds of mu-
tagenesis, screening, and selection of improved variants. The following sections will report
on the results of mutagenesis and summarize its important stages. The resulting improved
variants will then be characterized in detail in comparison to Padron and Kohinoor, while
the variant deemed most applicable for RESOLFT nanoscopy will be used for the demon-
stration of super-resolution microscopy with a positively switching RSFP. Before that, the
following section will describe the improvements of the automated screening microscope used
for screenings after mutagenesis in order to increase sample throughput.

3.1 Improvement of the automated screening microscope

Padron was improved in a process of repeated mutagenesis. In each step, the template se-
quence was altered either at a single base triplet or randomized across the whole sequence.
This resulted in a large number of mutated variants, which were screened for improved
switching characteristics. The majority of measurements associated with this process were
performed in bacterial colonies on agar plates at a fluorescence microscope capable of auto-
mated colony sampling (fig. 3.1a). Time-resolved fluorescence was recorded in response to a
predefined laser sequence which induced switching of Padron variants (cf. methods sec. 5.3).
However, the number of variants that could be screened in each round was limited by the
operation time of the automated screening microscope. To increase screening capacities and
to accelerate the throughput, colony sampling and focusing were improved by enhancing the
control software of the automated screening microscope.

3.1.1 Improving speed and precision of colony sampling

In the original state of the automated screening microscope, agar plates were sampled by
means of a rigid grid (fig. 3.1b). Range and step size of the grid were defined by the user
prior to a screen, which resulted in various impediments. Independent from the colony den-
sity on an agar plate, all coordinates set by the grid had to be probed, causing repetitive
acceleration and stopping of the stage even in blank areas of an agar plate. The software
allowed for probing of fluorescence at every grid coordinate before an autofocus and a mea-
surement were run to reduce screening duration. However, using this option, the user had to
compromise between speed and sensitivity as probing could occur out of focus resulting in
false negatives. Lowering the threshold for probing on the other hand increased the number
of false positive measurements.
Grid-based sampling also had implications for colony selectivity. When a coarse grid was
chosen, colonies were more likely to either lie outside of the grid and be missed during a
screen or to be measured at their outer perimeter, resulting in aberrant fluorescence intensity
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Figure 3.1: Automated bacterial screening with colony selectivity. a) Workflow of
a screening round. b) Original sampling of agar plates before improvement. Plates were
screened by means of a fixed grid with predetermined step size. c) Plate processing for
the improved sampling. Colony coordinates were determined with images based either on
fluorescence intensity (left and bottom quadrant) or via colony light scattering during trans
illumination (top and right quadrant) of the agar plates. Coordinates were calculated after
thresholding. d) Improved sampling of agar plates. All colonies were targeted directly and
centered.

measurements. Conversely, when the grid was too dense the probability of repeated measure-
ments of the same colony became higher, increasing both screening time and data noise.
To address these drawbacks, colony sampling was improved. In detail, agar plates were first
digitized with the Amersham Imager 600RGB (GE Healthcare, Chicago, IL, USA) based
either on fluorescence intensity or on light scattering of colonies during trans illumination.
Recorded plate images were thresholded in the Fiji distribution of imageJ (v1.52p, [166, 167])
(fig. 3.1c), followed by calculation of colony pixel coordinates in the image based on center
of weight and circularity. To transform pixel coordinates into stage coordinates of the micro-
scope, three or more colonies were chosen for calibration. All calculations were made available
to users of the screening setup with an imageJ macro, and a new function programmed with
LabVIEW (National Instruments, Austin, TX, USA) was added to the software controlling
the microscope.
These improvements increased throughput of bacterial screenings: With good calibration ev-
ery colony was measured only once in its center (fig. 3.1d). Due to the necessity of digitizing
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the plate layout before screenings, colony selectivity was introduced as a powerful new tool:
Colonies could be measured selectively based on on their fluorescence intensity by excluding
weakly fluorescent clones during thresholding of plate images. As circularity of thresholded
colonies was considered for calculation of pixel coordinates, overlapping colonies, which would
result in a plasmid mixture of mutants after colony picking, could be excluded from screen-
ings. This allowed for screening of densely populated agar plates that previously would have
been discarded because data analysis and clone picking would have been considered as being
too tedious. With the improved sampling isolated colonies could easily be measured selec-
tively. This was also useful for the detailed characterization of Padron variants as it allowed
for a larger number of colonies and thus more mutated variants to be measured with equal
precision.

3.1.2 Accelerating the autofocus

After the colony sampling had been improved, the autofocus (AF) of the automated screening
setup was the most time consuming factor aside from the actual measurements. The orig-
inal autofocus was precise but slow. The stage was incrementally moved along the optical
axis for focusing, and fluorescence intensity was probed at each position. Data points were
then interpolated with spline interpolation. The separation of stage movement and probing
limited the focal speed. To address this, a new autofocus function was developed for the
LabVIEW control software. Focal speed was accelerated by continuously moving the stage
and simultaneously probing fluorescence with a single, long measurement. This resulted in
time-dependent peaking of fluorescence; the peak position on the time axis was representative
of the focal position within the bacterial colony. To correlate the time axis of this measure-
ment with the position along the optical axis, a calibration had to be performed. For this
purpose, 9 colonies were measured with both the old and the new autofocus. By performing
a linear regression of spatial and time-dependent fluorescence peak positions from both mea-
surements, the focal position could be calculated from data obtained with the new autofocus
mode.
To compare the new autofocus mode with the old one, bacterial colonies expressing mNeon-
Green [168] were focused with both the original and the improved autofocus, and the fluores-
cence was subsequently probed at the resulting z-coordinates (cf. methods sec. 5.3.1.2). Peak
fluorescence intensities differed by less than 5% for most colonies, and focal differences of
both modes were mostly smaller than 10 µm (fig. 3.2a, b). This focal difference was uncritical,
and observed differences of fluorescence intensities were smaller than the ones resulting from
other factors such as laser intensity fluctuations, colony inhomogeneity, or day-to-day varia-
tion of protein expression (fig. 3.2a, d). The new autofocus could reduce duration of a single
autofocus measurement by approximately 85% from 22.1± 0.68 s to 3.3± 0.03 s (fig. 3.2c)
for the given autofocus range. Coarser sampling would have accelerated the old autofocus
was well, but in a time frame of ∼ 3 seconds only 5-10 sampling steps could have been per-
formed, which would have been insufficient for precise focusing and simultaneously covering
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a

b c d

Figure 3.2: Improved autofocus for bacterial screening. Old and new autofocus modes
were compared in bacterial colonies expressing mNeonGreen [168]. a) Probed fluorescence
intensity (F.I.) at the peak z-coordinates determined with the old and new autofocus mode.
b) Relation between fluorescence intensity differences as percentage of the F.I. at the old AF
position and the focal difference of both AF modes. c) Average AF duration. d) Averaged
probed fluorescence intensities. 630 colonies were measured on a single agar plate.

a large focal range. The improvement thus accelerated screenings and increased the number
of colonies that could be screened per mutagenesis and per day.
While the improved autofocus and was developed towards the end of this study, the improved
colony sampling could increase the throughput of later screenings, including the generation
of Padron 2.0. Padron 2.1, which was the last variant generated in the course of this thesis.
It emerged from a directed evolution approach (cf. methods sec. 5.3.1) with multiple rounds
of screenings which benefited from both improvements. The following section will give an
overview over the course of mutagenesis of Padron, which resulted in three new Padron
variants, namely Padron 1.9, 2.0 and 2.1.

3.2 Padron mutagenesis

In order to improve Padron, is was subjected to repeated rounds of mutagenesis and screen-
ing with selection and characterization of candidate variants at the automated screening
microscope. For this purpose, time-resolved fluorescence of bacterial colonies of E. coli trans-
formed with the mutated expression plasmids was recorded (cf. methods secs. 5.2 and 5.3).
The switching was performed by alternating irradiation with 405 nm and 488 nm lasers, giving
insight into switching capabilities of Padron mutants. By adapting measurement parameters
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between rounds of mutagenesis this method revealed Padron variants with improved switching
characteristics.

Padron 1.9
+L141P

Padron 2.0
+A69I

Padron 2.1
+M59L, K145N, V182A

Padron pa07
+Y114F, F120I, A179T
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pa31
+T58S

pa38
+T179A
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Figure 3.3: Padron mutagenesis. Protein structures displayed are based on the fluorescent
on-state of Padron (PDB ID: 3ZUJ). Padron variants are labeled according to internal IDs
assigned during mutagenesis and new mutations of the respective variant are displayed below
the ID. Mutated positions for each variant are highlighted in stick representation with blue
representing new mutations and red marking reversions to the amino acids originally present
at the given position in Padron. Yellow amino acids mark the N- and C-terminal amino acids
in the structure where GFPends were attached. Pa60 and pa90 representations have amino
acids situated outside of the barrel as positions 218 and 221 are not part of the solved crystal
structure. Arrows are labeled with the mutagenesis protocol performed in each step. EP,
error-prone mutagenesis; +GE, attachment of GFPends. Amino acids are numbered based
on Dronpa.
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Padron was mutated with a combined approach of randomized error-prone mutageneses and
site-directed mutageneses (SDMs). The latter were either based on positions that were known
to have an effect on switching dynamics or protein characteristics of Padron, Dronpa, or
related proteins, such as Phe173 [131, 169], Ala69 [169], and Glu218 [142], or on posi-
tions that emerged during error-prone mutagenesis. This approach resulted in Padron 2.0
as an improved version of Padron with 11 mutations (M40V, T58S, R66K, A69I, S82L,
Y114F, L141P, F173S, S190A, E218G, R221G) and altered N- and C-termini (N-terminus:
+MVSKGEENNMA, C-terminus: +MDELYK), a more detailed description of critical steps in
the mutagenesis process will be given in the following section. Figure 3.3 depicts the detailed
progress of mutagenesis and shows the order in which mutations were introduced. Variants
up to and including pa69 were created by Dr. Tim Grotjohann in our group. Padron 1.9,
the direct precursor of Padron 2.0, and Padron 2.1 (Padron 2.0 +M59L, K145N, V182A), the
result of directed evolution of Padron 2.0, are notable variants with distinct characteristics.
These variants, hereafter in part referred to as new or final variants, will be analyzed and
discussed below along with Kohinoor, a variant based on Padron that was published in 2015
by Tiwari et al. [121]. A sequence alignment of Padron, Kohinoor and the improved variants
presented in this thesis is shown in figure 3.4.

Padron1.9  VLKSDGNYALSLEGGGHYRCD KTTYKAKKVVQLPDYH VDHHIEIKSHDKDYSNVNLHEHAEAHS LP QAS A G G MDELYK
Padron2.0  VLKSDGNYALSLEGGGHYRCD KTTYKAKKVVQLPDYH VDHHIEIKSHDKDYSNVNLHEHAEAHS LP QAS A G G MDELYK
Padron2.1  VLKSDGNYALSLEGGGHYRCD KTTYKAKK VQLPDYH VDHHIEIKSHDKDYSNVNLHEHAEAHS LP QAS A A G G MDELYK
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Figure 3.4: Protein sequence alignment of new Padron variants and Kohinoor to
Padron. Amino acids differing from Padron are marked in yellow. Numbering of amino
acids is based on Padron, which is in accordance with numbering in Dronpa.

3.3 Switching parameters improvement

Because the intermediate variants, which were generated from Padron before Padron 1.9, 2.0
and 2.1 were obtained, had switching characteristics that were unsuitable for RESOLFT
nanoscopy, they were not characterized in detail in this thesis. However, in order to elucidate
the influence of single mutations on switching characteristics they were subjected to a com-
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parative measurement at the automated screening microscope. More specifically, proteins
were expressed in E. coli and measured with irradiation doses of 405 nm light for off- and
488 nm light for on-switching, which were not changed between measurements. The doses
were adjusted to the switching performance of Padron 2.0 and were therefore not adapted to
the performance of intermediate variants, which had implications for the interpretation of
data. The measured residual off-state fluorescence intensity of a slow protein for example did
not allow for a statement regarding its absolute ensemble switching background because of
incomplete switching. Nevertheless, this method constituted a good estimate of key differ-
ences between proteins as well as variant-to-variant improvements (cf. methods sec. 5.3.1.4).
It was also similar to the comparative characterization of candidate variants performed be-
tween mutageneses, where mutants were analyzed with fixed measurement parameters.
The automated screening microscope allowed for parallel and versatile estimation of protein
characteristics based on fluorescence intensity measurements in bacterial colonies. By prob-
ing time resolved fluorescence intensity during irradiation the following protein characteristics
were determined:

• Fluorescence intensity as the maximal ensemble fluorescence intensity in the on-
state.

• Switching half-time from off- to on-state as half-time needed to switch from the
residual fluorescence after 405 nm irradiation to the maximal fluorescence intensity in
the on-state.

• Residual off-state fluorescence intensity as fluorescence intensity after 405 nm
irradiation relative to the maximal on-state fluorescence intensity.

• Residual off-state fluorescence intensity with simultaneous 488 nm illumina-
tion as fluorescence intensity after concurrent 405 and 488 nm irradiation relative to
the saturated on-state fluorescence intensity.

• Relative on-state fluorescence intensity after 250 switching cycles as maximal
on-state fluorescence intensity after cycling between on- and off-state 250 times relative
to to the saturated on-state fluorescence intensity of the first cycle (switching fatigue).

• Maximum/end fluorescence intensity as the ratio of the maximal fluorescence
intensity of the activation curve and the saturated on-state fluorescence intensity. Some
intermediate variants displayed activation curves with a bright intermediate state, which
was quantified with this ratio.

This section will focus on the progress of mutagenesis and will highlight the key mutations
introduced that led to important improvements to Padron. A detailed comparison of
Padron and final variants will be shown in section 3.4. The results presented in this part
represent solely the switching performance in bacterial colonies, other characteristics such
as oligomerization tendency or tagging performance of cellular structures were not analyzed
for intermediate variants. The reasoning behind this was that variants with insufficient
switching performance in E. coli were unsuitable for live-cell applications.
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3.3.1 Switching characteristics of intermediate variants

a b

c d

Figure 3.5: Fluorescence intensity and switching half-time of intermediate Padron
variants. (a) Fluorescence intensities measured after different growth conditions with (c) re-
spective ratios of 37℃ and 30℃ data. (b) Switching half-times measured after different
growth conditions with (d) respective ratios of 37℃ and 30℃ data. E. coli colonies were
measured after growth at 37℃ for 24 h or at 30℃ for 50 h. Data represents averaged mea-
surements of 10 colonies.

The original Padron displayed poor expression at 37℃. While the expression was not im-
paired at 30℃, this drawback had implications for live-cell applications as most experiments
are performed at 37℃. One focus of the mutagenesis process was thus to improve expression
at this temperature. In order to reveal this improvement, the comparative measurements
of all Padron variants generated in this thesis were performed after two different growth
conditions: 50 h at 30℃ for variants with slow maturation and impaired expression, and
24 h at 37℃ to reveal improved maturation and expression. In these measurements,
Padron 2.0 and 2.1 displayed lower fluorescence intensity than the original Padron after
full maturation (fig. 3.5a). Although some variants such as pa38 were brightly fluorescent
in bacterial colonies, this improvement was later lost in favor of other characteristics.
Measurement of fluorescence intensity after different growth conditions revealed the impaired
expression at 37℃ of variants preceding pa84: Variants matured well after growth for 50 h
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at 30℃ but failed to give the same results after expression at 37℃ for 24 h. This became
especially obvious when the ratio of fluorescence intensities measured at both conditions
was calculated (fig. 3.5c). For all variants up to and including pa69, fluorescence intensity
after maturation at 37℃ was less than 10% of the value measured after maturation at
30℃. To address this issue, position 69 was mutated via SDM because A69V had been
reported to improve protein expression of mEosFP at 37℃ [169]. A69C in pa84 had
the anticipated effect and all subsequent variants showed good expression at 37℃ with
similar absolute intensity values at 30℃ expression. This effect was also observable for
other characteristics, although it was less pronounced (figs. 3.5d, 3.6c, d). However, A69C
caused aberrant switching behavior after multiple cycles such as inconsistent kinetics and
therefore continuously increasing residual off-state fluorescence intensity (data not shown).
Ala69 was therefore replaced with valine in pa89, which resulted in similar expression im-
provement but caused less problems with the consistency of characteristics compared to pa87.

a b

c d

Figure 3.6: Residual off-state fluorescence intensity of intermediate Padron vari-
ants. (a) Residual off-state fluorescence intensities after 405 nm irradiation at different
growth conditions with (c) respective ratios of 37℃ and 30℃ data. (b) Residual off-state
fluorescence intensities after 405 and 488 nm irradiation at different growth conditions with
(d) respective ratios of 37℃ and 30℃ data. E. coli colonies were measured after growth at
37℃ for 24 h or at 30℃ for 50 h. Data represents averaged measurements of 10 colonies.
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Because at this point maturation and expression problems had been solved, further mu-
tagenesis focused predominantly on increasing the efficiency of ensemble switching to the
off-state as well as improving switching fatigue. These two characteristics were impaired in
the variants generated so far but are essential for RSFP performance in RESOLFT nanoscopy.
Although absolute residual off-state fluorescence intensity could not be measured with the
characterization method used during and between screenings due to incomplete switching,
residual off-state fluorescence after a given 405 nm irradiation dose allowed for a good estimate
of switching efficiency. This characteristic was continuously improved in variants following
pa84 (fig. 3.6a) but was associated with much slower switching half-times from off- to on-
state (fig. 3.5b). However, a detailed comparison of switching half-times was not possible
based on the data shown here because return to the on-state did not occur from an satu-
rated ensemble off-state but rather after incomplete off-switching, and curve shapes of the
activation differed between variants. For mutants with similar residual off-state fluorescence
intensities the measured half-times could be used to estimate switching speeds.
The key mutation for more efficient off-switching was R66K, which was first found in a dis-
carded variant during the error-prone mutagenesis that resulted in pa90. This discarded
variant displayed extraordinary performance with regards to switching fatigue, but fluores-
cence intensity measured was very low. R66K was thus introduced to pa90 and improved
off-switching efficiency while lowering fluorescence intensity within an acceptable range for
the following variant paA23 (figs. 3.6a, 3.5a). Interestingly, switching fatigue initially was
impaired but could be rescued after a repeated site-directed mutagenesis at position 69 that
exchanged valine for isoleucine in Padron 2.0 (fig. 3.7).

Figure 3.7: Relative on-state fluorescence intensity after 250 switching cycles of
intermediate Padron variants. E. coli colonies were measured after growth at 37℃ for
24 h or at 30℃ for 50 h. Data represents averaged measurements of 10 colonies.

More important with regards to R66K was the improvement of the ensemble switching to the
non-fluorescent off-state under simultaneous 488 nm illumination (fig. 3.6b). This value was
expected to be a good measure for how well the return of RSFPs to the on-state could be
suppressed during fluorescence readout in RESOLFT microscopy as it can be interpreted as
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a measure of the kinetic ratios for off- and on-switching. For Padron variants before paA23,
suppression of the on-state was nearly non existent at the given parameters, but simultaneous
illumination rather resulted in residual off-state fluorescence intensity values above 100%.
This was because the residual fluorescence was calculated by dividing the first data point of
the on-switching curve, which represented the off-state, by the last one, which represented
the on-state. Variants with a value above 100% therefore displayed increased fluorescence
intensities after simultaneous illumination rather than switching to a non-fluorescent off-state.
This was due to a property of early Padron variants which displayed a bright intermediate
state during activation.

3.3.2 Bright intermediate state during activation of intermediate variants

The bright intermediate state is a distinct characteristic of some Padron variants that pre-
vented their usability for RESOLFT microscopy. This term describes a state with increased
fluorescence intensity reached by intermediate variants during switching from the off- to the
on-state, which displayed higher fluorescence than the equilibrated state. It was visible as an
additional peak in the on-switching curve and was absent in the original Padron and the final
variants (fig. 3.8a, b, c). To quantify this phenomenon, the ratios of the maximum and end
values of on-switching curves were calculated. Repeated empirical observations in preliminary
tests had shown that this ratio appeared to be dependent on the 488 nm intensity and that
its decay was independent from irradiation (data not shown). It also depended on growth
conditions and was only visible after 24 h at 37℃ for some variants (fig. 3.8d, f). Interestingly,
it disappeared for all variants after some switching cycles, displaying a distinct switching fa-
tigue (fig. 3.8e, g). PaA23 was the first variant where the bright intermediate state could not
be found, suggesting R66K eliminated this feature. The existence of this behavior had severe
implications for the applicability of early intermediate variants in RESOLFT microscopy. It
emerged during screenings by selecting variants with a shorter half-time for on-switching, sup-
posedly increasing imaging speed of RESOLFT microscopy. However, the response of these
variants to 488 nm illumination was extremely dominant compared to the 405 nm response
so that ensemble suppression of their return to the on-state during readout was impossible
at the laser intensities employed. In fact, images recorded with both wavelengths simultane-
ously had even more counts than images recorded with 488 nm only, and this gain was larger
than what could have been attributed to 405 nm induced autofluorescence of the cell (data
not shown). Hence, the additional photons emitted from the bright intermediate state could
compensate the loss of photons caused by switching to the off-state. This was also the reason
for calculated residual off-state values above 100% measured with simultaneous illumination
(fig. 3.6b). In these measurements, simultaneous irradiation with 405 and 488 nm induced
fast cycling of fluorophores between the on- and off-state effectively pumping a fraction of
proteins into the bright intermediate state. The fluorescence decay visible during the 488 nm
on-switching step was thus presumably the fluorescence decay of Padron variants from this
state of increased fluorescence intensity to the equilibrated on-state.
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Figure 3.8: Bright intermediate state of intermediate Padron variants. Normalized
representative on-switching curves of (a) Padron, (b) pa69, and (c) Padron 2.0. (d) Ratio of
the maximum and end data points of all intermediate Padron variants in the second switching
cycle and (e) after 250 cycles. (f) Ratios of different growth conditions of data presented in d.
(g) Selected on-switching curves of pa69. E. coli colonies were measured after growth at 37℃
for 24 h or at 30℃ for 50 h. Data represents averaged measurements of 10 colonies. Switching
curves are smoothed single measurements.
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3.4 Detailed characterization of Padron 1.9, 2.0, and 2.1

3.4.1 Characterization of switching characteristics

Due to its superior performance in comparative measurements (sec. 3.3) with regards to
switching fatigue (fig. 3.7), switching to the off-state (fig. 3.6) and ensemble fluorescence in-
tensity (fig. 3.5a), Padron 2.0 was considered to be the most promising variant for live-cell
nanoscopy. However, Padron 1.9 and Padron 2.1 displayed superior characteristics in single
measurements, rendering them promising candidates for specialized applications: Padron 1.9
displayed higher fluorescence intensity in the on-state but had an impaired switching fatigue,
suggesting its use for imaging of structures that exhibit a low fluorescence signal in fluores-
cence imaging. Padron 2.1 in contrast displayed lower fluorescence intensity than Padron 2.0
but efficiently switched to the off-state under simultaneous 405 nm and 488 nm irradiation.
In the following section these three variants will be analyzed in detail with regards to their
switching characteristics and compared to the original Padron. In addition, Kohinoor was
subjected to the same detailed characterization. It was published as an improved variant of
Padron during the course of this thesis, but displayed switching characteristics which were dif-
ferent from those of the final variants in the comparative measurements. Data were recorded
at the automated screening microscope in bacterial colonies (cf. methods section 5.3.1.4).

3.4.1.1 Residual off-state fluorescence intensity

An important characteristic of RSFPs for RESOLFT nanoscopy is the residual off-state
fluorescence intensity after saturated switching, which is defined as the lowest residual fluo-
rescence that can be achieved as a result of switching in a given sample. A lower switching
background results in an increased ratio of fluorescence contribution of central fluorophores
to peripheral fluorophores during point-scanning RESOLFT imaging and thus improves the
achievable resolution. Because all Padron variants shown did not or only barely fluoresce
with 405 nm excitation, the off-switching could not be analyzed without interfering light of
488 nm. Instead, an indirect approach had to be chosen to determine the saturated residual
off-state fluorescence intensity. Proteins in bacterial colonies were switched to the off-state
with various 405 nm light doses, and the residual off-state fluorescence was calculated from
the consecutive on-switching curve. Data from these measurements is shown in figure 3.9,
exact values of ensemble switching backgrounds are listed in table 3.1.
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Figure 3.9: Saturated residual off-state fluorescence intensity of Padron variants.
405 nm light doses were modulated by means of intensity and duration, and the resulting resid-
ual off-state fluorescence intensity was calculated from the consecutive on-switching curve.
(a) Overview of Padron, Padron 2.0 and Kohinoor measured at 4.1 kW/cm2 405 nm intensity.
Detailed data of the modulation are shown for (b) Padron 2.0, (c) Padron, (d) Kohinoor,
(e) Padron 1.9, and (f) Padron 2.1. Insets depict first data points of residual off state fluores-
cence intensities as a function of laser intensity.
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Responsiveness to 405 nm irradiation varied strongly for the proteins analyzed. The new
variants generated in this thesis could efficiently be switched to ensemble background values
below 1% at almost all laser intensities applied (fig. 3.9a, e, f), with Padron 2.1 reaching the
lowest values at all intensities with a minimum of 0.57±0.01%. These values were achieved
after 15ms irradiation with the given intensities.

Table 3.1: Switching Background in E. coli. Irradiation times varied between samples.
405 nm [kW/cm2]: 4.1± 0.2 15.3± 2.3 26.6± 3.1 45.1± 7.3 51.6± 1.3

Protein Switching background [%]
Padron 2.27±0.02 – – – –
Kohinoor 8.42±0.63 – – – –
Padron 1.9 1.53±0.11 0.99±0.03 0.92±0.03 0.91±0.02 0.91±0.01
Padron 2.0 1.41±0.09 0.90±0.04 0.84±0.02 0.79±0.01 0.84±0.08
Padron 2.1 0.80±0.15 0.67±0.06 0.62±0.03 0.62±0.08 0.57±0.01

Padron 2.0
(Kohinoor settings)* 0.71±0.08 – 0.76±0.05 – 0.88±0.08

*values are averaged values of all data points shown in figure 3.9d based on a single repetition.

Transferring these measurement conditions to Padron and Kohinoor was not possible as the
irradiation duration was insufficient to reach a plateau for the switching background. Thus,
irradiation was prolonged to 300ms for Padron and to 600ms for Kohinoor (fig. 3.9a). This
revealed unfavorable 405 nm responses of both proteins. While the new Padron variants could
be switched off more efficiently with increasing 405 nm duration and intensity, monotonous
background decrease was displayed by Padron and Kohinoor only at the lowest laser inten-
sity applied, reaching switching backgrounds of 2.27±0.02 and 8.42±0.63%, respectively
(tab. 3.1). Higher intensities resulted in an initial decrease of residual off-state fluorescence
which was reversed to higher values with prolonged irradiation, suggesting detrimental ef-
fects of high 405 nm light doses (fig. 3.9c, d). Because the irradiation doses varied so strongly,
Padron 2.0 was measured under the same conditions as Kohinoor to allow for a direct com-
parison (fig. 3.9d). The resulting data suggested no detrimental effect of prolonged 405 nm
irradiation on the switching background of Padron 2.0 (tab. 3.1).

3.4.1.2 On-Switching kinetics

After the switching background, switching times for the activation of Padron variants from
the off-state were analyzed. Fast switching RSFPs allow for shorter pixel dwell times dur-
ing RESOLFT imaging. This is a crucial parameter because the dwell times of RESOLFT
nanoscopy with RSFPs are comparatively long compared to other super-resolution methods
like STED [124, 170]. Slow RSFPs can require pixel dwell times of up to 100 milliseconds [144],
which makes RESOLFT imaging of fast dynamics in living cells impossible.
To address kinetics of switching from the off- to the on-state, Padron variants were acti-
vated with different 488 nm laser intensities. For this purpose, proteins were switched to 5%
residual fluorescence intensity, with the exception of Kohinoor, which was switched to 10%.
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Figure 3.10: On-Switching kinetics of Padron variants. Proteins were switched to
5% (Kohinoor: 10%) residual fluorescence and switched back to the on-state with 8 dif-
ferent 488 nm laser intensities. Three representative laser intensities are shown. (a) Low
(1.3 kW/cm2), (b) medium (30.1 kW/cm2), and (c) high (117.8 kW/cm2) intensity.
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Figure 3.11: On-Switching kinetics in bacterial colonies as a function of laser
intensity. (a) Switching half-time from off- to on-state. (b) Switching time to 95% of the
on-state fluorescence intensity, Padron 1.9 and 2.1 are overlapping.
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This was due to the fact that Kohinoor could not reach residual fluorescence intensities below
8% in bacterial colonies (sec. 3.4.1.1). Proteins were then switched back to the on-state at
8 different 488 nm laser intensities; the detailed curves for all proteins are depicted in fig-
ure 7.1 in the appendix.
Figure 3.10 compares on-switching curves of all variants for representative laser intensi-
ties, in the following referred to as low (1.3 kw/cm2), medium (30.1 kw/cm2), and high
(117.8 kw/cm2). The original Padron displayed the slowest kinetics for low and medium
intensity (fig. 3.10a, b), whereas the new Padron variants had a very similar kinetic response
to 488 nm irradiation. Kohinoor is only marginally slower at these intensities. However, at
high intensities this order was abrogated (fig. 3.10c). Padron and Kohinoor kinetics scaled
faster with increased laser intensities rendering Kohinoor the fastest protein and leveling
Padron 2.1 with the original Padron.

Table 3.2: Switching half-times [µs] from off- to on-state.
kw/cm2 Padron Padron 1.9 Padron 2.0 Padron 2.1 Kohinoor
1.3 81936 37353 32770 36556 37560
2.6 42593 18430 16900 18776 20720
5.4 16816 7066 7090 7516 9503
13.4 5440 2340 2413 2806 2433
30.1 2223 1156 1040 1403 916
61.7 993 686 550 846 406
86.2 690 506 463 646 276
117.8 493 390 346 476 200

Table 3.3: Switching times [µs] to 95% of the full on-state.
kw/cm2 Padron Padron 1.9 Padron 2.0 Padron 2.1 Kohinoor
1.3 350036 163880 136523 157060 207170
2.6 206973 86190 73056 86430 124870
5.4 97130 37020 34096 36696 61826
13.4 42366 12453 12603 14420 24166
30.1 20933 5710 5850 7736 9496
61.7 6620 2856 2890 4203 1826
86.2 2736 2000 2283 3076 1066
117.8 1926 1460 1583 2133 733

Color gradients are applied row-wise. Largest/slowest values are colored in light green, smallest/fastest values are
colored in dark green. Standard deviations are listed in tables 7.1 and 7.2 in section 7.2.

These relations became clearer when switching half-times and switching time to 95% of the
saturated on-state were considered. Figure 3.11 gives a good estimate of absolute differences
of these values, whereas tables 3.2 and 3.3 list the respective values. Rows in these tables
are gradually color coded in a way that the lowest value at each intensity is shaded with a
light green while the highest and thus fastest value is shaded with a dark green. This clearly
visualizes how kinetic relations changed with respect to laser intensities.
While activation half-times of the new Padron variants and Kohinoor were rather similar, half-
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times of the original Padron were approximately twice as long at low to medium intensities.
At higher intensities, this difference was in part attenuated (tab. 3.2). Interestingly, Kohinoor
had slightly slower half-times than the new Padron variants at low laser intensities but in turn
switched faster at intensities above 13.4 kW/cm2 (inset of fig. 3.11a). The same statement
applies to switching to 95% of the full on-state (inset of fig. 3.11b), although only at intensities
above 61.7 kW/cm2 (tab. 3.3). Differences between new Padron variants and Kohinoor at low
intensities were larger here, but the original Padron was still the protein with regards to the
activation half-time, while Padron 2.1 was the only variant that needed more time to switch
to 95% of the on-state at high intensities in comparison to Padron.

3.4.1.3 Switching fatigue

After characterization of ensemble switching background and kinetics, switching fatigue per-
formances of the new Padron variants were addressed. Switching fatigue is a measure for the
integrated loss of fluorescence during repeated switching as a result of photobleaching and
other processes. The ability to sustain fluorescence emission and switching capabilities while
performing a plethora of switching cycles is a key characteristic for the applicability of an
RSFP in RESOLFT microscopy. Switchable fluorescent proteins that endure a large number
of cycles allow for smaller pixel sizes, which are necessary to resolve nanoscale structures,
or enable imaging of multiple frames in RESOLFT mode, which is a requirement for the
visualization of dynamic processes in living cells.
To characterize this property, proteins were switched in bacterial colonies for 1000 cycles.
Light doses applied were different for every protein to factor in differing kinetic responses to
405 and 488 nm irradiation. To better represent the switching fatigue in response to state
saturation during RESOLFT microscopy, Padron variants were switched to 5% residual flu-
orescence (Kohinoor: 10%) with 405 nm at 3.6 kW/cm2 and subsequently back to 95% of
the on-state fluorescence intensity; detailed irradiation times are given in table 5.8 in the
methods section 5.3.1.4.
Results of switching fatigue measurements are depicted in figures 3.12a and 3.12b. The new
Padron variants outperformed the original Padron and Kohinoor in every aspect. While
Padron 1.9 was the least performing of the new variants presented here (section 3.3.1), it still
was able to complete significantly more switching cycles than Padron and Kohinoor. The
latter two reached 50% on-state fluorescence intensity after only 19 and 37 cycles at low and
13 and 28 cycles at high 488 nm intensity, respectively, whereas Padron 1.9 was bleached to
50% after 433 and 300 cycles (tab. 3.4). Padron 2.0 reached this fluorescence intensity after
990 and 847 cycles, outperforming Kohinoor with an approximately 25- and 30-fold higher
number of cycles at the given conditions. This performance was based in part on the dis-
tinct behavior of Padron 2.0 with regards to switching fatigue: During cycling, this variant
displayed an increase of fluorescence intensity at the start of the measurement (fig. 3.12a, b).
This effect was also visible for Padron 2.1 at low 488 nm intensity, allowing for more than
1000 cycles to be completed before reaching 50% fluorescence intensity, but was absent at
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Figure 3.12: Switching fatigue in bacterial colonies. Padron variants were switched
to 5% residual off-state fluorescence intensity (Kohinoor: 10%) and back to 95% of the
fluorescent on-state 1000 times at two different 488 nm intensities. (a, b) On-state fluorescence
intensity after switching with (a) low 488 nm intensity (2.6 kW/cm2) and (b) with high 488 nm
intensity (30.1 kW/cm2). (c, d) Comparative measurements with (c) low and (d) high 488 nm
intensity.

high intensity where 50% intensity was reached after 847 cycles. Interestingly, this activation
effect compensated switching fatigue of Padron 2.0 compared to Padron 2.1 at low cycle num-
bers. However, this relation was dissipated after more cycles due to the slower fluorescence
decay of Padron 2.1 (fig. 3.12a, b).
Although the method used here adequately simulated repeated cycling during RESOLFT mi-
croscopy, one has to consider the different light doses applied as Kohinoor and Padron needed
significantly more time to switch to the on- or off-state. To estimate this influence, Padron
and Kohinoor were measured with the settings used for Padron 2.0, which in turn was mea-
sured with Kohinoor irradiation doses (fig. 3.12c, d). This approach had a pronounced effect
on the outcome: Padron 2.0 could undergo approximately 65% fewer cycles before reaching
50% fluorescence intensity at low and high 488 nm intensity. Conversely, the number of cy-
cles was increased 4–6-fold for Padron and Kohinoor (tab. 3.4). Nevertheless, Padron 2.0 still
outperformed both proteins. In addition, switching of Padron and Kohinoor was far from

42



3.4 Detailed characterization of Padron 1.9, 2.0, and 2.1

being complete with these truncated irradiation times: Both variants only switched to ap-
proximately 30–40% residual fluorescence intensity, a value that is insufficient for RESOLFT
imaging because fluorescence contribution of peripheral, incompletely switched fluorophores
would be too high to allow for the distinguishment of saturated states that confines fluores-
cence contribution to a volume smaller than the diffraction limit. Figure 7.2 in the appendix
depicts the switching fatigue data for each protein individually and also shows the residual
fluorescence of each cycle.

Table 3.4: Switching fatigue and photobleaching performance of Padron variants.

Protein Number of Cycles
at 50% maximal intensity*

Time to bleach
to 50% of maximal intensity+ [s]

488 nm intensity: 2.6 [kW/cm2] 30.1 [kW/cm2] 2.4 ± 0.3 [kW/cm2] 30.8 ± 1.5 [kW/cm2]

Padron 19 (113a) 13 (69a) 11.4 1.3
Kohinoor 37 (182a) 28 (116a) 21.5 1.6
Padron 1.9 433 300 29.0 1.1
Padron 2.0 990 (321b) 847 (303b) 67.4 3.7
Padron 2.1 > 1000 885 105.8 5.3

*first cycle below 50% after normalization ameasured with Padron 2.0 settings bmeasured with Kohinoor settings
+first data point below 50% of maximal intensity (sampling rates: 0.63 s for lower, 0.18 s for higher power bleaching
measurements)

3.4.1.4 Photobleaching

Aside from switching fatigue, photobleaching, which is the bleaching in response to fluo-
rescence excitation, is a key characteristic of RSFPs determining their applicability for mi-
croscopy. For Padron as a positively switching fluorescence protein this parameter is of special
interest. While negatively switching fluorescence proteins necessarily cycle between on- and
off-state even in diffraction-limited applications, positively switching FPs can be used like
non-switchable ones, rendering any additional activation step obsolete.
To address photobleaching of Padron variants, fluorescence decay in response to 488 nm
irradiation was measured in bacterial colonies at low (2.3 ± 0.3 kW/cm2) and high (30.8 ±
1.5 kW/cm2) laser intensity (fig. 3.13). At both conditions, Padron was most sensitive to
photobleaching and was bleached to 50% of the maximal intensity after 11.4 s at low and
after 1.3 s at high intensity (tab. 3.4). At low intensity, this value was increasingly higher from
Kohinoor over Padron 1.9 and Padron 2.0 to Padron 2.1, with the latter one fluorescing nearly
10 times longer before it was bleached to 50% fluorescence intensity. This order was similar
at high intensities, with the exception of Padron 1.9, which performed slightly worse than the
original Padron (1.1 s versus 1.3 s). In addition, Padron 2.1 sustained 488 nm excitation only
approximately 4 times longer than Padron. Padron 2.0 could be excited approximately 6 and
3 times longer than Padron before it was bleached to 50% of its initial fluorescence intensity.
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Figure 3.13: Photobleaching in bacterial colonies. Fluorescence decay due to pho-
tobleaching with 488 nm light was measured in bacterial colonies. (a) 10min at 2.3 ±
0.3 kW/cm2, (b) 50 s at 30.8 ± 1.5 kW/cm2.

3.4.1.5 Switching background with simultaneous illumination

To fully employ the proposed advantages of positively switching fluorescent proteins in
RESOLFT microscopy, the ability to suppress 488 nm induced return to the on-state with
405 nm light is essential. Suppression in this case refers to the apparent ensemble switching
state of fluorophores: When both wavelength are applied, single molecules are expected to
cycle between the on- and off-state. If the rate for 405 nm induced off-switching is much
higher than the rate for 488 nm dependent activation, the ensemble of RSFPs will adapt an
equilibrium close to the off-state. Proteins with such a ratio of on- and off-switching kinetics
allow for peripheral suppression of fluorophores with a doughnut-shaped beam during read-
out, resulting in prolonged fluorescence probing of a volume smaller than the diffraction limit.
To address this feature for new Padron variants, proteins were switched in bacterial colonies
with simultaneous irradiation. 488 nm induced activation of proteins was suppressed at two
different intensities with increasing 405 nm laser intensities. As it was shown in section 3.4.1.1,
the 405 nm response was different for Padron, Kohinoor, and the new variants. Irradiation
duration was thus varied for these measurements as well, detailed parameters are listed in
table 5.9 in section 5.3.1.4.
Figure 3.14 shows the results of these measurements. While the new Padron variants could
be switched to residual off-state fluorescence intensities below 5% with all 405 nm intensities
employed at low simultaneous 488 nm irradiation of 1.1 kW/cm2 (fig. 3.14a), high 488 nm
intensity of 15.0 kW/cm2 could only be compensated to similar residual off-state fluorescence
intensities with 405 nm irradiation above 25 kW/cm2 for Padron 1.9 and 2.0 (fig. 3.14b).
Padron 2.1 performed exceptionally well even at lower 405 nm intensities reaching residual
fluorescence below 5% with approximately 10 kW/cm2. This was in accordance with the
comparative measurements shown in figure 3.6b.
Padron and Kohinoor on the other hand could not be reliably switched off at any of the inten-
sity combinations employed. On the contrary, residual fluorescence appeared to increase with
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Figure 3.14: Residual off-state fluorescence intensity with simultaneous 405 and
488 nm irradiation. (a) Residual off-state fluorescence intensity as a function of 405 nm
laser intensity with simultaneous 488 nm irradiation at 1.1 kW/cm2 and (b) at 15.0 kW/cm2.
Associated switching curves for different 405 nm intensity combinations are shown for
(c) Padron, (d) Padron 2.0, and (e) Kohinoor with 488 nm at 1.1 kW/cm2 or (f) Padron,
(g) Padron 2.0, and (h) Kohinoor with 488 nm at 15.0 kW/cm2.

higher 405 nm intensities (fig. 3.14a, b). This was most likely due to long irradiation times
applied: With simultaneous 405 and 488 nm irradiation, RSFPs were subjected to constant
cycling between on- and off-state, evoking switching fatigue and photobleaching as a conse-
quence of constant excitation. While the new Padron variants apparently were not affected
under the given conditions (fig. 3.14d, g), these parameters were detrimental to Padron and
Kohinoor. At low 488 nm intensity, 405 nm irradiation apparently was sufficient to reach a
steady-state but already induced bleaching as a result of switching fatigue after only 5 cycles
(fig. 3.14c, e). At high 488 nm intensity, no steady-state formation was visible. Instead, the
decay during simultaneous irradiation resembled the bleaching that was observable in the
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activated state (fig. 3.14f, h). This data suggested that the on-state transition of Padron
and Kohinoor cannot be suppressed by simultaneous irradiation with 405 nm without severe
photodamage.
After all, it could be shown that Padron 2.0 was a significant improvement over Padron and
Kohinoor with regards to the switching performance in E. coli. Switching to the off-state
and switching fatigue, two essential parameters for the application of RSFPs in RESOLFT
microscopy, were significantly improved. Padron 1.9 was brighter than Padron 2.0 but more
prone to bleach during repeated switching, whereas Padron 2.1 was displayed lower fluores-
cence intensity but performed better with regards to switching to the off-state. Nevertheless,
Padron 1.9 and 2.1 might be useful for niche applications where their features are of special
interest.

3.4.2 In vitro switching and metastability

Because the new Padron variants displayed greatly improved switching characteristics in
bacterial colonies, all 5 proteins analyzed in the previous section were purified from bacterial
cultures. Isolated proteins samples showed good purity (fig. 7.3 in the appendix) and were
characterized in vitro (cf. methods sec. 5.5.1) in order to gain insight into protein character-
istics independent from expression and maturation.
For this purpose, proteins were switched in standard protein buffer at pH7.5, and fluorescence
was observed over time. By initially switching proteins to the off-state prior to recording the
on-state and vice versa, fluorescence intensities of all states allowed for calculation of the
ensemble switching background and the equilibrium ground-state fluorescence relative to the
on-state. The exact values obtained from these measurements are listed in table 3.5. These
results illustrate that the relative ground-state fluorescence intensity was changed during
mutagenesis. While only approximately 10% of Padron fluorophores were fluorescent in the
equilibrium, 50–70% of the fluorophores of the new Padron variants resided in the on-state.
Kohinoor was found to reside nearly entirely in the on-state in its equilibrium. Interestingly,
Padron 2.1 had different equilibrium state fluorescence intensities depending on the sequence
in which states were recorded, which had no influence on the other variants. This resulted
from the fact that absolute on-state fluorescence intensity of Padron 2.1 was higher if samples
were switched to the on-state from the off-state instead of the equilibrium ground-state.
Ensemble switching background for Padron and the new variants was higher than measured
in E. coli. In contrast, Kohinoor showed improved switching background compared to pre-
vious measurements. One possible reason for this was presumably the light intensity used
for switching. While switching at the automated screening microscope was facilitated with
light in the kW/cm2 range, the intensities for in vitro switching were in the mW/cm2 range,
suggesting that Kohinoor could be switched off more efficiently at low intensities. Such a be-
havior would have implications for RESOLFT microscopy, as low intensities in the mW/cm2

would result in longer pixel dwell times. An impaired performance at higher intensities would
limit the acceleration of imaging dwell times.
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Table 3.5: Relative in vitro ground-state fluorescence intensity and ensemble switching back-
ground.

Protein ground-state* [%] off-state [%] on-state [%]
On → Off Off → On On → Off Off → On

Padron 9.6± 0.1 8.1± 1.4 4.1± 0.3 3.9± 0.3 100
Padron 1.9 52.6± 0.5 52.5± 0.8 2.2± 0.0 2.0± 0.0 100
Padron 2.0 65.5± 2.0 67.9± 2.2 1.9± 0.1 1.8± 0.0 100
Padron 2.1 82.3± 10.3 56.3± 4.9 2.1± 0.3 1.5± 0.1 100
Kohinoor 96.6± 1.2 96.8± 2.2 2.1± 0.1 1.9± 0.1 100

*equilibrium state of an approx. 20 µM solution at room temperature and pH7.5

With regards to metastability, that is, the ability to maintain the on- or off-state after switch-
ing for a prolonged time, all proteins performed well. Although Padron fluorescence intensity
declined over the course of 5 h of the measurement to almost 50% of the on-state, all other
variants resided in the on-state for the time observed. Nevertheless, the new variants and
Kohinoor displayed a small initial decrease to approximately 95% (fig. 3.15a). The same phe-
nomenon was observable for the on-state. Over the full course of the measurement however,
Padron, Padron 1.9, and Padron 2.0 resided in the off-state, which was close to its equilib-
rium for Padron. Kohinoor and Padron 2.1 on the other hand displayed a slow return to the
on-state.

ba

Figure 3.15: In vitro metastability of switching states. Purified Padron variants were
switched and fluorescence intensity was repeatedly probed for 6 h. (a) On-state metastability
after switching proteins off- and on. (b) Off-state metastability after switching the protein
on- and off. Initial data points are ground-state fluorescence intensities after equilibration to
room temperature, intensities were normalized to the first on-state value.

While the changes of fluorescent states over time, where they were present, might have an
influence on long-term applications, they are negligible for application of proteins for super-
resolution microscopy. This is especially true when one considers the time-scale at which the
relaxation occurs.
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3.4.3 Spectral properties

3.4.3.1 Absorption and emission spectra of switching states

After switching of the new Padron variants had been established in vitro, a detailed analysis
of spectral properties was conducted (cf. methods sec. 5.5.3). Similar to the experimental
procedure for the characterization of metastability, absorption spectra of the equilibrium
ground-state as well as on- and off-states were recorded. Altered spectral ranges can
be a sign of changed dynamics in the chromophore pocket [99]. For this purpose, pro-
teins were switched with the same intensities applied before in standard protein buffer pH7.5.

Table 3.6: Spectral properties of Padron variants at pH7.5.

Protein Abs. Max
[nm]

Exc. max
[nm]

Em. max
[nm]

Em. max
[nm]

on-state off-state equilibrium on-state

Padron 398, 504 505 502 522 519
Padron 1.9 386, 496 504 493 516 514
Padron 2.0 384, 495 498 492 516 513
Padron 2.1 387, 489 496 484 513 511
Kohinoor 388, 496 496 496 518 514

abs., absorption; exc., excitation; em., emission

Figure 3.16 depicts absorption spectra of all 3 states. All Padron variants measured displayed
a single absorption peak in the off-state, which is attributed to the deprotonated trans-
chromophore [61, 140]. While this peak had its maximum at 505 and 504 nm for Padron
and Padron 1.9, respectively, it was blue-shifted for Padron 2.0, Padron 2.1 and Kohinoor to
496–498 nm (tab. 3.6). Exciting Padron variants in this state with 488 nm light initiated a
decrease of the deprotonated peak and gave rise to a second peak in the lower VIS range.
The latter peak is attributed to the protonated form of the chromophore suggesting that
both states of the chromophore are present in the on-state, where the chromophore adopts a
cis-conformation [61, 140]. As a result of the mutagenesis, the ratio of both peaks and thus
the on-state equilibrium of protonated and deprotonated chromophores changed. While the
deprotonated peak had an approximately twofold maximum peak absorption compared to
the protonated peak for Padron (fig. 3.16a), this ratio was inverted in Kohinoor (fig. 3.16b)
and, to lesser extent, in Padron 2.0 (fig. 3.16d). For Padron 1.9 and Padron 2.1, both peaks
had a similar maximal peak absorption (fig. 3.16c, e).
Peak positions in the on-state were shifted compared to Padron as well. With the latter
showing maximal absorption of the protonated peak at 398 nm, this value was blue-shifted
for all other proteins by 10–14 nm. Interestingly, the peak position of the deprotonated peak
in the on-state was similar to its position in the off-state for Padron, Padron 2.0, and Kohinoor
but blue-shifted by 7 and 6 nm for Padron 1.9 and 2.1, respectively (tab. 3.6).
The peak ratios of the ground-state were situated between on- and off-state and tenden-
tiously in accordance with the equilibrium state shown in table 3.5. However, Padron 2.1 was
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Figure 3.16: Absorption spectra of switching states. Proteins were switched in a
cuvette and absorption spectra were recorded for (a) Padron, (b) Kohinoor, (c) Padron 1.9,
(d) Padron 2.0, and (e) Padron 2.1. Padron 2.1 reproducibility was problematic, therefore
selected spectra are shown for this variant. Spectra were normalized to the absorption of
aromatic amino acids at 280 nm.
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an exception from this relation (fig. 3.16e). This was unexpected as the lowest absorption
by the deprotonated peak was expected to be in the on-state, which is reminiscent of the
aberrant behavior of Padron 2.1 described in section 3.4.2. In this context, it is important to
mention that reproducibility of absorption spectra of Padron 2.1 was problematic. Therefore,
figure 3.16e shows only a selected spectrum.

e

dc

ba

Figure 3.17: Emission spectra of switching states. Proteins were switched in a cuvette
and emission spectra were recorded with an excitation wavelength of 460 nm for (a) Padron,
(b) Kohinoor, (c) Padron 1.9, (d) Padron 2.0, and (e) Padron 2.1. Emission spectra were
normalized to the on-state maximum.
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Along with the absorption spectra described above, fluorescence emission spectra of the
switching states were recorded, figure 3.17 depicts the resulting data. Similar to the ab-
sorption spectra, the emission spectra tendentiously represented switching states described
in section 3.4.2. Compared to Padron, which had an emission peak at 519 nm, new Padron
variants and Kohinoor emission peaks were blue-shifted by 5–7 nm (tab. 3.6).
For the equilibrium ground-state, excitation spectra and additional emission spectra were
generated during the analysis of pH dependency, which is described in the following sec-
tion 3.4.3.2. Excitation and emission spectra for pH7.5 from these measurements are de-
picted in figure 3.18 and associated peak data are listed in table 3.6. The observed blue-shift
of emission peaks described above is also shown by this data. Minor differences in peak values
exist but are most likely to be attributed to differing methods and instruments as well as
the fact that emission peaks of ground- and on-state are compared at this point. Excitation
spectra of new variants were blue-shifted compared to Padron by 4–9 nm.
After all, the mutations introduced to the new Padron variants resulted in a hypsochromic
shift of absorption, excitation and emission spectra, albeit to a different extent. This change
occurred along with altered protonation states of the on-state, which was shifted towards the
protonated chromophore for these variants.

Figure 3.18: Excitation and emission spectra of the equilibrium ground-state. Ex-
citation and emission spectra were recorded at pH7.5 with detection at 550 nm or excitation
at 470 nm, respectively.

3.4.3.2 pH dependent absorption spectra

The spectral analysis described above was conducted at pH7.5. This approach allows for
comparison of different proteins under standardized conditions, but is incomplete with re-
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gards to live-cell applications, where the pH values vary over a larger range. Padron and
new variants were thus characterized at different pH values. For this analysis, absorption,
excitation, and emission spectra were recorded for pH values from 3 to 10.5 (cf. methods
sec. 5.5.9).

dc

ba

Figure 3.19: pH dependent absorption and fluorescence emission. Equilibrium
ground-state absorption spectra were measured over a range of pH values for (a) Padron,
(b) Padron 2.0, and (c) Kohinoor. (d) Fluorescence emission from the same samples was
measured with a 485/20 excitation and a 528/20 detection filter and results are depicted as
a function of pH. Detector sensitivity was scaled to the brightest wells of each sample.

With increasing pH, Padron 2.0 and Kohinoor showed a monotonous decline of the protonated
peak with concurrent emergence of the deprotonated peak (fig. 3.19b, c), albeit at different pH
dependencies. Absorption spectra of Padron displayed a similar response to increasing pH at
low pH values but an opposing one at pH values above 7 (fig. 3.19a) with aberrantly-shaped
peaks above pH10, suggesting declining fluorescence emission in response to 488 nm excitation
at high pH. This is supported by the fluorescence emission data shown in figure 3.19c, which
shows fluorescence intensity measured at different pH values. While emitted fluorescence
increased with the pH for Padron 2.0 and Kohinoor as expected based on their absorption
spectra, emitted fluorescence peaked for Padron at pH7 and declined at higher pH values.
At pH values where absorption spectra displayed altered peak shapes for Padron, measured
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emitted fluorescence slightly increased. Interestingly, the position of the deprotonated peak
shifted for the new variants with changing pH values (fig. 7.4d). pH dependency of Padron 1.9
and Padron 2.1 was characterized accordingly, results are shown in the appendix in figure 7.4.
In short, Padron 1.9 displayed higher relative fluorescence intensities dependent on the pH
values, while Padron 2.1 displayed lower brightness than Padron 2.0 at low values but higher at
pH8 and above. However, this data only allows for comparison of the different pH responses.
Absolute fluorescence intensities cannot be compared as the detector sensitivity was scaled to
the brightest signal in each experiment. Full pH dependent excitation and emission spectra
are depicted in the appendix in figures 7.5 and 7.6.
pH dependent fluorescence intensity was used for calculation of pKa values shown in table 3.7.
All new Padron variants and Kohinoor had 2 pKa values, suggesting multiple protonation
equilibria. In contrast, Padron had only one pKa value due to its decline of fluorescence
intensity at high pH. While the lower pKa1 of 5.3 of Kohinoor was below the one of Padron
(5.9), pKa1 values of the new Padron variants were in the range of 6.3–6.6 and thus higher
compared to Padron. This suggested an improved applicability of Kohinoor at lower pH values
and an impaired performance of the new variants with respect to fluorescence intensities.
However, both the new Padron variants and Kohinoor showed similar pKa2 values in the
range of 8.6–9.1. As these variants showed no decline of fluorescence intensity or emergence
of aberrant absorption spectra, they were expected to show higher fluorescence intensity and
greater stability at high pH values.

Table 3.7: pKa values measured (n=2–3)
Protein pKa1 pKa2

Padron 5.9± 0.0 n.a.
Padron 1.9 6.3± 0.1 8.8± 0.1
Padron 2.0 6.6± 0.0 9.1± 0.0
Padron 2.1 6.3± 0.1 8.3± 0.0
Kohinoor* 5.3± 0.1 8.6± 0.1

*published values: 5.9 and 8.6 [121]

3.4.3.3 Extinction coefficient, quantum yield and fluorescence lifetime

Aside from the excitation and emission spectra shown above, the extinction coefficient,
quantum yield, and fluorescence lifetime are characteristics of a fluorescent protein influenc-
ing their performance in fluorescence microscopy. These parameters were determined for
Padron and Kohinoor as well as the new variants and are described below.
On-state absorption spectra depicted in figure 3.16 and on-state emission spectra shown in
figure 3.17 were used for calculation of the extinction coefficient and quantum yield. Both
were calculated based on comparative measurements: the former based on absorption spectra
of mEGFP [171] (cf. methods sec. 5.5.5), the latter relative to Padron [120] (cf. methods
sec. 5.5.6). Fluorescence lifetime was measured absolutely (cf. methods sec. 5.5.8). An
overview of the results is given in table 3.8.
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The changed ratio of absorption peaks described in section 3.4.3.1 resulted in profoundly
lower extinction coefficients of new Padron variants for the absorption peak maximum of
the fluorescent deprotonated state. At pH7.5, Padron 1.9 displayed the highest extinction
coefficient of the new variants at 24,005± 670M−1cm−1, which was still 40% lower than
the extinction coefficient of Padron at 39,938± 1,489M−1cm−1. Padron 2.0, 2.1, and
Kohinoor displayed a further reduction of this value to approximately 30–40% (16,167± 585,
15,747± 5,091, and 12,588± 410M−1cm−1, respectively).
The quantum yield of Kohinoor of 0.73 was higher than the quantum yield of Padron of 0.64,
while Padron 1.9 featured a similar quantum yield (0.60). This value was further reduced to
0.49 in Padron 2.0 and 0.28 in Padron 2.1, which was less than 50% of the quantum yield of
Padron.
Because brightness of RSFPs is one of the critical features in practical applications, the
extinction coefficient and quantum yield were used to calculate the molecular brightness
(tab. 3.8). Both Padron 2.0 and Kohinoor featured a brightness of about one third of Padron,
which has a molecular brightness of 25.6, and displayed considerably lower values of 7.9 and
9.2, respectively. Padron 1.9 with a molecular brightness of 14.4 was approximately 50%
brighter than the former variants while the brightness of Padron 2.1 was about 50% lower
with a value of 4.4.
With respect to fluorescence lifetime, Padron and Kohinoor featured similar lifetimes
of 3.4 and 3.5 ns that were only marginally reduced to 3.1 and 3.0 ns in Padron 1.9 and
2.0, respectively. In contrast, this quantity was reduced in Padron 2.1 by about 35% to 2.2 ns.

Table 3.8: Extinction coefficients, quantum yields and fluorescence lifetimes of Padron vari-
ants

Protein
Extinction
coefficient
[M−1cm−1]

Quantum
yield

Molecular
brightness

Fluorescence
lifetime
[ns]

pH 7.5, on-state maximum pH7.5, ground-state

Padron 39,938 ± 1,489a 0.64b 25.6 3.4 ± 0.02
Padron 1.9 24,005 ± 670 0.60 ± 0.01 14.4 3.1 ± 0.03
Padron 2.0 16,167 ± 585 0.49 ± 0.02 7.9 3.0 ± 0.05
Padron 2.1 15,747 ± 5,091 0.28 ± 0.02 4.4 2.2 ± 0.01
Kohinoor 12,588 ± 410c 0.73 ± 0.03d 9.2 3.5 ± 0.09

apublished: 43,000 [120], bpublished value from [120],
cpublished: 62,900± 136, measured at pH10 [121], dpublished: 0.71± 0.05 [121]

3.4.4 Tagging and oligomerization

The new Padron variants were a considerable improvement compared to both Padron and
Kohinoor with regards to the switching capabilities. While some parameters, such as toler-
ance of low pH or molecular brightness, were better in the original Padron, both switching to
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the off-state and switching-fatigue were significantly improved. Resistance to photobleaching
and switching to the on-state were improved as well, but to a lesser extent. Most impor-
tantly, the new variants allowed for suppression of apparent fluorescence under simultaneous
irradiation with light of 405 and 488 nm, which was not feasible with the original Padron
or Kohinoor. These enhancements were expected to greatly improve the performance in
RESOLFT nanoscopy, which has not been demonstrated with Padron so far. However, live-
cell applications require labeling of target structures without interfering with their biological
function. To address the capabilities of new Padron variants in this respect the oligomeriza-
tion tendency was analyzed.

3.4.4.1 In vitro oligomerization tendencies

For an initial estimation of oligomerization tendencies, proteins were subjected to seminative
polyacrylamide gel electrophoresis (PAGE) (cf. methods sec. 5.4.5.2). Due to non-denaturing
sample handling prior to electrophoresis, proteins maintained their secondary structure.
This method reveals stable interaction of fluorescent proteins in multimeric states but is
expected to be insensitive to weak interactions due to the sodium dodecylsulfate (SDS)
content of gel and buffer, which is assumed to attenuate weak interactions. DsRed [94],
dTomato [98] and mEGFP [171] were used as markers of the oligomeric state. As GFP-like
proteins with a β-barrel structure they have a size similar to Padron and are suitable as
markers for tetrameric [172], dimeric [98] and monomeric [171] oligomerization. Figure 3.20
shows fluorescence emission of proteins after electrophoresis (a) as well as total protein
content of the gel (b).
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Figure 3.20: Seminative polyacrylamide gel electrophoresis. Proteins were analyzed
with a seminative PAGE with non-denaturing sample handling prior to application to the
gel. DsRed, dTomato, and mEGFP were added as oligomeric state markers for tetrameric,
dimeric, and monomeric fluorescent proteins, respectively. (a) Fluorescence image of the gel
in the red (DsRed, dTomato) and green (others) channel. (b) Coomassie staining of the same
gel.
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The original Padron was published as a monomer at 37℃ with a slight tendency to dimerize at
4℃ [120]. In the seminative gel Padron appeared in two distinct populations (monomeric and
tetrameric) of which only the latter one maintained fluorescence emission after electrophoresis.
Kohinoor appeared as a monomer as published [121], but lost nearly all fluorescence under
these conditions. Conversely, all new variants presented in this thesis showed monomeric
behavior in seminative PAGE and maintained their fluorescence. All Padron variants passed
the gel slower than mEGFP, although their molecular weight was very similar (29.4/30.7 kDa
for Padrons with and without GFPends, 30.9 kDa for mEGFP; molecular weights include
additional amino acids originating from the 6xHis-tag for purification). Thus, the difference
was most likely to be attributed to different secondary structures.
The loss of fluorescence of Padron and Kohinoor suggests susceptibility to the SDS as a
denaturing agent in the gel and implies lower stability of these two proteins compared to
the new variants. The latter are possibly less sensitive to denaturing conditions due to the
addition of GFPends: The fluorescence of Kohinoor in this experiment could be restored by
the addition of GFPends (fig. 7.7).

3.4.4.2 Size exclusion chromatography

While seminative PAGE allows for a fast and good estimate of oligomeric tendencies, weak
associations between monomers are lost due to the denaturing properties of SDS. Purified
protein samples were therefore analyzed via size exclusion chromatography (SEC). Measure-
ments were run at 6℃, which was expected to reveal even weak interaction of monomers
due to the tendency of the original Padron to dimerize at lower temperatures [120]. Conse-
quently, minor tendencies of RSFPs to form oligomers at this temperature were expected to
be attenuated at higher temperatures employed for live-cell applications.
Figure 3.21 shows the results of SEC measurements. Oligomeric markers were clearly distin-
guishable, and Padron displayed the same behavior as in seminative PAGE with two distinct
fractions. The larger one behaved as a monomer, while a smaller but considerable fraction dis-
played tetrameric behavior. The existence of both fractions suggested two populations that
were stable over the course of the experiment. Padron 2.1 results were similar to Padron,
but the larger fraction with an elution volume distinctively smaller than that of DsRed sug-
gested stable octamers. Another smaller peak supported this notion of strong interaction of
Padron 2.1 monomers. Padron 1.9 and 2.0 on the other hand showed only a single monomeric
peak with a small dimeric peak for Padron 1.9, which amounted to a negligible fraction. Ko-
hinoor also displayed a single elution peak that was positioned between the monomeric and
dimeric marker. In contrast to the published data, which show Kohinoor as a monomer,
this suggested a fast transient interaction of Kohinoor monomers. Fast rate constants for
association of monomers and subsequent dissociation would render monomers and dimers
inseparable for SEC [173].
After all, Padron 2.0 was least inclined to oligomerize based on the data presented. Although
higher temperatures in biological samples can lower or attenuate interactions between pro-
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teins, as it was shown for Padron and Kohinoor [120, 121], locally increased concentrations
in labeled structures have to be kept in mind that could potentially shift the equilibrium to
oligomerized RSFPs, even at 37℃. This was already noticeable at 6℃: If Padron variants
were not equilibrated after dilution to 10 µM, the ratio of monomeric and tetrameric peaks
was shifted towards the oligomer so that all variants displayed oligomerization (fig. 7.8).

Figure 3.21: Size exclusion chromatography. Protein absorption was detected after
size exclusion chromatography (SEC) of protein samples with 10 µM concentration. SEC
was performed at 6℃, and DsRed, dTomato and mEGFP were used as oligomeric markers.
Padron 1.9 overlaps with Padron 2.0 for the most part. Protein absorption was measured at
280 nm.

3.4.4.3 Labeling of cellular structures with Padron variants

Padron 2.0 displayed the lowest tendency to oligomerize among the variants analyzed
(sec. 3.4.4) and was therefore expected to perform well as a tag. To test the suitability of
all Padron variants for biological applications a multitude of cellular structures was labeled
and imaged with diffraction-limited confocal microscopy of transiently transfected HeLa cells
(cf. methods sec. 5.1.2). Figure 3.22 depicts 14 different structures or compartments for
Padron, Kohinoor and the new Padron variants. For all proteins, cells with aberrant shape
or aggregated structures were visible, which was assumed to be caused by strong overexpres-
sion. The figure depicts selected cells with adequate expression levels.
In general, all cells with Padron labeled structures displayed low fluorescence intensities com-
pared to the other proteins which was expected to be due to the impaired ability of Padron
to mature at 37℃ (sec. 3.3). All other variants analyzed showed fluorescence intensities re-
sembling their previous characterization.
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Padron Padron 1.9 Padron 2.0 Padron 2.1 Kohinoor
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Figure 3.22: Labeling of cellular structures with Padron variants. Figure description
can be found on page 60.
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Figure 3.22 (cont.): Labeling of cellular structures with Padron variants. Figure
description can be found on page 60.
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Figure 3.22 (cont.): Labeling of cellular structures with Padron variants. HeLa
cells were transiently transfected with the plasmids described in section 5.1.2.1. Fluorescent
proteins were either fused to target structures or to localization sequences. All images were
recorded in confocal mode as single plane or as z-stack. Vimentin: Vim-FP, z-projection.
Keratin: cytokeratin18-FP, z-projection. Lifeact: lifeact-FP, z-projection. Microtubules:
FP-Map2, z-projection. Mitochondria: TS-FP, z-projection. Endoplasmic reticulum: TS-FP,
single plane. Peroxisomes: FP-TS, single plane. Histone: FP-H2bn, single plane. Nuclear
pore complex: FP-Nup50, single plane. Microtubule ends: EB3-FP, z-projection. Caveolin:
caveolin1-FP, single plane. Cytosol: FP, single plane. Tubulin: FP-tubulin. Centromeres:
FP-CenPC1, single plane. FP, fluorescent protein. TS, targeting sequence. Color maps are
different for every image and allow for no comparison. Scale bars: 10 µm.

Vimentin had a tendency to build aggregated filaments after labeling. This issue was mod-
erate for the new Padron variants but rather pronounced for Kohinoor, where vimentin was
tightly wrapped around the nucleus displaying aggregation artifacts. Padron also tended to-
wards aggregation. Keratin structures were as expected for all proteins. The same was true
for indirect labeling of actin and microtubuli with lifeact and map2, respectively. However,
Padron showed less dense labeling of actin and failed to properly label microtubuli with map2
fusion constructs. Direct labeling of microtubuli with overexpressed tubulin fusion constructs
was problematic for all Padron variants. While Padron 1.9 and 2.0 fusion constructs resulted
in labeled microtubuli that were masked by cytosolic fluorescence, no structures were visible
for Padron 2.1, which in contrast tended towards building aggregates. Padron and Kohi-
noor failed entirely in labeling microtubuli as tubulin fusion constructs. EB3 was used to
mark microtubule ends in HeLa cells, which could be facilitated by Padron 1.9 and Kohinoor.
Padron 2.0 and 2.1 fusion constructs bound to the entirety of microtubuli, which was expected
for strong overexpression of EB3. EB3-Padron constructs resulted in filamentous structures
that were predominantly located to the perimeter of the cell. While protein import into the
mitochondrial matrix was unproblematic and no fragmentation of mitochondria was visible,
localization to the endoplasmic reticulum (ER) was facilitated only by the new variants and
Kohinoor. Padron on the other hand failed to properly label the ER. In contrast, peroxiso-
mal localization and labeling of histone H2bn and nucleoporin was feasible for all variants
including Padron. Caveolin and centromere labeling displayed no aberrant behavior for all
proteins, and cytosolic expression of Padron variants was free of aggregates.
The new Padron variants proved to be suitable for biological applications, the targeted struc-
tures could be imaged with proper labeling. In addition, preliminary data showed that
endogenous overexpression of tubulin labeled with Padron0.9, a Padron variant with an even
increased tendency for oligomerization [140], was feasible in Drosophila melanogaster (fig. 7.9
in the appendix). While Kohinoor was on par for many structures or compartments, fusion of
Kohinoor to vimentin and tubulin resulted in impaired labeling compared to Padron 1.9 and
2.0. Padron 2.1 could target structures better than it was expected based on its tendency to
oligomerize (fig. 3.4.4.2), suggesting that low fluorescence and artificial structures observed
with the original Padron mainly resulted from incomplete maturation. Consequently, im-
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proved maturation and expression of Padron 2.0 along with its low tendency to oligomerize
rendered it best suitable for live-cell applications.

3.5 Super-resolution microscopy with Padron 2.0

After the new Padron variants had been established for tagging of cellular structures, tran-
siently transfected HeLa cells with labeled vimentin were chosen as a sample to establish
RESOLFT microscopy with Padron 2.0. This variant of Padron was chosen as it had proven
to be most versatile in the majority of characteristics that are important for RESOLFT imag-
ing. Vimentin is often used as model structure for RESOLFT nanoscopy due to its abundance
of filamentous structures [124, 174, 175]. To quantify resolution improvements, line profiles
were measured across filaments and subsequently fitted with a Lorentzian fit. The full-width
half-maximum values of the fits were compared.

3.5.1 Evaluation of vimentin-Padron 2.0 structures with STED nanoscopy

Prior to RESOLFT microscopy, vimentin structures were imaged at the same microscope
with STED nanoscopy to estimate achievable resolution (cf. methods sec. 5.6.5). Figure 3.23
shows the resulting image with an overlay of the confocal overview image. Of the 10 line pro-
files measured in figure 3.23, the lowest FWHM was 48.8 nm, which exhausted the expected
achievable resolution gain with the applied pixel size of 25 nm.
In general, filament FWHM values could easily achieve a width of around 65 nm, which is
approximately 50% wider than the FWHM values of around 40 nm published by Danzl et al.
for protected STED microscopy of vimentin-rsEGFP2 [174]. The difference of FWHM pre-
sented here most likely is based on a lower sampling rate and the observed tendency for
condensation of vimentin filaments. In addition, the microscope was not built for STED
nanoscopy but rather optimized for RESOLFT applications. The STED doughnut was thus
less optimized than the 405 nm RESOLFT doughnut and not perfectly circular due to optical
aberration (cf. fig. 5.3 in methods sec. 5.6.3), which likely had an influence on the resulting
STED images.

61



3 Results

1

2

3

4

5

6

7

8

9

10

1 2 3 4

5 6 7 8

9 10

STED Confocal

Line Profile 1 2 3 4 5

FWHM [nm] 76.6 48.8 68.0 65.1 63.7

Line Profile 6 7 8 9 10

FWHM [nm] 80.4 67.0 60.6 109.4 58.3

Figure 3.23: STED image of vimentin-Padron 2.0 fusion constructs in transiently
transfected HeLa cells. HeLa cells were imaged with 25 nm pixel size in line step STED
and confocal mode. Line profiles were measured at 10 manually selected positions with 3
adjacent lines and modeled with a Lorentzian fit. FWHM of the fits are listed in the table.
Scale bar: 1 µm.
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3.5.2 RESOLFT microscopy

As vimentin-Padron 2.0 fusion constructs were a suitable sample for super-resolution ap-
proaches, RESOLFT microscopy was established using this sample in the next step. Initially,
images were recorded with a sequential switching approach as illustrated in figure 3.24. Im-
ages were recorded in pixel step mode performing activation, doughnut-based off switching,
and fluorescence readout at every scan position in the sample.

Figure 3.24: RESOLFT microscopy scheme with sequential switching sequence.
A RESOLFT image recorded with the illustrated laser sequence is shown in figure 3.25.
Numbers are laser intensities in kW/cm2.

For this purpose, Padron 2.0 fluorophores were switched to the on-state with a 488 nm laser
at the start of each pixel to ensure maximal fluorescence detection at every coordinate. From
this state, fluorophores were switched to the off-state with a 405 nm doughnut-shaped beam
rendering peripheral proteins non-fluorescent while central ones remained fluorescent. Lat-
ter RSFPs then contributed to fluorescence detection during the final readout step with a
Gaussian-shaped 488 nm laser beam featuring a lower intensity to prevent peripheral fluo-
rophores from returning to the on-state.
A resulting RESOLFT image is shown in figure 3.25 displaying improved resolution and a
good signal to background ratio. FWHM of analyzed filaments was as low as ∼ 58 nm with
multiple other filaments supporting this data. The image shown measures 568x431 pixels
(14.2x10.8 µm) with a dwell time of 540 µs each and a total imaging time of 132 s. An addi-
tional image recorded with the sequential switching approach is is shown in figure 7.10 in the
appendix.
However, this mode of RESOLFT imaging required repeated cycling of fluorophores in line ac-
cumulation mode (that is, measuring every pixel multiple times pixel line wise with the same
switching scheme) to image structures significantly dimmer than vimentin as the readout step
could not be prolonged infinitely. With long readout dwell times or higher readout intensi-
ties, peripheral fluorophores would switch back to the on-state and attenuate the resolution
improvement. On the other hand, increasing fluorescence readout with, for example, line
accumulation would multiply the switching cycles performed by every fluorophore, increasing
switching fatigue.
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Figure 3.25: RESOLFT microscopy of vimentin-Padron 2.0 fusion constructs with
sequential switching sequence. Transiently transfected HeLa cells were imaged with
25 nm pixel size in pixel step mode. The confocal image was recorded first with 1.0 kW/cm2

and 120 µs pixel dwell time. The RESOLFT image was recorded with sequential switching
steps with the following pixel dwell times: 70 µs 23.1 kW/cm2 activation, 350 µs 1.0 kW/cm2

doughnut-shaped beam to switch of peripheral fluorophores, and 120 µs 1.0 kW/cm2 readout.
Line profiles were measured at 8 manually selected positions with 3 adjacent lines and modeled
with a Lorentzian fit. FWHM of the fits are indicated in the graphs. Scale bar: 1 µm.
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Therefore, an alternative switching scheme was established in the next step, the corre-
sponding laser sequence is depicted in figure 3.26. This altered approach featured an initial
activation step and following doughnut-based inactivation as well, but kept the 405 nm
doughnut active during a prolonged readout step. This was expected to keep peripheral
fluorophores in the non-fluorescent off-state as demonstrated in E. coli in section 3.4.1.5
(fig. 3.14). In those measurements a 405 nm to 488 nm intensity ratio of 2 was sufficient to
switch Padron 2.0 to a residual fluorescence below 5%.

Figure 3.26: RESOLFT microscopy scheme with sequential switching sequence
and activation suppressed readout. A RESOLFT image recorded with the illustrated
laser sequence is shown in figure 3.27. Numbers are laser intensities in kW/cm2.

Figure 3.27 shows the resulting RESOLFT image from this approach. With the smallest
FWHM featuring ∼ 69 nm and overall slightly increased values, this altered approach at dou-
bled readout times resulted in similar RESOLFT images, an additional image recorded with
this approach is shown in figure 7.11 in the appendix. However, due to the inhomogeneity of
vimentin samples, subtle overall resolution differences were difficult to quantify. The image
shown was recorded with an equally large field of view as the image in figure 3.25 and the
same total pixel dwell time.
As ensemble suppression of peripheral fluorophore activation in principle worked, further
imaging experiments elaborated on this approach. Both imaging schemes above featured
an initial activation step that switched the majority of the RSFPs to the on-state. This
approach was unfavorable because of two reasons. First, this meant that even peripheral
fluorophores underwent full switching cycles for two or more adjacent coordinates although
these fluorophores optimally were non-fluorescent for these readout times. Second, the laser
intensity of the activation step was rather high compared to the following deactivation
and readout to keep dwell times at a reasonable level. Unfortunately, this meant that
fluorophores that transitioned to the on-state at the beginning of the activation step were
excited and therefore at least to some extent susceptible to photobleaching.
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Figure 3.27: RESOLFT microscopy of vimentin-Padron 2.0 fusion constructs with
sequential switching sequence and activation suppressed readout. Transiently trans-
fected HeLa cells were imaged with 25 nm pixel size in pixel step mode. The confocal image
was recorded first with 1.4 kW/cm2 and 240 µs pixel dwell time. The RESOLFT image
was recorded with sequential switching steps with the following pixel dwell times: 50 µs
11.9 kW/cm2 activation, 250 µs 1.0 kW/cm2 doughnut to switch off peripheral fluorophores,
and 240 µs 1.4 kW/cm2 readout with simultaneous suppression of fluorescence activation of
peripheral fluorophores with the 405 nm doughnut at 1.0 kW/cm2. Line profiles were mea-
sured at 8 manually selected positions with 3 adjacent lines and modeled with a Lorentzian
fit, red data points were excluded. FWHM of the fits are indicated in the graphs. Scale bar:
1 µm.
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Figure 3.28: One-step RESOLFT microscopy of vimentin-Padron 2.0 fusion con-
structs. Transiently transfected HeLa cells were imaged with 25 nm pixel size in pixel step
mode. The confocal image was recorded first with 1.4 kW/cm2 and 120 µs pixel dwell time.
The RESOLFT image was recorded by applying both the 405 nm doughnut at 1.0 kW/cm2

and the readout laser at 1.4 kW/cm2 to reach a steady state of central fluorescent RSFPs and
non-fluorescent ones in the periphery of the focal spot. Pixel dwell time for this approach
was 300 µs. Line profiles were measured at 8 manually selected positions with 3 adjacent
lines and modeled with a Lorentzian fit, red data points were excluded. FWHM of the fits
are indicated in the graphs. Scale bar: 1 µm.
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To counteract this issue, the activation step was left out entirely in a third, simplified
RESOLFT approach (fig. 3.29), where both the doughnut-shaped 405 nm laser and the read-
out laser were activated for the complete pixel dwell time. This resulted in a steady-state
formation between central on- and peripheral off-state fluorophores. In doing so, peripheral
fluorophores were kept in the off-state and were only switched to the on-state by the readout
laser once they were located at the central region of the PSF during point-scanning. For this
approach to work, the steady-state at any given position has to be reached fast in relation
to the scanner movement, because scanning occurs in a continuous movement of the focal
spots rather than with discrete steps between coordinates. Conclusively, by this the resolu-
tion improvement should mainly depend on the intensity ratios of 405 nm doughnut and the
488 nm readout laser, with the only time dependent factor being the time needed to reach the
steady-state equilibrium. Thus, acquisition pixel dwell times could in theory be prolonged
infinitely and would only be limited by photobleaching and switching fatigue of the RSFP.
This approach is termed one-step RESOLFT here.

Figure 3.29: RESOLFT microscopy scheme with one-step RESOLFT. A RESOLFT
image recorded with the illustrated laser sequence is shown in figure 3.28. Numbers are laser
intensities in kW/cm2.

The RESOLFT image that originated from this approach is shown in figure 3.28. Although
the lowest FWHM of the filaments analyzed was ∼ 74 nm and thus slightly higher than what
was shown above, overall resolution improvement was comparable to the classical RESOLFT
approach with sequential activation, deactivation, and readout. In addition, pixel dwell time
and thus overall imaging time was reduced by almost 50% from 540 µs to 300 µs. Laser in-
tensity applied to the cell was also the lowest for this approach. The RESOLFT image in
figure 3.25 was recorded with 2.1 J/cm2 at each pixel, while the image from figure 3.27 was
recorded with 1.2 J/cm2. This value was only 0.7 J/cm2 for the image shown in figure 3.28.
To further establish the simplified switching scheme, transiently transfected HeLa cells with
Padron 2.0 labeled nuclear pore complexes were imaged. These structures were rather dim
compared to vimentin and resulted in low contrast images with the classical sequential ap-
proach. Figure 3.30, however, shows good resolution improvement with RESOLFT which
facilitated separation of individual nuclear pore complexes. For this purpose, readout time
was increased to 500 µs.
After all, it could be shown that Padron 2.0 is suitable for RESOLFT nanoscopy. In addition,
due to the dominant off-switching characteristics under simultaneous irradiation with both
405 and 488 nm, it was possible to establish a new mode of RESOLFT nanoscopy termed
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one-step RESOLFT. This approach is expected to simplify the establishment for new samples
because the defining parameter is the power ratio of doughnut and readout laser intensity,
and the steps for activation and deactivation were left out entirely and replaced by the for-
mation of a steady-state of the on- and off-state of RSFPs. Moreover, the low switching
fatigue of Padron 2.0 allowed for long readout times in this approach, which aids imaging of
dim structures.

Figure 3.30: One-step RESOLFT microscopy of Padron 2.0-Nup50 fusion con-
structs. Transiently transfected HeLa cells were imaged with 25 nm pixel size in pixel step
mode. The confocal image was recorded first with 1.7 kW/cm2 and 400 µs pixel dwell time.
The RESOLFT image was recorded by applying both the 405 nm doughnut at 0.9 kW/cm2

and the readout laser at 1.7 kW/cm2 to reach a steady state of central fluorescent RSFPs and
non-fluorescent ones in the periphery of the focal spot. Pixel dwell time of the RESOLFT
image was 500 µs. Scale bar: 1 µm.

3.5.3 Comparison of sequential and one-step RESOLFT imaging

Suppressing fluorescence activation during readout or utilizing steady-state formation during
simultaneous 405 nm doughnut and Gaussian-shaped 488 nm irradiation was shown to be
feasible. However, it was still unclear how the latter approach performed with regards to
bleaching during time-lapse imaging. Omitting the initial activation step was expected to
lower photobleaching of activated peripheral chromophores as these were forced to reside
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predominantly in the off-state. The contribution of switching fatigue on the other hand
remained elusive. So far, simultaneous irradiation was assumed to suppress full switching
cycle progression of fluorophores within the PSF range at every coordinate, but could
potentially also induce constant cycling of fluorophores between their on- and off-state. If
the rate for activation was too high in the latter approach, RSFPs could even undergo an
increased number of switching cycles although the ensemble of fluorophores would appear as
mostly non-fluorescent. To test if this cycling was detrimental to switching fatigue under
the conditions chosen, 30 frames were recorded for both sequential and one-step RESOLFT
mode (fig. 3.31). The former was recorded with 70 µs 11.9 kW/cm2 activation, 350 µs
1.2 kW/cm2 doughnut-patterned deactivation to switch off peripheral fluorophores, and
120 µs 1.0 kW/cm2 readout, while the latter was imaged with 300 µs pixel dwell time with
the 405 nm doughnut at 1.0 kW/cm2 and the 488 nm readout laser at 1.2 kW/cm2. Bleaching
was analyzed in a central region as depicted in figure 3.31a, b to exclude fluorophores from
the analysis that entered the field of view as a result of drift or vimentin dynamics.
Both approaches could achieve FWHM values of single filaments of approximately 90 nm
(fig. 3.31d, e), but bleaching over the course of 30 frames differed. While the last recorded
frame of the one-step approach could still provide about 60% of the counts of the first
frame, time-lapse images recorded with sequential switching mode were bleached to below
30% (fig. 3.31c). Unfortunately, resolution improvement was impaired for both approaches
after 30 frames.
The simplified one-step switching approach for RESOLFT microscopy could indeed improve
both dwell times and bleaching for time-lapse imaging. Imaging time was reduced by the
same factor described in section 3.5.2. For the 8x8 µm region shown in figure 3.31 this meant
a reduction from approximately 28 minutes to about 15 minutes for the 30 frames recorded.

In conclusion, Padron 2.0 was improved in comparison to the original Padron in almost every
aspect. The analysis of switching characteristics has shown that Padron 2.0 reached a lower
switching background than Padron with a lower dose of 405 nm light and could sustain sig-
nificantly more switching cycles. While spectral analysis displayed a hypsochromic shift of
absorption, excitation, and emission spectra, the extinction coefficient, quantum yield, and,
consequently, the molecular brightness were lower in Padron 2.0. This impairment was made
up for by its enhanced expression and maturation at 37℃, which was a major drawback of
the original Padron. RESOLFT nanoscopy of vimentin structures with Padron 2.0 in living
HeLa cells achieved a resolution below 60 nm, and the improved switching characteristics al-
lowed for the introduction of one-step RESOLFT microscopy, which constitutes a simplified
irradiation sequence at shorter pixel dwell times with less bleaching. The following chapter
will discuss the results presented here in a wider scientific context.
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Figure 3.31: Bleaching of sequential versus one-step RESOLFT microscopy.
30 consecutive frames were recorded with the (a) classical sequential or (b) one-step switch-
ing approach with simultaneous irradiation for RESOLFT microscopy. Frame 1 has an inset
of the confocal image recorded before the time-lapse. All images are raw data displayed
with consistent lookup tables within sequences that are shown in frame 30. (c) Total counts
measured in a central region of interest similar to the boxed regions of frame 15 of a and b
were normalized and averaged for 3 different time-lapses for both approaches. Dotted lines
illustrate standard deviations. (d, e) 3 adjacent line profiles were measured in the first frame
and fitted with a Lorentzian fit at the positions marked by arrows in a or b, respectively.
Scale bars: 1 µm.
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4 Discussion

4.1 Improvement of the automated screening microscope

In the course of this thesis, the automated screening microscope used for the assessment of
mutated fluorescent proteins as well as detailed characterization was improved in two central
aspects: Both colony sampling and the autofocus were time consuming steps which limited
the throughput during screening of large mutant libraries. With fast switching schemes taking
place in the range of microseconds to milliseconds most of the screening time was owed to
microscope operation. By reducing false positive and false negative measurements, both
speed and precision were improved with the new sampling mode. Although the user input
required before a screen took more time because plates had to be recorded with a separate
instrument, this loss of time was easily made up for by the increased number of colonies that
could be sampled on each plate. This reduced the number of plates and thus user interactions
for an equal number of mutants analyzed. By measuring every colony in its center, the new
sampling also increased the quality of data, and excluding overlapping colonies beforehand
resulted in a lower workload after screenings.
The improvement of the autofocus, however, came with some caveats. As the faster autofocus
required a calibration to relate its time dimension to the position along the optical axis of
the microscope, this introduced a new source of error. This calibration had to be repeated
for every measurement as the linear regression of time and position was different for varying
focus parameters such as range in z covered or position of the colony relative to this range.
Especially the latter factor was a source of error, which albeit could be easily avoided. If the
position of maximal intensity was situated too close to the start or end of the focal range, the
linear regression was not sufficient to adequately calculate the focal position as acceleration
or deceleration of the stage happened while the fluorescence was peaking. This could be
circumvented by using a focal range large enough, and future versions of the autofocus could
eradicate this shortcoming by employing a more sophisticated calibration.
Another factor was the increased light dose applied with the new autofocus, in which the
irradiation occurred over the full focal range, while the old autofocus only probed fluorescence
at certain positions. Fast switching proteins would add another factor influencing the position
of the fluorescence peak, rendering the calculation of the focal position non-trivial. This was,
however, not the case for the measurements performed so far as the PMT was sensitive enough
so that the power of the laser could be lowered to non-invasive levels.
In short, both colony sampling and autofocusing were critically improved, which allowed for
higher throughput in screenings after mutagenesis. Future iterations of the software could
increase both robustness and ease of use to further increase the benefit of these functions to
the workflow.
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4.2 Generation of a new Padron variant

The results presented in this thesis have shown that Padron 2.0 is an improvement over
the original Padron and Kohinoor, its robust switching characteristics render it particularly
well-suited for RESOLFT nanoscopy applications. It is also the best-performing positively
switching RSFP to date. This chapter will discuss the relevant improvements in detail and
in a wider scientific context. All numbering of amino acid positions refers to Dronpa if not
stated otherwise.
Beforehand, it is necessary to evaluate the data generated in comparative measurements
for Padron and Kohinoor in relation to the original publications. The results obtained for
switching characteristics differ in certain aspects and require clarification.

4.2.1 Padron

After the publication of asFP595 [118], Padron [120] and rsCherry[122] were the first
engineered positively switching RSFPs. However, practical applications of Padron have
been scarce [162–165]. With regards to Padron, this is in part due to the poor performance
of switching characteristics. In the presented comparative analysis of Padron 2.0 and its
progenitors, the shortcomings of Padron for nanoscopy become apparent. In the following
this will be discussed with regards to the published characteristics of this protein.

Spectral properties such as absorption maxima of the on- and off-state spectra or the emission
maximum and the extinction coefficient of Padron were equivalent to the published data [120],
minor differences can be attributed to variations in experimental procedures. For example,
switching prior to spectral analysis was performed in a cuvette at the final concentration at
which measurements were performed in this thesis, while Andresen et al. switched Padron in
a small volume of 2 µl and diluted the sample before spectral analysis. However, differences
of peak positions are still negligible and within the range of the sampling rate, while on- and
off-state absorption spectra are nearly identical.
Interestingly, certain switching characteristics differed depending on the parameters analyzed,
although overall results are comparable: Equilibrated ground-state fluorescence was deter-
mined to be at 5% of the on-state fluorescence intensity by Andresen et al., while the same
parameter was found to be approximately 10% in this thesis. Relaxation half-time from the
on-state was equally different with 150 minutes published and 300 minutes here. For these
parameters, the model system was most probably the reason for different results. Andresen
et al. measured both characteristics in E. coli where exact concentrations remain elusive,
while the data in this thesis were generated with purified protein in solution. Repeated
empirical observations made during the course of this thesis had shown that the spectral
properties of the equilibrated state of Padron variants were dependent on the concentration
of proteins (data not shown), and interaction of Padron variants varied similarly with slowly
adapting kinetics (sec. 3.4.4.2). Another factor that influences the relaxation of the switching
state is the temperature [144]. However, Andresen et al. determined the relaxation half-time
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at 22℃, which was only 1℃ higher than the measurement conditions in this thesis.
In contrast, switching parameters were determined in E. coli in both works. Still, the results
differed: Andresen et al. determined the ensemble residual off-state fluorescence intensity of
Padron to be as low as 0.7% as opposed to 2.3% in this thesis. Switching fatigue was also
less pronounced in the former publication, although there the off-switching step was recorded
with both wavelengths, which was shown to be unfavorable for Padron (sec. 3.4.1.5). These
differences are founded on the profoundly different power regimes applied to the samples.
Andresen et al. recorded switching curves with a widefield microscope with light intensi-
ties in the range of 500mW/cm2. Data presented here were recorded in the lower range
of kW/cm2, which is more representative of light intensities applied in confocal microscopy
or RESOLFT nanoscopy with pixel dwell times below 1ms [51, 124]. While the activation
half-time in the original publication was in the range of seconds, this parameter resided in
the millisecond range at the intensities used here. This discrepancy in data acquisition re-
sulted in different interpretations of switching capabilities of Padron. Supplementary data of
the former publication lists equilibrium fluorescence intensities of Padron relative to the full
on-state at simultaneous irradiation with 405 and 488 nm. Although only intensity ratios and
no absolute intensities were reported, it can be assumed that irradiation was in the range of
mW to W/cm2 because the same samples were used for the generation of switching curves.
Under these conditions, Andresen et al. found that Padron fluorescence was at 2.5% of the
maximal fluorescence after irradiation at a 488:405 nm intensity ratio of 0.5. For a nearly
identical intensity ratio in the low kW/cm2 range, figure 3.14a shows a residual fluorescence
of about 17% and, more importantly, opposing results at higher 405 nm intensities. These
results suggest that Padron behaves differently at low and high intensities. While ensemble
activation of fluorophores could be suppressed in the range of W/cm2, light of 405 nm could
not compensate the activation facilitated by light of 488 nm in the range of kW/cm2. In this
context, it is of interest that Duan et al. could show two distinct bleaching mechanisms for
IrisFP whose occurrence depended on the light intensities applied [176]. Lower intensities
resulted in oxygen dependent bleaching while intensities above 0.1 kW/cm2 resulted in oxy-
gen independent bleaching. This threshold is situated between the intensities applied in this
thesis and by Andresen et al., suggesting that the results described above differed because of
the influence of two different bleaching mechanisms.
After all, Padron displayed compelling switching characteristics at low intensities in the range
of mW/cm2 [120], but the results presented in this thesis show that these properties cannot
be transferred to higher intensities in the range of kW/cm2. This discrepancy is particu-
larly important for the applicability of Padron under RESOLFT microscopy conditions and
highlights the necessity to improve the switching characteristics of Padron for nanoscopy
applications. Kohinoor as a variant of Padron was a step in this direction.
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4.2.2 Kohinoor

Kohinoor was published in 2015 by Tiwari et al. as a brighter, faster, and more stable variant
of Padron [121], and its switching performance was compared to other variants of Padron in
this thesis. In part, the results of this comparison displayed characteristics different from the
original publication of Kohinoor, with some of them posing a considerable limitation for its
application in point-scanning RESOLFT nanoscopy. These differences between the published
results and the findings in this study will be explained and classified below.
The majority of spectral characteristics was consistent between both data sets. Peak posi-
tions for on- and off-state absorption spectra as well as the on-state emission differed only
marginally. The value of pKa2 was identical, while pKa1 differed by 0.6, possibly based on
different protocols. Tiwari et al. recorded pH-dependent fluorescence in the on-state while
data presented here were recorded in the equilibrated state.
In contrast, the reported extinction coefficient and molecular brightness varied distinctively.
The former was reported by Tiwari et al. to be 62,900M−1cm−1 and thus nearly 1.5-fold
higher than the published value of Padron. However, these two values were measured at en-
tirely different pH-values: Andresen et al. calculated the extinction coefficient at pH7.5, while
Tiwari et al. recorded the absorption at pH10 and compared these two results. The pH value,
however, has a tremendous influence on the outcome: Figure 3.19 shows how the absorption
spectrum of the equilibrium ground-state changed with increasing pH, shifting the ratio of
protonated and deprotonated absorption peaks towards the latter one at high values. This
pH response was observed for all Padron variants presented here, and Tiwari et al. showed
the same dependency for the on-state absorption spectra of Kohinoor. Hence, the comparison
made in the Kohinoor publication overestimated differences between Padron and Kohinoor
concerning their brightness, which was reported to be approximately 1.6-fold higher for the
latter one. In contrast, the extinction coefficient calculated for Kohinoor in this thesis was 5
times lower at pH7.5 than the published value at pH10. The resulting molecular brightness
was still 3 times lower compared to Padron.
A comparison of switching parameters between the published data and results presented in
this thesis is necessarily to remain coarse. While switching kinetics for the data presented
here were measured in bacterial colonies with focused lasers in a non-scanning confocal setup,
Tiwari et al. recorded switching data with a confocal laser scanning microscope. Samples were
either purified protein in a polyacrylamide layer or RSFP expressing E. coli immobilized in
low-melting agarose. Unfortunately, Tiwari et al. reported insufficient details to reproduce
the measurements. For photobleaching, they stated that samples were recorded in a 64x64
pixel array with 2 µs pixel dwell time at a 488 nm intensity of 7 kW/cm2. However, the pixel
size was not reported and thus the actual field of view imaged remains elusive. Still, the
half-time ratios of Padron and Kohinoor for bleaching to 50% were in good accordance with
the data listed in table 3.4.
In contrast, the data reported for switching fatigue was rather different. Table 3.4 lists the
number of switching cycles Padron and Kohinoor could perform upon cycling between 5 or
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10% residual fluorescence and 95% of the full on-state. Under these conditions, Kohinoor
could perform approximately twice as many cycles as Padron at both 488 nm intensities
applied before the on-state fluorescence was bleached to 50%. Tiwari et al. reported an
improved switching fatigue performance where Kohinoor could perform 25 times more cycles
than Padron. The data this result was based upon was recorded at comparable intensities in
the low kW/cm2 range in an array of 256x256 pixels, but no detailed irradiation times were
listed except for the statement that minimal times for cycling were applied for every protein.
These two approaches differed fundamentally. While laser positions were fixed for the data
presented in table 3.4 to ensure constant and equal irradiation of RSFPs, Tiwari et al. mea-
sured data with a laser scanning confocal microscope. This inevitably resulted in alternating
intensities and irradiation breaks for single fluorophores which is likely to affect switching
fatigue [177].
Switching kinetics results were also found to be conflicting between datasets from Tiwari et al.
and this thesis. While Kohinoor proved to be the faster protein with regards to 488 nm in-
duced activation in both the publication and based on the data presented here, the sensitivity
to 405 nm light was found to be different. Figure 3.9 shows that Padron reached lower resid-
ual fluorescence faster than Kohinoor with a 405 nm intensity of 4.1 kW/cm2 in bacterial
colonies. Based on the time constant for off-switching of purified proteins in polyacrylamide
layers reported by Tiwari et al., Kohinoor switched off more than 3 times faster than Padron
at a 405 nm intensity of 0.8 kW/cm2, albeit off-switching curves were recorded with simul-
taneous irradiation of 405 and 488 nm. However, no statements about pixel size or dwell
times were made for these data in the methods section, a circumstance which precludes a
detailed comparison. Assuming that switching curves were recorded by Tiwari et al. in a non-
scanning approach similar to the automated screening microscope used in this thesis is highly
unlikely. On-switching curves for purified proteins in a polyacrylamide layer were recorded
at 25W/cm2 and resulted in a time constant of 7.9 seconds. However, for RESOLFT images
Kohinoor was activated at a similar intensity of 36W/cm2 for 80 µs.
All in all, both data sets discussed above support the interpretation that Kohinoor has been
improved in comparison to Padron, albeit to a different extent. The use of different model
systems and experimental approaches makes a direct comparison difficult. However, different
performances of the off-switching capabilities of Kohinoor pose the question how well on-
and off-states of Kohinoor can actually be separated in RESOLFT imaging, supporting the
development of the new Padron variants presented here. The data presented in this study
suggests that the switching performance of Kohinoor has been overestimated with regards to
its performance in RESOLFT nanoscopy.

4.2.3 Generation of the new Padron variants

Padron 2.0 differs from its template Padron in 11 positions, which had pronounced effects
on its characteristics. As no crystallographic structure of Padron 2.0 was generated for this
thesis, the structural changes remain elusive. However, some of the positions mutated are
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conserved in related proteins and have been the focus of extensive research. In the following,
the mutations introduced with the new Padron variants will be compared to similar mu-
tations that were described for other proteins in the literature. The comparison will focus
on finding potential explanations for the effects observed in the new Padron variants. Be-
cause intermediate Padron variants were not characterized in detail, not every effect can be
assigned to a single mutation. In addition, there are only few publications about detailed
mechanistics of positively switching RSFPs, and all of them focused on analysis of Padron or
Kohinoor without performing further mutagenesis [61, 140]. Contrary to that, Dronpa [119]
and EosFP [106] as well as variants based on either of these proteins were substantial to
publications that focused on elucidating the switching mechanism [178, 179] or fluorescent
protein characteristics [180]. While Dronpa was indeed the template from which Padron
was generated, the latter exhibited an inverted light response [120]. Any observations made
for the negatively switching Dronpa could be absent in Padron as both proteins exhibit a
different structural basis for the switching mechanism [140]. EosFP on the other hand is
a non-switchable photoconvertible fluorescent protein [106] that has 73% sequence identity
with Padron. Among the identical amino acids are key residues which interact with the
chromophore. However, due to inherently different photophysics of photoconvertible and
-switchable proteins, the functions of those amino acids are not necessarily shared or of equal
importance.

ba

Figure 4.1: Mutated positions of new Padron variants in crystallographic struc-
ture of Padron. (a) Amino acids in stick representation were mutated as indicated by
the respective labels. The structure shown is the on-state of Padron (PDB ID: 3ZUJ, [61]).
Glu218 and Arg221 were not part of the solved structure and were added by hand. (b) Bot-
tom view of the structure shown in a. Met59 is located behind the chromophore in this
view.

Figure 4.1 gives an overview of the positions of mutations in the Padron structure. The side
chains of Tyr114, Leu141, and Ser190 are outside of the β-barrel, whereas Ser82 points to the
inner part of the structure but is part of a short α-helix at the bottom of the barrel, distant to
the chromophore. Met40, Thr58, Arg66, Ala69, and Phe173 are positioned in close proximity
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of the chromophore and are potentially involved in chromophore positioning, or at least close
to amino acids that are. Glu218 and Arg221 were not part of the solved crystal structure
of Padron [61]. These two residues close to the C-terminal end of the primary structure are
thus likely part of an unstructured loop in this variant [85].

4.2.3.1 Influence of arginine 66, alanine 69, and leucine 141

Of the 11 positions mutated in Padron 2.0, Arg66 and Ala69 were the most crucial ones
for adapting the protein for RESOLFT microscopy. R66K resulted in slower switching
half-times to the on-state, but in turn apparently eliminated the bright intermediate state
and greatly improved off-switching under simultaneous irradiation.
Ala69 was initially subjected to site-directed mutagenesis as its mutation to valine had
been reported to improve expression at 37℃ in EosFP [169]. A69C resulted in improved
maturation as anticipated, but at the same time caused a progressive change of switching
performance over the course of multiple cycles. This was attributed to the introduction of
cysteine, whose side chain is susceptible to sulfoxidation, which has been shown to play a
role in switching fatigue associated bleaching [176]. Position 69 was thus changed to valine
with pa89, resulting in equally improved maturation (fig. 3.5a, c). Interestingly, Kohinoor
retained the alanine at this position but still matured faster than Padron, suggesting that
other amino acid configurations are also critically involved in this process. Ala69 was
ultimately changed to isoleucine in a Padron 2.0. This was necessary because Arg66, which
is located closely to position 69, was mutated to lysine and impaired switching fatigue, a
circumstance that could be rescued with A69I. This relation of Arg66 and Ala69 has been
reported by various publications for other proteins [181, 182]. In EosFP, Arg66 interacts
with the carbonyl group in the imidazolinone ring of the chromophore [183], whereas this
interaction is absent in Dendra2 (67% sequence identity with Padron) and Arg66 builds a
salt-bridge to Glu212 [181] (corresponding to Glu211 in Padron). Adam et al. proposed the
presence of threonine at position 69 to be responsible for this altered orientation [181], and
this relationship has been further examined by Berardozzi et al. [180]. They could show that
the A69T mutation in mEos2 was sufficient to alter the orientation of Arg66, while T69A in
Dendra2 had the opposite effect. Threonine was able to turn the orientation of Arg66 by
forming a hydrogen bond with the Nε of Arg66. In mEos2, A69T resulted in a hypsochromic
shift for absorption and fluorescence emission peaks. This shift was present in bsDronpa
as well, although it was not attributed to its A69T mutation in the publication [120].
Berardozzi et al. also reported an increase of the absorption peak of the protonated
chromophore and thus a stabilization of this form in mEos2 resulting from A69T [180].
Both the blue-shifted spectra and altered peak ratios of the absorption spectra with a more
pronounced peak of the protonated form were observed for the new Padron variants as well
(tab. 3.6) although it is unclear if this was caused by the mutations introduced to Arg66
and Ala69. Both positions were unaltered in Kohinoor displaying the same effects, albeit in
part to a lesser extent. Interestingly, KikGR1 has a valine at position 69 and Arg66 is in
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contact with the chromophore [184]. As valine has an non-polar side chain like alanine and
cannot form a hydrogen bond to Arg66, this effect is expected. Likewise, the replacement
with isoleucine in Padron 2.0 only increased the size of the side chain and did not alter polarity.

ba

Figure 4.2: Mutated positions in the chromophore vicinity of Padron. (a) Arg66
and Ala69 were situated below the chromophore and mutated according to the label. Arg66
is part of an hydrogen bonding network involving the carbonyl group of the chromophore
imidazolinone ring, Glu211 and two water molecules. (b) Positions mutated above the chro-
mophore with important amino acids in direct vicinity. Green and purple coloring represent
the on- and off-state of Padron, respectively (PDB IDs: 3ZUJ and 3ZUF, [61]). The red
sphere represents a structural water molecule that is absent in the off-state structure.

Li et al. postulated based on molecular dynamics simulations that the chromophore of Dronpa
more likely resides in the trans-state if Arg66 interacts with the carbonyl group of the im-
idazolinone ring [178]. If this statement is true for Padron as well is unclear: While Arg66
and His193 are structurally rearranged in Dronpa during switching events [125, 139], both
amino acids maintain nearly identical orientations in Padron (fig. 4.2, [61]). Arg66 was re-
placed with lysine in Padron 1.9, 2.0, and 2.1, which lacks the Nε and thus cannot build the
same hydrogen bonds. The terminal amino group of the side chain on the other side is still
capable of forming hydrogen bonds. DsRed [94] and mOrange [98], which is based on DsRed,
both have a lysine at the corresponding position and a valine at position 69. The orienta-
tion of the lysine, however, is substantially different. In mOrange, Lys70 (corresponding to
Arg66 in Padron) interacts with the chromophore carbonyl group [99], while in DsRed Lys70
forms a salt-bridge with Glu215 (corresponding to Glu211 in Padron) [185]. A possible ex-
planation for this altered orientation is the difference at position 197 in both proteins, which
corresponds to position 193 in Padron. DsRed has a serine at this position that forms a
hydrogen bond with the amino group of Lys70. In mOrange, this serine has been replaced
with isoleucine with a non-polar side chain [186]. This suggests a similar relation of Lys70
to position 197 as it was shown for Arg66 and Ala69. Padron and all variants presented here
have a histidine at position 193, which is larger than serine but potentially could still form
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hydrogen bonds [187]. Interestingly, the orientation of Lys70 appears to be decisive for the
presence of bleaching processes involving decarboxylation of Glu215, a pathway that exists
in DsRed [188] but is absent in mOrange [186, 189]. Similar mechanisms have been proposed
in relation to Arg66 as well in other proteins [176, 180, 190]. In addition, Arg66 has been
proposed to stabilize a transient dark state in IrisFP, mEos2, and Dendra2 by donating a
proton to a sp3-hybridized carbon atom of the chromophore methine bridge [180, 190, 191].
If this dark-state was present as well in the Padron variants, it would be unresponsive to
light of 405 nm due to the non-planarity of the chromophore resulting in the interruption
of the conjugated π-system. Mutation of Arg66 would influence the formation of this state
which could explain the improved capabilities of new Padron variants to switch off under
simultaneous illumination with 405 and 488 nm (fig. 3.6c).
The dynamics described here were found mostly in non-switchable proteins with chro-
mophores that have a defined position within the barrel. How these findings transfer to
switchable fluorescent proteins, however, remains elusive and would require further analysis.
For Dronpa, it could be shown that weakening of the interaction of Arg66 and the chro-
mophore precedes cis-trans isomerization [179]. As described above, this is accompanied
by structural rearrangement of Arg66, whereas chromophore isomerization in Padron takes
place with only minimal structural changes [61, 140]. Brakemann et al. showed the influence
of the P141L mutation in Padron [140]. Exchange of the rigid proline residue with leucine
altered the backbone organization at the respective position, causing the side chain of the
adjacent Ser142 to move closer to the chromophore (fig. 4.2b). This was suggested to pre-
vent His193 reorganization during cis-trans isomerization of the chromophore, which in turn
prevented rotation of Arg66. Position 141 was reverted to proline in both the new variants
as well as Kohinoor, and it was found to increase apparent brightness in Padron 1.9 during
screening (fig. 3.5a). Brakemann et al. also suggested His193 to play a central role in the pH
response of Padron and to interact with the on-state chromophore via π-stacking [140, 142],
which could explain the observed change in brightness associated with L141P. Interestingly,
replacement of His193 with glutamine resulted in an altered conformation and Glu211 inter-
action of Arg66 in Phanta, a weakly fluorescent protein with low quantum yield, although
position 69 was occupied by a valine [192]. This highlights the important role of His193
and its surrounding amino acids. Altering its dynamics with L141P likely influenced this
function, and presumably at least in part was responsible for the altered pH response of the
new variants (tab. 3.7). A weakened π-stacking and altered protonation equilibrium in the
on-state, as it was visible in the absorption spectra (fig. 3.16), could also contribute to more
efficient off-switching, which was crucial for the new Padron variants (fig. 3.9). In addition,
Ser142 stabilizes the chromophore by forming a hydrogen bond with the hydroxybenzylidene
moiety in Padron, which in turn has direct contact with a water molecule situated in a pore
of the β-barrel (fig. 4.3b). This latter interaction is absent in the on-state of Dronpa where
the rotation of Ser142 causes the chromophore to move away from the pore [125]. Interest-
ingly, reverting position 141 back to proline was responsible for a markedly differing off-state
absorption spectrum in Padron0.9, a Padron variant of Padron with two mutations on the
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outside of the β-barrel that were introduced to facilitate crystallization and that was used
by Brakemann et al. to elucidate the dynamics described above [140]. This variant displayed
a pronounced absorption peak at 395 nm in the off-state trans-chromophore, reminiscent of
the on-state absorption spectrum, and was fully switchable. Contrary to this, both the new
variants and Kohinoor displayed no absorption peak of the protonated chromophore in the
off-state despite a proline at position 141. This poses the question to which extent the find-
ings described can be transferred to the new variants. With a total of 3 mutations in this
region, namely R66K, A69V/I, and L141P, the dynamics described above were most likely
heavily affected, and structural data could clarify their influence.

ba

Figure 4.3: Mutated positions in Padron peripheral to the chromophore. (a) 3
amino acids at the bottom of the chromophore were mutated from polar side chains to
hydrophobic ones. (b) Leu141 was mutated to proline. The position is part of a WEP motif
common to many Anthozoan fluorescent proteins and is situated close to a water molecule
(red sphere) that resides in an apparent pore of the barrel structure. Green and purple
represent the on- and off-state of Padron, respectively (PDB IDs: 3ZUJ and 3ZUF, [61]).

4.2.3.2 Influence of other positions

Aside from the critical mutations discussed above, which rendered Padron 2.0 suitable for
RESOLFT nanoscopy, the other mutations influenced protein characteristics and switching
parameters, and possible explanations for their effects can be found in other publications,
which will be referenced below. The first rounds of Padron mutagenesis were performed
to increase switching speed of Padron in order to allow for shorter pixel dwell times
during RESOLFT imaging. One mutation that contributed to this aim was F173S in
pa22 (fig. 3.5b), a mutation which has been described in this context in a number of
publications [130, 131, 169]. F173S was solely responsible for the introduction of switching
in IrisFP [131], a photoconvertible protein based on EosFP [106] that can be reversibly
switched between a fluorescent on- and a non-fluorescent off-state in both its green and red
form. Adam et al. attributed the newly found switching capabilities to the smaller size of
serine, allowing Met159 to adapt an altered conformation, which in turn increased the size
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of the chromophore pocket allowing for cis-trans isomerization of the chromophore with
rearrangements similar to Dronpa [125, 131, 139]. Similarly, the replacement of Met159 with
the smaller amino acid threonine resulted in the generation of a Dronpa variant with faster
switching kinetics [125]. These observations were used to generate a switchable version of
Dendra2 [130]. Contrary to the initial assumption of the authors, a combination of F173L
and M159A did not result in any improvement of switching capabilities compared to M159A
alone. In Padron, however, a tyrosine residue at the latter position enabled its positive
switching mode by stabilizing the trans-conformation of the chromophore in the off-state [61,
120, 140]. Tyrosine has a considerably larger side chain than alanine or threonine, therefore
F173S presumably contributed to faster switching kinetics by enlarging the chromophore
cavity. In addition, the replacement of phenylalanine with serine increased polarity at this
position, and serine is capable of forming hydrogen bonds, which might have resulted in
further stabilization of the trans-chromophore.
Similar assumptions about the cavity size can be made about the mutation T58S which
was introduced with pa31 and had an effect on the switching half-time similar to the one of
F173S. However, the removal of one methyl group facilitated by the change from threonine
to serine could have enlarged the chromophore cavity only to a lesser extent than F173S.
In addition, the methyl group of threonine faced away from the chromophore in the crystal
structure of Padron [61, 140], which albeit could mean that its removal allowed for a new
potential conformation of the hydroxy group of serine. Furthermore, Faro et al. showed that
switching in Padron crystals at low temperatures was accompanied by motion of Met59,
which is situated above the chromophore and in the vicinity of Thr58 as well as Ile195,
whose side chain is located close to Thr58 [61]. Less steric hindrance due to a smaller serine
side chain at position 58 could favor these motions. Ile195 has also been proposed to play
a role in proton dynamics of the on-state of Dronpa by means of a water molecule [142].
Interestingly, Met59 was mutated to leucine in Padron 2.1. Because this variant originated
from a directed evolution approach and displayed 3 new mutations it cannot be stated which
effect a single of these mutations had on the switching characteristics. The lower brightness
of this variant, however, suggests the influence of M59L on an potentially accompanying
increased flexibility of the chromophore.
Faro et al. also stated that molecular dynamics simulations of Padron revealed that during
on-switching, the hydrogen bonding of the chromophore, which stabilizes the off-state, is
broken by means of backbone dynamics [61]. These dynamics, which were suggested to
contribute to non-fluorescence of this state in the publication, might have been influenced
by the mutation M40V: Met40 is part of a β-strand of the barrel on the side opposite to the
chromophore cavity, and its side chain points towards the thiol group of the chromophore,
which is built from the tripeptide CYG [120]. Replacement with the smaller valine side chain
could increase chromophore flexibility by allowing greater movement towards this direction.
Albeit, M40V increased brightness in the on-state of pa87 and resulted in a lower residual
off-state fluorescence intensity.
K145N, a mutation of Padron 2.1, was reported to induce tetramerization in PDM1-4,
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a variant of Dronpa that differs only by the replacement of lysine by asparagine at this
position [193]. Consequently, this mutation is likely responsible for the strong oligomerization
observed in Padron 2.1 (fig. 3.21). The same effect was also observed during the generation
of mIrisFP where K145I increased oligomerization [169]. According to Nguyen Bich et al.,
this tetramerization was favored by the smaller size of asparagine at position 145, which was
less flexible than lysine. It was additionally stabilized by Tyr188 and Asp156 in PDM1-4,
which in turn enabled interaction between monomers via hydrogen bonding of Asn145 with
Asn158 due to the more rigid configuration [194]. This interaction of amino acids would be
possible in Padron 2.1 as well because the involving amino acids are identical. Formation of
the interaction described is thus most likely responsible for the high tendency of Padron 2.1
to oligomerize. In IrisFP, the additional mutation of Tyr189 to alanine (corresponding to
Y188A in Padron and Dronpa) could revert the oligomerization tendency [169]; introducing
this mutation into Padron 2.1 would probably have the same effect. Moreover, N158E and
Y188A could break oligomerization tendency of pcDronpa, a photoconvertible version of
Dronpa [182].
This interaction was also supposed to affect switching in PDM1-4 [193, 194]. The β-sheets of
the AC interface, where Lys145 and Asn156 are located, were described to be flexible in the
off-state of Dronpa [142, 143], and a more rigid organization was supposed to be responsible
for the disability of 22G, the precursor of Dronpa [119], to switch [142]. Likewise, Padron 2.1
displayed slower switching kinetics for the activation in comparison to Padron 2.0. This
difference, however, is in contrast to PDM1-4, where the more rigid interface resulted in
slower off-switching kinetics [193]; these were accelerated in Padron 2.1 in comparison to
Padron 2.0. However, the observations made in Dronpa and PDM1-4 do not necessarily
transfer to Padron 2.1 because the switching regime is fundamentally different, with the
former proteins displaying a negative and the latter a positive switching mode. In addition,
M59L and F173S in Padron 2.1 might have compensated any effects that oligomerization
might have had on the kinetic properties. The AC interface most likely has also been
influenced by the E218G mutation that is present in the new Padron variants as well as
Kohinoor, and the addition of GFPends. Gly218 was found to play a role in this interface
in 22G as it is part of the C-terminal end, stabilizing the interaction of monomers [142].
Its mutation to glutamate was proposed to weaken this interaction by means of a repulsive
effect towards Glu140 [142]. Indeed, G218E was a necessary mutation to remove the obligate
tetramer formation of 22G in Dronpa, along with N102I [119, 142, 182]. Interestingly,
both mutations were reverted in Kohinoor [121], whereas only position 218 was reverted to
glycine in the new Padron variants. However, these dynamics were likely influenced in the
new Padron variants by further mutations such as R221G, which is likewise located in the
C-terminus, and S190A, with Ser190 being in contact with His216 close to the C-terminus
via hydrogen bonds mediated by a water molecule. Interestingly, Ser190 was mutated to
aspartate in Kohinoor. The prolonged termini as a result of GFPend insertion most likely
affected the involvement of the C-terminus in the AC interface as well.
The addition of GFPends to both the N- and C-terminus was originally performed by

83



4 Discussion

Shaner et al. during the generation of mCherry [98] from mRFP1 [97] to improve tagging
performance, which was described as being unproblematic with GFP by the authors.
Willig et al. added GFPends and the mutation E218G to Padron to improve mammalian
expression in 2011 [195]. The same GFPends were added to generate pa57, which displayed
no obvious changes with regards to its switching capabilities. Although the direct effect
of GFPends on tagging performance of Padron was not addressed in this thesis, the new
Padron variants showed improved labeling of cellular structures. The observation that
the addition of GFPends could rescue fluorescence of Kohinoor that was otherwise lost
during seminative PAGE (fig. 7.7) suggested an additional contribution of GFPends to sta-
bility of the proteins at unfavorable environmental conditions like the presence of a detergent.

In conclusion, a large portion of the positions mutated to create Padron 1.9, 2.0, and 2.1
have been described to be involved in critical properties of other fluorescent proteins from
Anthozoa. These involvements were directly associated with either the dynamics observed
during switching in Dronpa or IrisFP (Thr58, Arg66, Ala69, Leu141), or with the interaction
of monomers during oligomerization (Glu218, GFPends). Other positions like Met40, Ser190,
or Arg221 where in close vicinity to amino acids described to have an influence on the prop-
erties of fluorescent proteins. However, although the comparison of published data with the
results presented in this thesis could explain the changes of protein characteristics observed
in response to single mutations, all conclusions remain speculative. The majority of research
referenced was conducted with negatively or non-switchable proteins, whereas Padron is a
positively switching RSFP with distinct changes of the underlying mechanism [61, 140]. To
validate the assumptions made here, further research aimed at the elucidation of mechanistic
and structural events during switching of Padron 2.0 is needed. 4 of the 11 positions mutated
in Padron had been altered in Kohinoor as well, 3 of those mutations were identical to the
changes in Padron 2.0 (L141P, F173S, S190A/D, E218G). However, the resulting properties
with regards to the switching performance was markedly different and will be discussed in
the following sections.

4.2.4 The bright intermediate state

The initial focus on the on-switching speed during screening of mutants resulted in the gen-
eration of intermediate Padron variants such as pa69, which displayed a distinct and unusual
switching behavior. While the activation curve of Padron has a shape similar to the graph
shown in figure 4.4a and displays the expected exponential increase, the former variants
showed a fast increase of fluorescence during on-switching with a following decay to a state
of lower fluorescence (fig. 4.4b). This additional peak resulted in intricate behavior of sam-
ples in microscopy. Samples labeled with these variants quickly returned to the on-state
during readout after deactivation, which was a problem for the establishment of RESOLFT
nanoscopy. In addition, it was observed that images which were recorded with both the
doughnut-shaped 405 nm and the readout 488 nm laser activated simultaneously displayed
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increased photon counts compared to images recorded with the readout laser alone (data not
shown). Because this increase in signal could not be attributed to (auto)fluorescence of the
sample in response to 405 nm excitation, it was reasoned that the additional counts origi-
nated from the bright intermediate state observed during screening, whose contribution to
the fluorescence signal was higher than the initial loss during the first part of the activation
curve (fig. 4.4).

Figure 4.4: Fluorescence contribution of the bright intermediate state. (a) On-
switching curve of a positively switching RSFP such as Padron 2.0. The area under the curve
represents total fluorescence recorded during the activation after off-switching. Without prior
deactivation, the fluorescence of a fully activated RSFP recorded would amount to the sum
of A1 and A2. (b) On-switching curve of a positively switching RSFP that switches on with a
bright intermediate state, such as the intermediate variant pa69. The additional fluorescence
A3 is larger than the contribution of A1, which is lost due to prior deactivation. The sum
of A2 and A3 thus exceeds the fluorescence of an RSFP in the equilibrated full on-state (A1
and A2).

This behavior had implications for potential RESOLFT imaging of variants displaying the
bright intermediate state: In addition to the fast activation of peripheral fluorophores during
readout, their maximal intensity exceeded the equilibrated on-state intensity from central
fluorophores. Moreover, the bright intermediate state had a distinct bleaching behavior dif-
ferent from that of the on-state that influenced kinetics of the fluorophore, which additionally
complicated establishment for RESOLFT nanoscopy with such variants.
A possible explanation for the effects described above might be found in the detailed switch-
ing mechanics of Padron, which were elucidated by Faro et al. by switching a Padron crystal
at 100K and employing molecular dynamics simulations [61]. They found that Padron, in
contrast to Dronpa [125, 139], undergoes only minor structural changes upon switching from
the non-fluorescent trans-state to the fluorescent cis-state. The first event was described to
be the trans-cis isomerization to an intermediate state Icis, which relaxed to a structurally
identical state Bcis within minutes at 100K. Both states displayed similar absorption spectra
with a blue-shifted peak for Icis. A temperature increase above the glass transition tempera-
ture resulted in protonation of this state and a decrease of the deprotonated absorption peak
in favor of an increased protonated peak [61].
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These events support the idea of a bright intermediate state. In addition, the shifted absorp-
tion peak of Icis is closer to the excitation wavelength of 488 nm used in both the automated
screening microscope as well as the RESOLFT microscope. The following protonation re-
sulted in a lower absorption at this wavelength, strongly decreasing excitation. Lastly, this
protonation occurred concurrently with a blue-shift and broadening of the emission spectrum
upon increasing the temperature above the glass transition temperature [61]. This altered
emission spectrum was closer to the cutoff wavelength of the filters used in both setups. As
multiple amino acids in the chromophore cavity were mutated in the process of generating the
new Padron variants, the processes described were most likely influenced by this. Faro et al.
described relaxation dynamics in the range of minutes at 100K, at room temperature the
kinetics are expected to be much faster. The intermediate variants of Padron presumably
allowed for the population of the bright intermediate state that was not seen in Padron at the
intensities used due to slower kinetics of the processes following chromophore isomerization,
which would be equivalent to a prolonged lifetime of the intermediate state. Higher intensities
were observed to result in an even higher peak in the activation curve, which is in line with
a more concerted population of this state.
With the R66K mutation in paA23, the bright intermediate state could not be observed with
the intensities applied in the measurements performed for this thesis. This suggested either
entirely different or faster dynamics of events following the trans-cis isomerization, which
could be revealed by faster population of a putative intermediate bright state with higher
laser intensities. Faro et al. stated that the minor structural changes, which do occur during
the isomerization, take place exclusively above the chromophore [61]. The mutation of Arg66,
which is situated below, possibly could have shifted these movements to its surroundings. The
involvement of chromophore protonation in the bright intermediate state is supported by the
interaction of Arg66 with His193, which was described to influence protonation [140, 142].
Because the bright intermediate state was unfavorable for RESOLFT applications, it was
not analyzed in detail in this thesis, but intermediate variants presented here might consti-
tute valuable candidates for further elucidation of the processes involved in the switching of
Padron. In the final variants, however, this state was eradicated or at least strongly attenu-
ated at the intensities applied for switching. This change resulted in switching characteristics
that were suitable for RESOLFT nanoscopy.

4.2.5 Improved protein and switching characteristics of the new Padron variants

Screening of Padron variants was conducted at comparatively high laser intensities in the
range of kW/cm2 in order to reveal variants that performed well at these intensities and
allowed for fast switching during RESOLFT nanoscopy. However, absolute relations be-
tween laser intensities applied and switching characteristics obtained from bacterial colonies
measured at the automated screening microscope could not be directly transferred to the
RESOLFT microscope due to inherent technical differences between the microscopes and
samples: While the RESOLFT microscope constituted a confocal setup and samples were
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live HeLa cells measured at the interface between cell and a glass coverslip, bacterial colonies
were an opaque, light-scattering sample, and the automated screening microscope had only
a semi-confocal configuration with a pinhole size of multiple Airy units. Nevertheless, based
on repeated empirical observations, the improvements of switching characteristics revealed
at the latter microscope transferred well to RESOLFT applications. In this regard, the new
Padron variants constituted a considerable improvement over Padron and Kohinoor.
Initial steps in the mutagenesis of Padron were aimed at improving activation speed to ac-
celerate RESOLFT nanoscopy with shorter pixel dwell times. Unfortunately, this resulted
in the generation of variants that displayed the bright intermediate state during activation.
Variants following pa69 therefore were selected by favoring off-switching performance over
activation speed. Still, half-times of the new Padron variants were approximately twice as
fast compared to Padron, and on par with the performance of Kohinoor at lower kW/cm2

intensities. At higher intensities the activation of Kohinoor was faster than in the new Padron
variants, suggesting a non-linear light response to the 488 nm intensity. Likewise, switching
to 95% of the full on-state required more time for Kohinoor at low and less time at high
intensities.
Favoring deactivation over activation during later screenings resulted in variants which dis-
played a high propensity to switch to the off-state upon irradiation with 405 nm. This prop-
erty was significantly higher in the new Padron variants than in the original Padron and
Kohinoor. The altered absorption spectra of the new Padron variants displayed an increase
of the protonated absorption peak in the UV range of the on-state, explaining their increased
tendency to absorb in this range and switch to the off-state. Conversely, Kohinoor showed a
similar change of the absorption spectrum in the on-state, but switching to the off-state in
E. coli was slow despite an increased protonated absorption peak. However, the kinetics of
switching are also determined by the switching quantum yield, which was not addressed in
this thesis and could explain the different kinetics observed for the new variants and Kohi-
noor. In addition, the apparent kinetic is influenced by the lifetimes of possible intermediate
states and thus cannot be explained solely by altered absorption spectra [81].
The achievable residual off-state fluorescence intensity values of Kohinoor in bacterial colonies
were even higher than in the original Padron. This was in contrast to in vitro switching,
where Kohinoor reached similar off-state values as the new Padron variants. However, the
intensities applied in vitro were much lower than the intensities applied in the automated
screening microscope and those typically used in RESOLFT nanoscopy [124], supporting the
idea of a non-linear dependency from the 405 nm intensity applied. One possible explanation
for this effect could be the difference of RSFP concentrations between samples. While in
vitro switching analysis was performed at approximately 20 µM, a range where PDM1-4 and
Dronpa transition from monomer to dimer or tetramer, respectively [193], concentrations
were expected to be in the mM range within E. coli cells [196].
In E. coli, high 405 nm intensities were detrimental for Padron and Kohinoor during off-
switching, resulting in an increase of the residual fluorescence at higher doses, suggesting
that 405 nm irradiation at these intensities induced photobleaching. This behavior restricts

87



4 Discussion

the applicability of Padron and Kohinoor in RESOLFT nanoscopy as it limits the acceleration
of pixel dwell times with increased laser intensities. It would also complicate the establish-
ment of RESOLFT nanoscopy itself due to the non-linear correlation of achieved residual
fluorescence and the dose of 405 nm light applied. It is to be expected that the effective light
intensity that switches the chromophores in RESOLFT nanoscopy is higher than in opaque
samples at the automated screening microscope.
Conversely, no negative effect of 405 nm irradiation could be seen in the new variants, and
Padron 2.0 could sustain even prolonged irradiation, making it less sensitive to suboptimal
imaging parameters. A possible explanation for the differences observed in this aspect be-
tween the new variants and Kohinoor or Padron could be altered kinetics for the protonation
of the chromophore after isomerization: Upon switching to the off-state, the fluorescence
peak of the protonated form vanishes with a concomitant increase of the absorption peak of
the deprotonated form. If this deprotonation occurs much slower in Padron and Kohinoor,
they remain sensitive to 405 nm excitation for a longer time after switching, which would
result in photobleaching.
This improved 405 nm response most likely also benefited the new Padron variants in the
analysis of switching fatigue, which was analyzed by repeated switching between 5% resid-
ual fluorescence and 95% of the full on-state. In addition, due to the fast switching of these
variants, the irradiation duration of a single cycle was short in comparison to Padron and Ko-
hinoor. Andresen et al. stated that the bleaching in Padron during repeated cycling mainly
originated from fluorescence excitation and did not differ from photobleaching of the on-
state [120]. Photobleaching in response to fluorescence excitation during repeated switching
between saturated states is a considerable factor for positively switching RSFPs, because the
majority of RSFPs in an ensemble are quickly rendered sensitive to their excitation wave-
length (fig. 4.5). In the data presented here, the on-states of Kohinoor and Padron were
more susceptible to photobleaching than Padron 2.0 and 2.1 (fig. 3.13), and both Kohinoor
and Padron needed longer irradiation to be activated as well as to be switched off (figs. 3.9
and 3.10), which also added 405 nm induced photodamage. These factors combined resulted
in the low performance observed in the analysis of switching fatigue, while Padron 2.0 could
perform almost 1000 cycles before it was bleached to 50%. This value is comparable to the
performance of rsEGFP and amounts to about 50% of the cycles rsEGFP2 could undergo;
albeit, the latter proteins were characterized in live Ptk2 cells expressing vimentin fusion con-
structs [123, 124]. However, rsEGFP and rsEGFP2 are negatively switching RSFPs, which
leaves Padron 2.0 as the best performing positively switching RSFP published so far.
The new Padron variants also show an activation process in the form of an initial increase
in maximal fluorescence intensity during repeated switching. This was also found in rsCher-
ryRev, a negatively switching variant of rsCherry [122]. The authors attributed this effect
to structural rearrangements in response to switching and found that it was only present in
variants that had a cysteine residue positioned opposite of the chromophore. No statement
was made about the molecular mechanism, but as the final padron variants had no additional
cysteine, this effect is probably not tied to the physical properties of cysteine itself. If such
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Figure 4.5: Fluorescence excitation during switching. Positively and negatively
switching RSFPs in an ensemble fluoresce to a different extent while they are switched with
their respective excitation wavelength. (a) Off-switching curve of a negatively switchable
RSFP. Due to the exponential decay, the amount of RSFPs in the on-state quickly decreases
during off-switching so that only a relatively small population of the ensemble is susceptible
to photobleaching during saturation. (b) On-switching curve of a positively switchable RSFP.
Due to the exponential increase of fluorescent RSFPs during on-switching, a relatively large
population is susceptible to photobleaching during saturation.

structural rearrangements in response to switching exist, however, they could explain the
different equilibrium state fluorescence intensities found in Padron 2.1, which resulted from
different on-state intensities depending on the sequential order of on- and off-switching in
vitro.
Aside from switching improvements, the spectral properties of the new padron variants were
considerably altered. Lower absorption coefficients at the maximum of the deprotonated
states, which albeit were blue-shifted and thus closer to the 488 nm excitation laser in the
RESOLFT microscope, and a lower quantum yield in all variants resulted in impaired molec-
ular brightness. This was likely influenced by the lower acid tolerance of padron variants,
which in turn displayed a better tolerance of high pH values above 8.5 than Padron. How-
ever, the pH-dependency was only analyzed for the ground state, so that an influence of the
switching state in these measurements cannot be excluded, although the on-state pKa value
of Padron0.9 was published to be 6.0 [140], which is in line with 5.9 for Padron.
4 of the 11 mutations introduced into Padron 2.0, namely L141P, S190D, E218G and R221G,
had side chains pointing to the outside of the β-barrel. Although E218G was described to
be in part responsible for the tetramerization of 22G [142], Padron 2.0 was found to be a
monomer at 6℃ and 10 µM, which makes it the Padron variant with the least propensity
to oligomerize. In contrast, Kohinoor was found to dimerize under these conditions. Of
the 7 mutations that distinguish Kohinoor from Padron, 6 had side chains on the outside
of the β-barrel, with two of them being N102I and E218G. Asparagine and glutamate at
these positions were sufficient to break tetramerization in Dronpa [142], and the mutations
at these two positions are likely responsible for the dimerization tendency of Kohinoor. The
4 residual mutations on the exterior likely attenuated the oligomerization tendency. While
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Padron formed stable tetramers, Kohinoor displayed fast equilibrium formation of the dimer,
suggesting that the mutations of residues pointing to the outside of the structure could po-
tentially lead to improved monomeric behavior in other variants. Padron 2.0 could benefit
from this observation because high concentrations still resulted in the formation of tetramers.
In conclusion, Padron 2.0 displayed minor drawbacks with regards to brightness or its
oligomerization, but was the best performing Padron variant analyzed in this thesis. Espe-
cially its improved switching fatigue and off-switching efficiency were improved, two critical
parameters for the establishment of RESOLFT nanoscopy with this RSFP. In addition, its
improved expression and maturation rendered it suitable for live-cell applications. Padron 1.9
and 2.1 shared many of the improvements, but showed some additional drawbacks in com-
parison with Padron 2.0.

4.2.5.1 Padron 1.9 and 2.1

Padron 1.9, 2.0, and 2.1 had very similar spectral characteristics, and switching parameters
such as the residual off-state fluorescence were comparable to Padron 2.0. Certain key aspects,
however, differed considerably between variants. Padron 1.9 on the one hand was brighter
than Padron 2.0 and displayed better tolerance of low pH values, but was more sensitive to
photobleaching and switching fatigue. Therefore, it would be the better candidate for sce-
narios in which a bright positively switching RSFP with a limited number of switching cycles
is needed, such as single image RESOLFT microscopy of sparsely labeled structures.
In contrast, finding a suitable application for Padron 2.1 was more problematic due to its
drawbacks. While the lowered brightness compared to Padron 2.0 was compensated by lower
residual fluorescence and better switching fatigue performance, the markedly higher propen-
sity to oligomerize could be a challenge in applications where dynamic interactions are of
interest. In addition, the determination of spectral properties suffered from low reproducibil-
ity, which is visible in the high standard deviation of the extinction coefficient of Padron 2.1:
It amounted to about one third of the parameter value. If these difficulties were due to
the oligomeric tendency of Padron 2.1 and slowly adapting equilibria, the elimination of a
putative interface between monomers evoked by the mutation K145N could solve them. The
feasibility of this was shown for IrisFP and pcDronpa [169, 182].
Because of these drawbacks, Padron 1.9 and 2.1 were not used to establish RESOLFT mi-
croscopy in favor of Padron 2.0, which was considered to be the variant with the most promis-
ing characteristics for this application. However, their switching characteristics suggest a good
qualification for RESOLFT nanoscopy applications.

4.2.6 RESOLFT nanoscopy with Padron 2.0

RESOLFT nanoscopy with Padron 2.0 was demonstrated with 3 different approaches in HeLa
cells transiently transfected with vimentin fusion constructs. While the vimentin structures
displayed a tendency to build condensed, thickened filaments in response to overexpression
of fusion constructs, STED imaging of the samples could prove their suitability for the es-
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tablishment of RESOLFT microscopy. With Padron 2.0, STED imaging revealed a minimal
filament size below a FWHM of 50 nm. Similarly, RESOLFT imaging with sequential acti-
vation, deactivation, and readout could achieve a FWHM of 58 nm. This value was higher
than, but comparable to, 45–48 nm achieved with keratin19-rsEGFP2 fusion constructs [124]
at similar pixel dwell times. RESOLFT images with rsEGFP as a fusion label could achieve
a resolution as low as 36 nm, but required pixel dwell times of up to 22ms [123]. However,
imaging with a positively switching RSFP has advantages over negatively switching RSFPs.
If sub-diffraction resolution is only needed at certain time points during time-lapse imaging,
Padron 2.0 can be imaged without any activation step, which in contrast is necessary for
negatively switching RSFPs and would increase the amount of light the sample is exposed
to. Naturally, this also applies to STED imaging with Padron, where omitting the activation
step could further accelerate image acquisition.
Compared to sequential switching, the second approach in which the 405 nm doughnut was
kept active during the readout step displayed a higher minimal FWHM of 68 nm, but overall
resolution was comparable to the first sequential approach. The FWHM values of around
80 nm were also in line with the resolution claimed by Tiwari et al. for RESOLFT nanoscopy
with Kohinoor in a similar approach [121]. However, the image presented in their study
displays severe loss of fluorescence signal in dimmer filaments (fig. 1.10).
Finally, the third RESOLFT approach in this thesis simplified the switching scheme by omit-
ting the activation step, establishing one-step RESOLFT. This employed the hypothesized
advantage of positively switching RSFPs for RESOLFT microscopy. Negatively switching
RSFPs limit the photon budget in RESOLFT imaging because the readout wavelength also
switches the fluorophore to the off-state. For dim structures, this requires multiple switch-
ing cycles to increase the photon budget by accumulating multiple pixel dwell times. With
one-step RESOLFT, it could be shown that ensemble suppression of peripheral fluorophores
with a 405 nm doughnut was indeed possible, achieving lateral resolutions for single filaments
of 74 nm. The decisive characteristic which allowed this mode of RESOLFT nanoscopy was
the improved off-switching rate koff of Padron 2.0 (fig. 4.6). If koff is lower than the rate
for on-switching kon, the activation of fluorophores cannot be compensated by off-switching
with 405 nm (fig. 4.6d). Conversely, if koff is faster than kon, simultaneous irradiation with
a 405 nm doughnut and a Gaussian-shaped 488 nm readout laser can suppress the ensemble
activation of peripheral fluorophores, confining the fluorescence excitation volume to a vol-
ume that is smaller than the diffraction limit (fig. 4.6c). This effect is further promoted by
different spatial distribution of the doughnut and the Gaussian-shaped beam peak intensities:
The circular maximal fluorescence of the doughnut is aligned with the sides of the Gaussian
spot (fig. 4.6c, d).
Confinement of fluorescence excitation to the central region is achieved by two entangled
mechanisms. Naturally, other non-radiative decay processes than those described below ap-
ply, but will be ignored for the following contemplation. The 405 nm doughnut switches
the majority of fluorophores to the non-fluorescent off-state, from which 488 nm excitation
does not result in fluorescence emission, but rather switches the RSFP back to the on-state.
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Figure 4.6: Theoretical basis of one-step RESOLFT. (a) Padron variants displayed
different rates for switching to the off-state (koff rate constant) and to the on-state (kon
rate constant). (b) During one-step RESOLFT imaging both the 405 nm doughnut and the
488 nm Gaussian-shaped laser were active for the complete dwell time at all coordinates.
(c) With a rate constant koff much larger than kon the off-switching doughnut (purple graph)
was dominant in comparison to the on-switching readout laser (blue graph). This resulted
in a smaller effective PSF for fluorescence excitation confining the source of fluorescence to
nanoscale dimensions. (d) With a rate constant koff much smaller than kon activation of fluo-
rophores cannot be compensated by off-switching, resulting an effective PSF for fluorescence
excitation that barely differs from diffraction-limited applications.

Here, a single fluorophore can absorb a photon with a wavelength of 405 nm, resulting in
off-switching, or one with a wavelength of 488 nm, resulting in fluorescence emission. Which
of these events occurs is a stochastic process and can thus be steered by the intensity ratio
of deactivation and readout laser, reminiscent of the principle of STED [40, 41]. Therefore,
under the assumption that during fluorescence readout a steady-state of fluorophores in the
off- and on-state has formed, the achievable resolution is in theory regulated only by the
ratio of 405 nm and 488 nm light intensities for Padron 2.0 in one-step RESOLFT nanoscopy
and allows for arbitrary readout duration. In contrast, the sequential approach regulates the
confinement of the excitation volume via both doughnut intensity and duration, and readout
is limited by activation of peripheral fluorophores.
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However, in practical applications, certain limitations apply. The confinement of active fluo-
rophores is limited by the switching background. If the sub-diffraction sized excited spot is
very small, its contribution to the pixel photon counts can be masked by active fluorophores
from the periphery, resulting in a diffraction-limited fluorescence readout. For rsEGFP2, the
residual fluorescence was reported to be approximately 10% in eukaryotic cells [124]. While
Padron 2.0 could achieve a switching background below 1% in E. coli, the residual fluorescence
in eukaryotic cells is unknown and needs to be addressed in further studies. Another factor in
the one-step RESOLFT approach is 405 nm induced fluorescence. In the case of Padron 2.0, it
results from both autofluorescence of the cell as well as Padron 2.0 itself, which displays weak
fluorescence emission in response to 405 nm excitation. Nevertheless, high 405 nm intensities
and a small fluorescence contribution of central fluorophores could potentially result in a
relevant photon count from 405 nm induced fluorescence. This could potentially be overcome
by FLIM, but the fluorescence lifetime of intracellular molecules like NADH and porphyrin or
GFP has been shown to depend on the tissue or the viability of the cell, respectively [4, 197].
Consequently, the applicability of FLIM has to be evaluated for each respective experiment
due to the multitude of factors influencing fluorescence lifetime [198].
After all, high 405 nm intensities could also result in severe photodamage to the cell [177, 199].
Wäldchen et al. analyzed the influence of prolonged illumination as it occurs in PALM ex-
periments on cellular viability. For 405 nm they found that at an intensity of 0.02 kW/cm2

illumination of the whole cell for 60 seconds amounting to 1200 J/cm2 was sufficient to kill
all U2OS cells irradiated with a continuous wave laser. Other findings presented were: less
phototoxicity of continuous wave laser irradiation compared to pulsed irradiation, a higher
resistance of HeLa cells compared to U2OS cells, better tolerance of light at 37℃, and in-
creased damage in the presence of fluorophores. Lowering the 405 nm dose to 480 J/cm2

resulted in cell death of 14± 20% of the cells, while 48 J/cm2 killed 3± 8%. The latter value
was thus recommended as the uncritical limit [177]. While 405 nm exposure for the activation
step of rsEGFP2 is relatively short and does not exceed this value [124, 177], the deactivation
step for RESOLFT images presented here was in the range of 57–93 J/cm2 (cf. tab. 5.10 in
the methods section). This range exceeded the recommended dose of 48 J/cm2 by a factor of
approximately 2. Considering the effects observed at 480 J/cm2 by the authors, the values
used here were expected to cause only minor phototoxic effects. Indeed, no phototoxic effects
were observed when images were recorded for this thesis, but viability of imaged cells was
not addressed with a dedicated experiment. In addition, Wäldchen et al. performed their
experiments under constant or pulsed illumination of whole cells. In contrast, RESOLFT
nanoscopy as a coordinate-targeted point scanning method limits the irradiation to a small
volume that is moved through the cell. The spatial and temporal distribution of irradiation
within the cell could result in a different response, giving the cell more time to cope with
phototoxic effects. Padron 2.1 displayed more efficient switching to the off-state and could
potentially reach 405 nm doses below 48 J/cm2.
For the different RESOLFT approaches shown here, 405 nm doses did not differ fundamen-
tally. As Padron 2.0 could be shown to withstand prolonged 405 nm irradiation without
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any influence on the switching background, it can be assumed that the lower bleaching of
Padron 2.0 during one-step RESOLFT in comparison with sequential switching resulted from
the omission of the activation step.
Another possibility to reduce phototoxic effects could be the establishment of two-photon-
illumination. It was shown that Kohinoor can be excited with a wavelength of 900 nm,
and Dronpa-M159T [125] could be switched to the on-state via two-photon absorption [200].
Whether these observations can be applied to Padron 2.0 is unknown, but the employment
of two-photon switching in both states would solve not only 405 nm induced phototoxicity
but also optical problems occurring with the use of this wavelength. A higher wavelength
allows for a deeper penetration depth in tissue, whereas aberrations of 405 nm result in both
a misshaped doughnut as well as a spatial mismatch of readout and deactivation beam [14].
The RESOLFT images presented here display the potential of Padron 2.0 for nanoscopy and
further studies can elaborate on this. The original Padron was demonstrated to facilitate
three-color imaging with bsDronpa and rsFastLime [120], albeit with diffraction-limited mi-
croscopy. This approach, however, is not applicable for Padron 2.0 as it relies on the full
deactivation of Padron with 405 nm and subsequent spectral separation of bsDronpa and
rsFastLime. The latter two RSFPs display negative switching, Padron 2.0 deactivation with
a 405 nm doughnut would thus transfer them to the fluorescent on-state and result in over-
lapping emission of all proteins, which could not be separated spectrally. This behavior
excludes the combination of Padron 2.0 with negatively switching RSFPs with similar fluo-
rescence excitation and emission. Red-shifted RSFPs on the other hand would allow for spec-
tral separation. Recently, live-cell RESOLFT nanoscopy has been demonstrated with rsFu-
sionRed3 [129]. This red-shifted negatively switching RSFP can be activated with 405 nm or
488 nm, but requires fluorescence excitation with 592 nm, which is well separated from the ex-
citation and emission range of Padron 2.0. However, different doughnut-shaped off-switching
lasers are required: Both rsFusionRed3 and Padron 2.0 can be deactivated simultaneously
with a 405 nm and a 592 nm doughnut. Readout has to occur sequentially within the time
frame of a single pixel as 488 nm readout of Padron would activate peripheral rsFusionRed3
fluorophores [129]. This would multiply the pixel dwell time. In contrast, a combination
with a red-shifted positively switching RSFP could overcome this drawback, which has been
demonstrated for negatively switching RSFPs in 2014 [154]. In 2008, Stiel et al. published
rsCherry [122], but no RESOLFT applications have been presented so far. Off-switching
of rsCherry was demonstrated with 445 nm, whereas rsFusionRed3 activation was shown to
be feasible with a wide range of wavelengths, namely 405 nm, 488 nm, and 510 nm [129].
Ideally, a red-shifted positively switching RSFP that could be switched to the off-state with
405 nm with kinetics similar to Padron 2.0 would enable two-color RESOLFT imaging without
prolonged pixel dwell times. Deactivation would occur for both fluorophores with the same
doughnut, and readout could be facilitated simultaneously with two wavelengths and spectral
separation. The use of FLIM would allow the combination of spectrally identical proteins if
the fluorescence lifetimes are sufficiently separated, which has been shown for a combination
of rsEGFP and Dronpa [5]. The lifetimes of these proteins differ by 0.9 ns, which is almost
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identical to the difference of 0.8 ns measured for Padron 2.0 and 2.1. Because both proteins
display similar switching characteristics, they would constitute an ideal pair for RESOLFT
nanoscopy with FLIM, which of course could be extended to three-color nanoscopy with a
matching red-shifted positively switching RSFP.
Furthermore, the switching characteristics of Padron 2.0 and the other new variants render
them promising candidates for the establishment of RESOLFT implementations different
from the point-scanning approach used here. While NL SIM imaging was demonstrated
with Kohinoor [161], the improved switching characteristics of the new variants are ex-
pected to enhance this application of a positively switchable RSFP. Moreover, the efficient
off-switching kinetics are expected to result in good performance in protected STED mea-
surements, where peripheral fluorophores are rendered unresponsive to the STED wavelength
and display less bleaching than in standard STED imaging [174]. While one-step RESOLFT
could be demonstrated with short pixel dwell times in this thesis allowing for fast point-
scanning RESOLFT nanoscopy, the new variants would benefit from further acceleration
with parallelized RESOLFT [129, 156, 158, 159]. Alternatively, positively switchable RSFPs
are particularly suited for smart RESOLFT [155]. In order accelerate imaging and to reduce
the light dose, smart RESOLFT probes the fluorescence at every position. If no fluorescence
is recorded during this probing step, the switching sequence is omitted and the scanner moves
to the next position. Negatively switching RSFPs necessarily have to be switched with an
additional wavelength in the probing step. Conversely, positively switchable RSFPs result in
a further reduction of the light dose applied to the sample due to the nature of their switching
regime.

4.3 Conclusion and outlook

In conclusion, one-step RESOLFT nanoscopy with Padron 2.0 could be shown as a fast im-
plementation of a positively switching RSFP that matched pixel dwell times reported for
rsEGFP2 [124]. This was made possible by the significantly improved off-switching efficiency,
which allowed for suppression of activation and fluorescence emission under simultaneous irra-
diation with light of 405 nm and 488 nm. One-step RESOLFT provides a simplified approach
to RESOLFT nanoscopy in which the achievable resolution is defined by the intensity ratios
of doughnut- and Gaussian-shaped beams.
It could also be shown that Padron 2.0 displays strongly improved switching characteristics
in comparison to Kohinoor. The most critical differences were the efficient off-switching of
Padron 2.0 under simultaneous 488 nm irradiation and its significantly higher switching fa-
tigue performance. In both parameters, Kohinoor displayed only minor improvements in
comparison to Padron. These are expected to be insufficient for its application in one-step
RESOLFT microscopy.
Padron 1.9 is a bright positively switching RSFP suitable for applications where high fluo-
rescence emission is more important than a high number of switching cycles, and Padron 2.1
displayed an increased off-switching performance in comparison to Padron 2.0. Potentially,
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the advantages of Padron 1.9 and 2.1 could also be introduced to Padron 2.0 without the
drawbacks of the former variants in further studies. Minor drawbacks like oligomerization of
Padron 2.0 at high concentrations exist, but the comparison with Kohinoor and other FPs
with high sequence identity has shown that there are multiple sites in the protein that could
be addressed with additional mutageneses to improve this aspect.
Further improvements of Padron 2.0 should be aided by the analysis of structural changes
induced by the mutations introduced so far to verify or falsify the theories discussed in
section 4.2.3. At the moment, the structural mechanisms that are responsible for the im-
provements observed remain elusive. The analysis of the altered structural organization is
expected to reveal distinct changes within the network of interactions present within the
β-barrel. Further mutagenesis could elaborate on such findings, allowing for the generation
of even better performing positively switchable RSFPs.
Moreover, future studies should focus on enhancing the range of applications. Padron 2.0 and
2.1 likely constitute suitable pair of candidates for two-color RESOLFT imaging with FLIM,
which could be further extended with a red-shifted positively switching RSFP. Moreover, the
implementation of faster RESOLFT nanoscopy methods should extend the range of applica-
tions for the new variants in the elucidation of live-cell dynamics. The images shown here
provide a starting point for the imaging of more complex tissue samples or organisms.
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If not listed in the protocol, detailed concentrations of buffers, solutions, and media are listed
in chapter 6. Primer sequences are listed in section 6.3.

5.1 Protein expression

5.1.1 Bacterial expression systems

5.1.1.1 Plasmids

pQE-31 expression vector Padron mutants up to variant pa69 were mutagenized in the
pQE-31 vector (Qiagen, Hilden, Germany). pQE-31 is a 3.4 kbp expression vector featuring
the colE1 origin of replication and a β-lactamase gene for ampicillin resistance. Expression
of the protein inserted into the multiple cloning site (MCS) is regulated by the T5 promoter
and lac operator. A 6xHis-tag is added to the protein N-terminally. Padron variants were
inserted into the MCS with restriction enzymes BamHI and HindIII (see section 5.2.1 for
detailed protocols). Sequencing was done with either primer 298 (forward) or 299 (reverse).

pBAD expression vector Padron mutants following pa69 were expressed and mutagenized
in the pBAD/HisB backbone of pBAD-mKalama1, which was a gift from Robert Campbell
(Addgene Plasmid #14892 [201]). Expression is controlled by the araBAD promoter and a
6xHis-tag is added N-terminally to the protein inserted into the MCS. The vector also features
a β-lactamase gene for ampicillin resistance. For comparative measurements, all Padron
variants were cloned into this vector via polymerase chain reaction (PCR) amplification of
the variant from the pQE-31 plasmid with primers 4027 and 4098 (variants without GFPends)
or 2943 and 3048 (variants with GFPends). Padron variants were inserted into pBAD/HisB
with restriction enzymes EcoRI and XhoI. Sequencing was done with either primer 1639
(forward) or 1640 (reverse). pBAD plasmids coding for DsRed, dTomato and mEGFP had
previously been cloned in our group. DsRed originated from DsRed1-N1-pRSETa [202],
dTomato from pRSETb-dTomato, which was a gift from Roger Tsien [98], and mEGFP had
been created by site-directed mutagenesis from pRSETa-EGFP [202].

Kohinoor Kohinoor/pRSETb was a gift from Takeharu Nagai (Addgene plasmid
#67770 [121]). Kohinoor was amplified from this vector via PCR with primers 4027 and
4098 followed by insertion into the pBAD/HisB vector with restriction enzymes EcoRI and
XhoI.

5.1.1.2 Bacterial strains

DH5α E. coli DH5α bacteria were used for amplification of plasmids after cloning. This
strain was originally bought as MAX Efficiency® DH5α™ Competent Cells (Invitrogen, Carls-
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bad, CA, USA) and proliferated in lysogeny broth (LB-medium) in the lab. For all applica-
tions described in this thesis electrocompetent cells were prepared (cf. section 5.1.1.3).

SURE SURE competent cells (Stratagene, CA, USA) were used for expression of proteins
from the pQE-31 vector. Untransformed SURE E. coli were grown in LB-medium into larger
cultures from which electrocompetent aliquots were prepared (cf. section 5.1.1.3).

TOP10 E. coli TOP10 bacteria were used for expression of proteins cloned into the
pBAD/HisB vector. This strain was originally bought as ready-to-use electrocompetent cells
(One Shot™ TOP10 Electrocomp™ E. coli, Thermo Fisher Scientific, Waltham, MA, USA).
For all applications described in this thesis, untransformed TOP10 E. coli were grown in
LB-medium into larger cultures from which electrocompetent aliquots were prepared (cf.
section 5.1.1.3).

5.1.1.3 Transformation

Bacterial cells were transformed via electroporation with a modified protocol based on a
publication from Dower et al. [203].

Electrocompetency In order to prepare bacterial strains for electroporation, 500ml LB-
medium were inoculated with 5ml of an overnight culture. The culture was grown to an
OD600 value of 0.6–1.0 and then cooled on ice for 15–30min. Cells were pelleted at 3079 rcf
and 4℃ in a Sorvall RC6 Plus cooling centrifuge with HS-4 rotor (Thermo Fisher Scientific,
Waltham, MA, USA). The cell pellet was resuspended once with 500ml sterile H2O, once with
250ml sterile H2O and once with 10ml 10% glycerin, and cells were subsequently pelleted
under the same conditions as before. Pellets were resuspended in 1ml 10% glycerin and
stored as 50 µl aliquots at –80℃.

Electrotransformation Aliquots of electrocompetent cells were thawed on ice and diluted
with 70–270 µl sterile water on ice for 1–5 transfections, respectively. 1 µl purified plasmid
containing approximately 75–300 ng DNA, 5 µl mutagenesis sample, or 5 µl ligation sample
were mixed with 50 µl diluted electrocompetent cells and transferred to an electroporation cu-
vette (Cell Projects, Herrietsham, UK). Electroporation was performed with a pulse controller
set to 200Ω and a gene pulser set to 25 µF (both BioRad, Hercules, CA, USA). Transformed
samples were diluted in 1ml LB-medium and incubated for approximately 1 h at 37℃ before
LB-plates or LB liquid cultures were inoculated.

5.1.1.4 Growth conditions

Transformed E. coli were either used for inoculation of LB-plates on the same day or stored for
up to 2 weeks at 4℃. Inoculation was done with an inoculating loop (cloning, plasmid prepa-
ration, RSFP characterization) or by distributing diluted transformed E. coli on the whole
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plate (screenings). Temperature for bacterial growth was 30℃ or 37℃. LB-plates used for
protein expression from the pBAD vector contained 0.02% (w/v) arabinose, whereas expres-
sion from the pQE-31 vector was sufficient without induction. Detailed growth conditions
such as incubation times and storage conditions prior to measurements are described in the
respective methods section.

5.1.2 Mammalian expression systems

5.1.2.1 Mammalian plasmids

All coding sequences of fluorescent proteins were PCR amplified from the pBAD plasmids
described in section 5.1.1.1. The respective primers that were used to amplify Padron vari-
ants and the restriction enzymes used for insertion into the expression plasmid are listed in
table 5.1. Sequences of primers used for cloning are listed in table 6.3 in section 6.3, primers
used for sequencing are listed in table 6.1 in the same section.

Table 5.1: Primers and restriction enzymes used for cloning of mammalian fusion constructs

Primer (forward, reverse)
Fusion construct Padron 1.9, 2.0, 2.1 Padron, Kohinoor Enzymes

Caveolin 4605, 4604 9369, 9370 AgeI, NotI
Centromeres 914, 3978 9362, 9376 NheI, XhoI
Cytosolic 4605, 4604 9369, 9370 AgeI, NotI
EB3 2244, 8650 9366, 9367 AgeI, NotI
ER 916, 9338 9364, 9365 SalI, NotI
Histone H2bn 9337, 8784 9372, 9373 NheI, BglII
Keratin 5065, 8650 9371, 9367 KpnI, NotI
Lifeact 9340, 9341 9374, 9375 BamHI, NotI
Map2 914, 9336 9362, 9363 NheI, BglII
Mitochondria 2244, 8650 9366, 9367 AgeI, NotI
Nuclear pore complex 9337, 8784 9372, 9373 NheI, BglII
Peroxisomes 2884, 9336 9368, 9363 NheI, BglII
Tubulin 914, 9336 9362, 9363 NheI, BglII
Vimentin 2244, 8650 9366, 9367 AgeI, NotI

Actin For labeling of actin with Padron variants, the coding sequence of EGFP was replaced
with the sequences coding for the fluorescent proteins in the lifeact-EGFPpcDNA3.1(+) vec-
tor, which was a gift from Dr. Carola Gregor. A detailed plasmid map is shown in figure 5.1.
Lifeact is a small peptide consisting of 17 amino acids originating from Saccharomyces cere-
visiae that is capable of labeling F-actin [204]. Correct insertion was controlled with sequenc-
ing primer 7124.
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CAP binding site

lac operator

CMV enhancer

BamHI  (977)

NotI  (1713)

lifeact-EGFP pcDNA3.1(+)
6162 bp

Figure 5.1: Lifeact EGFPpcDNA3.1(+) plasmid map. The map was generated with
SnapGene® 4.3.10 (GSL Biotech, Chicago, IL, USA) with the sequence provided by Dr.
Carola Gregor. AmpR, ampicillin resistance; bGH, bovine growth hormone; CAP, catabolite
activator protein; CMV, cytomegalovirus; KanR, kanamycin resistance; NeoR, neomycin
resistance; ori, origin of replication; poly(A), polyadenylation; SV40, simian-virus 40.

Caveolin For expression in caveolae Padron variants were fused to caveolin. The coding
sequences were inserted into caveolin1-mEGFP-N, which had previously been cloned in our
group. This plasmid had been created by PCR amplification of the coding sequence for
mEGFP with primers 1836 and 1837 and insertion into TagRFP-N (Evrogen, Moscow, Rus-
sia) with restriction enzymes AgeI and NotI resulting in mEGFP-N. The coding sequence
for caveolin had then been PCR amplified from pDONR223-CAV1 [205] with primers 4571
and 4572 and had been inserted into mEGFP-N with restriction enzymes NheI and BamHI.
Correct replacement of mEGFP with Padron coding sequences in caveolin1-mEGFP-N was
controlled with sequencing primer 4667.

Centromeres For expression of fusion constructs with centromere protein C1 (CenpC1),
Padron variants were inserted into a plasmid that had previously been cloned in our group.
For this purpose, the coding sequence for the CENPC gene had first been amplified from
pDONR223-CenpC [205] with primers 4552 and 4553 and had then been inserted into
pEGFP-Tub (BD Biosciences Clontech, Franklin Lakes, NJ, USA) with restriction enzymes
XhoI and BamHI, replacing the coding sequence for tubulin. Correct insertion of Padron
variants was controlled with sequencing primer 928.
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Cytosol To express unfused Padron variants localized to the cytosol, coding sequences for
the fluorescent proteins were inserted into TagRFP-N (Evrogen, Moscow, Russia), replacing
TagRFP. Correct insertion was controlled with sequencing primer 2268.

Endoplasmic reticulum To localize Padron variants to the ER, coding sequences of Padron
variants were inserted into pEF/myc/ER (Invitrogen Life Technologies, Carlsbad, CA, USA).
Localization to the ER is facilitated by N-terminal fusion of an ER signal peptide and
C-terminal addition of an ER retention signal. Correct insertion was controlled with se-
quencing primer 1016.

Histone For labeling of histones Padron variants were fused to histone H2bn. For this
purpose, the desired protein was inserted into pEGFP-Hist1H2BN [175], effectively replacing
EGFP. Correct insertion was controlled with sequencing primer 928.

Keratin To create fusion constructs of Padron variants and human cytokeratin18, the coding
sequences for the desired proteins were inserted into pTagRFP-keratin (Evrogen, Moscow,
Russia) replacing pTagRFP. Correct insertion was controlled with sequencing primer 4667.

Microtubule ends To label microtubule filament ends, the coding sequence for hu-
man microtubule-associated factor EB3 had previously been PCR amplified from
ptagRFP657-EB3 [206] and inserted into TagRFP-N (Evrogen, Moscow, Russia) with re-
striction enzymes SalI and BamHI in our group. TagRFP in this construct was replaced with
the respective Padron variant. Correct insertion was controlled with sequencing primer 4667.

Microtubuli For indirect labeling of tubulin filaments, coding sequences of Padron variants
were inserted into the plasmid rsFastLime-GFPend-Map2 that had previously been created in
our group. To this end, rsFastLime-GFPend had been PCR amplified with primers 914 and
915 and inserted into the pEGFP-Tub plasmid (BD Biosciences Clontech, Franklin Lakes, NJ,
USA) with restriction enzymes NheI and BglII. The tubulin coding sequence of the resulting
plasmid had then been replaced with XhoI and BamHI by the gene coding for microtubule-
associated protein 2 (Map2), which had been PCR amplified from pDONR223-MAP2 [205].
Correct insertion of coding sequences were controlled with sequencing primer 928.

Mitochondria Mitochondrial localization of Padron variants was achieved by insertion of the
coding sequence into pDsRed1-Mito (BD Biosciences Clontech, Franklin Lakes, NJ, USA).
This plasmid N-terminally adds the human cytochrome c oxidase subunit VIII mitochon-
drial targeting sequence [207, 208] to the protein of interest, ensuring mitochondrial import.
Correct insertion was controlled with sequencing primer 4667.

Nuclear pore complex For labeling of nuclear pore complexes Padron variants were
fused to human nucleoporin 50 kDa (Nup50). Coding sequences were inserted into
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mEmerald-Nup50-C-10, which was a gift from Michael Davidson (Addgene plasmid #54209),
replacing mEmerald. Correct insertion was controlled with sequencing primer 2268.

Peroxisomes For peroxisomal localization of Padron variants mEGFP from
pEGFP-PTS [175] was replaced with the desired RSFP coding sequence. This plas-
mid fuses a peroxisomal targeting sequence (PTS) to the C-terminal end of the inserted
protein. Correct insertion was controlled with sequencing primer 928.

Tubulin For expression of tubulin fusion constructs Padron variants were cloned into the
pEGFP-Tub plasmid (BD Biosciences Clontech, Franklin Lakes, NJ, USA), replacing EGFP.
Correct insertion was controlled with sequencing primer 928.

Vimentin For expression of vimentin fusion constructs Padron variants were inserted into
pmKate2-vimentin vector (Evrogen, Moscow, Russia). Fluorescent proteins are C-terminally
fused to vimentin. Correct insertion was controlled with sequencing primer 4667.

5.1.2.2 Cell line and growth conditions

Expression of fusion constructs and microscopy were performed with transiently transfected
HeLa cells. Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with
high glucose (4.5 g/L), GlutaMAX™ and sodium pyruvate (1mM) (Thermo Fisher Scientific,
Waltham, MA, USA) and 10% (v/v) fetal bovine serum (FBS) superior (Merck, Darmstadt,
Germany). 100U/ml penicillin and 100 µg/ml streptomycin were added to prevent bacterial
contamination. Cells were proliferated at 37℃, 5% CO2, and 90% humidity and regularly
split before reaching confluency. For this purpose, medium was removed and cells were
washed with phosphate buffered saline (PBS). Cells were covered with trypsin/EDTA (Merck,
Darmstadt, Germany) and incubated at 37℃ for several minutes. Cell detachment was
stopped by addition of DMEM, and cells were transferred to a new flask.

5.1.2.3 Transfection

To transiently transfect HeLa cells with expression plasmids, cells were seeded in 6-well
plates (Sarstedt, Nümbrecht, Germany) the day before transfection with two 18mm glass
coverslips No. 1.5H (Paul Marienfeld, Lauda-Königshofen, Germany) placed in each well.
For each transfection and well, 3 µg plasmid were diluted in 400 µl serum-free DMEM. 6 µl
TurboFect™ transfection reagent (Thermo Fisher Scientific, Waltham, MA, USA) were added
and incubated for 15–20min at room temperature. The mixture was added dropwise to the
respective well and cells were incubated as described above until further use.
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5.2 Mutagenesis

5.2.1 Cloning protocols

Fluorescent proteins that were cloned into a new vector were PCR amplified from existing
plasmids. Approximately 300 ng plasmid were prepared in PCR buffer (see section 6.1) at a
total volume of 50 µl containing 0.2mM of each dNTP (Thermo Fisher Scientific, Waltham,
MA, USA), 0.3 µM of both forward and reverse primer, and 1 µl Pfu polymerase (biotechrab-
bit, Henningsdorf, Germany). PCR amplification (and all PCRs described below) was done
either with the Biometra TONE or the Biometra Tpersonal PCR cycler (Analytik Jena, Jena,
Germany) following the protocol listed in table 5.2 (annealing temperature and elongation
duration were adjusted for different templates such as fusion constructs in mammalian ex-
pression vectors).

Table 5.2: PCR amplification PCR cycler protocol

95℃ 300 s

95℃ 60 s }
35 cycles55℃ 60 s

72℃ 120 s*

72℃ 600 s
4℃ ∞

*elongation duration was adjusted according to the suppliers instructions for longer template sequences.

Backbone DNA was digested with restriction enzymes according to the product instruc-
tions in buffer supplied with the enzyme (all restriction enzymes: Thermo Fisher Scientific,
Waltham, MA, USA). The restriction was incubated at 37℃ for 2–3 h. 1 µl FastAP (Thermo
Fisher Scientific, Waltham, MA, USA) was added for the last 30minutes of incubation for
DNA dephosphorylation to prevent empty vector ligation. Enzymes were inactivated by in-
cubation at 80℃ for 20 minutes. Restricted backbone and PCR amplification products were
purified by agarose gel electrophoresis. To this end, RNase- and DNase-free agarose (Bio-
Budget Technologies, Krefeld, Germany) was dissolved in 1x TAE-buffer at 1.2% (w/v) in a
microwave. Gels were casted and later run in a BlueMarine™100 gel chamber (Serva Elec-
trophoresis, Heidelberg, Germany). Restricted DNA samples were mixed with loading buffer
and applied to the gel. Electrophoresis was run at 80V with a 300V power source (VWR,
Radnor, PA, USA) for approximately 1 h, and gels were subsequently stained with ethidium
bromide. Desired DNA fragments were cut out after detection with UV light and isolated
from the gel slice with either the QIAquick gel extraction kit (Qiagen, Hilden, Germany) or
the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany) according
to the product instructions. DNA was eluted in 30 µl water. PCR products were digested
according the protocol described above, purified with the QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany), and eluted in 30 µl water. 2 µl backbone and 6 µl insert were
used for subsequent ligation with 0.5 µl T4 DNA ligase at a total volume of 20 µl T4 DNA
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ligase buffer (Thermo Fisher Scientific, Waltham, MA, USA). Ligations were incubated over
night at 4℃ and inactivated for 15minutes at 65℃. After dialysis for 45min with 0.025 µm
MCE MF-Millipore™ membranes (Merck, Darmstadt, Germany), 5 µl ligation sample were
used for transformation of electrocompetent E. coli.

5.2.2 Site-directed mutagenesis

For site-directed mutagenesis of Padron, approximately 200 ng pBAD template construct were
prepared in PCR buffer with 0.2 µM of both forward and reverse primer, 0.2mM of each dNTP
(Thermo Fisher Scientific, Waltham, MA, USA) and 1 µl Pfu polymerase (biotechrabbit,
Henningsdorf, Germany) at a total volume of 50 µl. Mutagenesis was then performed with
the PCR protocol listed in table 5.3. Template DNA was digested with 1 µl DpnI (Thermo
Fisher Scientific, Waltham, MA, USA) at 37℃ over night. Samples were dialyzed for 45min
with 0.025 µm MCE MF-Millipore™ membranes (Merck, Darmstadt, Germany), and 5 µl
were used for transformation of electrocompetent E. coli.

Table 5.3: Site-directed mutagenesis PCR cycler protocol

95℃ 30 s

95℃ 60 s }
16 cycles55℃ 60 s

72℃ 600 s*

72℃ 600 s
4℃ ∞
*510 s for pQE-31 vector templates

5.2.3 Multiple-site mutagenesis

To introduce multiple mutations into Padron in the pBAD vector, multiple-site mutagenesis
(MSM) was performed [209]. Approximately 500 ng pBAD template construct were prepared
in 0.5x PCR buffer and 0.5x Taq ligase buffer (New England Biolabs, Ipswich, MA, USA) with

Table 5.4: Multiple-site mutagenesis PCR cycler protocol

MSM PCR profile 1

65℃ 300 s

95℃ 120 s

95℃ 30 s }
18 cycles55℃ 30 s

65℃ 600 s

75℃ 420 s

MSM PCR profile 2

37℃ 1h

95℃ 30 s

95℃ 30 s }
2 cycles55℃ 60 s

70℃ 600 s

4℃ ∞
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5’-phosphorylated forward mutagenesis primers (0.28 µM) and 0.2mM of each dNTP (Thermo
Fisher Scientific, Waltham, MA, USA). 1 µl Pfu polymerase (biotechrabbit, Henningsdorf,
Germany) and 0.5 µl Taq DNA ligase (New England Biolabs, Ipswich, MA, USA) were added,
total volume was 50 µl. MSM PCR profile 1 (table 5.4) was performed. After completion, 1 µl
DpnI (Thermo Fisher Scientific, Waltham, MA, USA) and 1.5 µl primer 1640 (10 µM stock)
were added and MSM PCR profile 2 (table 5.4) was performed. Samples were dialyzed for
45min with 0.025 µm MCE MF-Millipore™ membranes (Merck, Darmstadt, Germany). 5 µl
of the MSM product were used for transformation of electrocompetent cells.

5.2.4 Error-prone mutagenesis

For generation of random mutations in fluorescent proteins, error-prone mutagenesis was
performed. Approximately 1 µg template DNA in a final volume of 100 µl in error-prone PCR
buffer were mixed with forward and reverse primers at 1 µM concentration, 10 µl error-prone
dNTP-mix and 2 µl GoTaq® DNA polymerase (Promega, Madison, WI, USA). MnCl2 was
added at a final concentration of 0.2–0.3mM depending on the desired number of mutations.
Prior to the PCR amplification this mixture was split into 4 vials, and PCR was performed
with the protocol listed in table 5.5. Split samples were combined and PCR amplified DNA
fragments along with the desired vector for expression were purified, restricted, and ligated
as described in section 5.2.1. Restriction enzymes used for fluorescent protein expression
vectors are given in section 5.1.1.1. 5 µl of the ligation sample were used for transformation
of electrocompetent cells.

Table 5.5: Error-prone mutagenesis PCR cycler protocol

95℃ 60 s

95℃ 30 s }
30 cycles55℃ 45 s

72℃ 60 s

72℃ 120 s
4℃ ∞

5.2.5 Plasmid isolation from bacterial cultures

Plasmid DNA from bacteria harboring newly cloned constructs or mutagenized vectors was
isolated from overnight LB liquid cultures inoculated with a single bacterial colony. Plasmids
were either isolated in low amounts with the QIAprep Spin Miniprep Kit (Qiagen, Hilden,
Germany) from culture volumes of 5–10ml or in larger amounts from 50ml cultures with the
Plasmid Plus Midi Kit (Qiagen, Hilden, Germany). DNA concentration was measured with
a NanoDrop 1000 spectrophotometer (peqlab, Erlangen, Germany). Plasmids were stored at
4℃ for short periods or frozen at –20℃ for long term storage.
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5.2.6 DNA sequencing

All DNA sequencing was performed externally by Microsynth Seqlab (Göttingen, Germany).
For sample preparation, plasmid DNA was prediluted in sterile water to approximately
80 ng/µl, and the sequencing primer was added at a final concentration of 2.5 µM. All se-
quencing primers used in this thesis are listed in table 6.1 in section 6.3.

5.3 Screening

Mutagenized expression plasmids of Padron were transformed into electrocompetent E. coli
which were used for inoculation of LB-plates supplied with antibiotics. The plates were incu-
bated at either 30℃ or 37℃, depending on the variant and the parameter to be analyzed in
the following screening. Incubation times varied as well based on the ability of the respective
template variant to mature. Screenings were performed at room temperature, and plates
were equilibrated beforehand to eliminate temperature dependencies of parameters analyzed.

5.3.1 Automated bacterial screening

All screenings were performed with a customized DM5500B microscope (Leica Microsystems,
Wetzlar, Germany). The microscope had previously been modified in our group to be able
to automatically screen bacterial colonies on LB-agar plates and to measure time-resolved
fluorescence in bacterial colonies over a large spectral range from ultraviolet to infrared light.
The following section will only describe parts and modifications relevant to this thesis.

5.3.1.1 Technical specifications of the screening setup

Optics and other parts The microscope was equipped with a SCAN 100x100 stage
(Märzhäuser Wetzlar, Wetzlar, Germany) controlled by the CTR6500 stage controller and
an NPLANL20x/0.40 objective (both Leica Microsystems, Wetzlar, Germany). The fil-
ter cube used for all screenings contained a 495 nm DCXR beamsplitter and a 488 nm long
pass detection filter. The microscope was positioned on a stabilized optical table along with
MLD™ 405 nm and 488 nm lasers (both Cobolt, Solna, Sweden). Both lasers were adjusted
to a combined beam path with a dichroic mirror reflecting light between 375 and 405 nm.
Lasers were directed into the opened back of the microscope stand top. Light was focused
on bacterial colonies, emitted fluorescence was collected through the open camera port of the
microscope and focused through a pinhole on a H10723 series photomultiplier tube (PMT)
photosensor (Hamamatsu, Hamamatsu, Japan). Laser powers were controlled with acousto-
optic modulators (488 nm: MTS 110/A3 VIS, AA OPTO-ELECTRONIC, Orsay, France;
405 nm: 308-125, Crystal Technology, Palo Alto, CA, USA).

Software and laser control Control of microscope and lasers was achieved with extensive
software written previously in our group with LabVIEW (National Instruments, Austin, TX,
USA). In principle, the software allowed precise and automated movement of the microscope
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stage for screening bacterial colonies on LB-agar as well as precisely timed laser control.
At every position, an autofocus was performed by movement of the stage along the optical
axis to ensure maximal signal intensity (colony sampling and autofocus were improved in
the course of this thesis, details are described in section 3.1). After focusing, a predefined
laser sequence was run to induce photoswitching of fluorescent proteins. Measurements were
subdivided into so called blocks: for each block, the user could define parameters such as
laser intensity, duration, and timing prior to a screening. The number and sequence of block
repetitions run at each position was adjustable as well. A typical measurement for screening
of Padron consisted of an initial block with the 405 nm laser activated to switch proteins into
the off-state, followed by a second block with the 488 nm laser activated to return the protein
to the on-state. These two blocks were repeated 250 times to estimate switching fatigue.
This allowed for unsupervised measurement of residual off-state fluorescence, fluorescence in-
tensity, switching speed and switching fatigue of approximately 1000 colonies on a 12x12 cm
agar plate. Data visualization and analysis was done in the LabVIEW data analysis program
written previously in the group.
In the course of the thesis, the timing precision of the screening setup underwent substantial
changes with the implementation of a field programmable gate array (FPGA) upgrade im-
plemented by Dr. Martin Andresen. Before the upgrade, laser control was done solely based
on LabVIEW code run on a computer, which caused a delay of a few milliseconds between
the execution of the code and actual adjustment of laser power. As a consequence, after
data recording for one block (e.g. switching the protein to the off-state) was stopped, the
laser was deactivated a few milliseconds later, effectively increasing the light dose applied
for off-switching. This delay varied based on the CPU usage and was in the range between
3–12ms. All Padron variants up to and including Padron 1.9 were screened under these con-
ditions. Following screenings and, most importantly, all characterization data shown in this
thesis were screened after implementation of the FPGA upgrade. The FPGA card allowed
for microsecond precision with respect to laser control. The measurement blocks were written
to a field programmable gate array prior to the start of a measurement and were executed
solely based on the hardware timing of the FPGA card independent from the CPU usage
of the controlling computer. However, with the current version of the software, there was a
minor drawback of the system. Due to the limited size of the FPGA memory, the complete
execution code for very long measurements in the minute range could not be written into this
memory. In this case, the measurements had to be interrupted to reprogram the FPGA card.
This did not cause delayed laser activation or inactivation but introduced short breaks in the
lower millisecond range during reprogramming. For the experiments described in this thesis,
this drawback only had an effect on photobleaching measurements and analysis of switching
fatigue with 1000 switching cycles.

Power calculation Laser power applied in all experiments was measured behind the ob-
jective with the LabMax-TO laser power meter equipped with an LM-2 VIS sensor (both
Coherent, Santa Clara, CA, USA). To calculate laser intensities, lasers were focused on a
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mirror surface. The reflected light entered the detection path by means of a filter cube
equipped only with a 50/50 beam splitter. Light was redirected with a removable mirror to
a ICX098BQ CCD image sensor (Sony, Minato, Japan) of a SPC900NC webcam (Philips,
Amsterdam, Netherlands) where lens and housing had been removed. Pixel sizes were cali-
brated with the image of a 10 µm scale recorded as a snapshot of a video feed. Focal spots
were recorded accordingly with 640x480 pixel resolution while care was taken to prevent over
or under exposure of the sensor. Intensity line profiles were measured in 4 equally spaced
orientations (line width: 1 pixel) through the center of the focal spot with the Fiji distribu-
tion of ImageJ (v1.52p, [166, 167]) and individually fitted with a Gaussian nonlinear curve fit
in OriginPro 2018b (OriginLab Corporation, Northampton, MA, USA). FWHM values were
averaged and the focal spot area was calculated as circle with the FWHM as diameter.

5.3.1.2 Improved autofocus evaluation

During the course of this thesis, the autofocus of the automated screening microscope was
improved, which is described in detail in section 3.1.2. Precision of the new autofocus system
was evaluated in comparison with TOP10 E. coli expressing mNeonGreen [168]. The coding
sequence for mNeonGreen had previously been cloned into the pBAD vector in the lab after
it had been synthesized (Eurofins genomics, Luxembourg, Belgium). Colonies were localized
with the improved sampling (cf. sec. 3.1.1) and measured with a function specifically written
for this purpose. This program sequentially performed the old as well as the new autofocus.
The old autofocus was performed with 80 steps over a range of 2.5mm, whereas the new one
was measured over a range of 5mm within 1.3 s. Fluorescence was then probed for every
colony at the same coordinates at the focal positions from both methods. Focal differences
and peak intensities at the respective focal positions were analyzed.

5.3.1.3 Screening strategy

Padron was mutagenized in either the pQE-31 or the pBAD vector (see section 5.1.1.1 for
details) in multiple rounds with the protocols described in section 5.2. After every round of
mutagenesis, E. coli were transformed and plated on 12x12 cm LB-agar plates and incubated
at 37℃ over night or at 30℃ for up to 2 days. Temperature and incubation times were
adjusted depending of the capability of the respective template variant to mature at 37℃.
After incubation and adjustment to room temperature, one or more plates were screened
for improved protein variants. Screening data was analyzed with the LabVIEW analysis
software to reveal improved switching parameters such as lower residual off-state fluorescence
or enhanced switching fatigue of mutated Padron variants. Promising clones were picked and
used for inoculation of 5ml over night cultures. The next day, plasmid DNA was isolated and
sequenced as described in sections 5.2.5 and 5.2.6. Plasmids harboring new mutations were
retransformed into electrocompetent E. coli which were plated and incubated as described
above. These clones were remeasured in multiple colonies and compared to the template
protein, improved variants were subjected to further mutagenesis.
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Padron 1.9 was the result of a screening in which transformed E. coli were preselected by
fluorescence activated cell sorting (FACS) with a customized BD Influx™ flow cytometer
(BD Biosciences, Franklin Lake, NJ, USA). For this purpose, TOP10 cells from an overnight
culture transformed with plasmids from an error-prone mutagenesis were used for inoculation
of 5ml LB-medium with 0.02% (w/v) arabinose to induce expression of fluorescent proteins.
Bacterial cells were washed with PBS and sorted 3 h and 30min later in the logarithmic
growth phase. The brightest clones were sorted to a LB-plate and analyzed with the
automated screening microscope after overnight growth.
Padron 2.1 resulted from a directed evolution approach. Padron 2.0 was mutagenized in 6
consecutive error-prone mutageneses. In each round, bacterial colonies were screened for
improved variants, and approximately 10 of the most promising variants were picked and
used for inoculation of 5ml overnight cultures. Plasmids were isolated but retransformation
as well as comparison to the template were omitted. Instead, all vectors from the last
round were mixed at equal concentrations and used as template for the next round. After 6
rounds of mutagenesis, selected clones were sequenced and compared to Padron 2.0, yielding
Padron 2.1 as the most promising one.

Over the course of all mutageneses the DNA sequence coding for Padron variants accumulated
several silent mutations. In order to restore sequence identity to the original Padron at these
positions, multiple-site mutagenesis was applied to plasmids encoding Padron 1.9, 2.0, and
2.1. Primers used are listed in table 6.2.

5.3.1.4 Fluorescent protein characterization in bacterial colonies

Comparative measurements of all Padron variants The data displayed section 3.3 were
measured on one day. pBAD vector transformed TOP10 E. coli were grown at 37℃ for 24 h
and for 50 h at 30℃. Plates were adjusted to room temperature for at least 2 h prior to
measurements. For each protein and both growth conditions, 10 colonies were measured.
All proteins were measured with equal laser intensities (405 nm at 3.6 kW/cm2, 488 nm at
17.2 kW/cm2) and illumination sequences. If the PMT was saturated under these conditions,
neutral grey density filters were used, and the actual fluorescence intensity was calculated
based on the attenuation of the filters. Fluorescence intensity, switching half-time, resid-
ual off-state fluorescence, relative on-state fluorescence after 250 cycles, and maximum/end-
fluorescence intensity were calculated from data measured with scheme A, residual off-state
fluorescence intensity with simultaneous 488 nm illumination data is based on scheme B (ta-
ble 5.6). Sampling rate was 10 µs. Data was analyzed with the LabVIEW analysis software
ignoring the first cycle to exclude influence of the equilibrium state on parameters such as
residual off-state fluorescence intensity.
For characterization measurements at the automated screening microscope described below,
Padron variants were expressed in TOP10 E. coli and incubated for 24 h at 37℃. Growth
conditions were different only for the original Padron and pa69, which had to be expressed
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for 48 h at 30℃ for full expression and maturation. After incubation, all bacterial plates were
kept at room temperature over night to ensure full maturation of fluorescent proteins.

Table 5.6: Padron comparison illumination sequences

Scheme Block 1 Block 2 Cycles

A 6.5ms 10.0ms 250405 nm 488 nm

B 6.5ms 10.0ms 150405 & 488 nm 488 nm

Residual off-state fluorescence intensity in bacterial colonies To determine the lowest
achievable ensemble switching background in bacterial colonies, 405 nm off-switching du-
ration was modulated at the automated screening microscope. Residual off-state fluores-
cence intensity was then calculated from activation curves under 488 nm illumination at
20.2 ± 0.9 kW/cm2 with the LabView analysis software. For each condition 5 colonies were
measured with 10 cycles of which the first cycle was ignored to exclude influence of the equi-
librium state. 405 nm modulation was measured at 5 different intensities and measurements
were independently repeated 3 times (Padron: 2) on different days. Residual off-state values
for different 405 nm doses were averaged for different colonies. Repetitions were then averaged
and fitted in OriginPro 2018b (OriginLab Corporation, Northampton, MA, USA) with the
ExpDec2 nonlinear curve fit. Switching background was determined by averaging the last 12
data points of the repetition fits if residual off-state fluorescence declined continuously and
was stationary for these data points.
Because Kohinoor, Padron, and Padron 1.9/2.0/2.1 showed strongly differing responsiveness
to 405 nm illumination, the modulation had to be adapted; the exact illumination parameters
are listed in table 5.7. To estimate the influence of high 405 nm doses applied to Kohinoor
samples, Padron 2.0 was measured at 3 different powers in a single repetition with Kohinoor
settings.

Table 5.7: 405 nm modulation illumination parameters

405 nm modulation
Protein shortest longest step 488 nm sampling rate
Padron 10.0ms 300ms 10.0ms 80ms 50 µs
Padron 1.9/2.0/2.1 0.5ms 15ms 0.5ms 10ms 10 µs
Kohinoor 20.0ms 600ms 20.0ms 50ms 50 µs
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488 nm switching kinetics To compare kinetics for switching to the on-state with 488 nm
light and to analyze kinetic responsiveness, 488 nm intensity was modulated. Proteins were
switched to 5% residual fluorescence of the on-state (Kohinoor: 10%) with 405 nm at
3.6 kW/cm2 and switched back to the on-state with varying 488 nm intensities. For every
intensity, 10 colonies were measured, and the first cycle was ignored to exclude influence
of the ground-state. Measurements were repeated 3 times for every protein on different
days. Duration of 488 nm illumination was kept excessive to ensure full switching to the
on-state. Data of each repetition was analyzed in OriginPro 2018b (OriginLab Corporation,
Northampton, MA, USA). Single measurements of each repetition were smoothed, divided
by the maximum value and averaged. Maxima indices of single measurements were averaged
and data recorded beyond this value were discarded from the averaged curves to obtain full
switching curves without fluorescence decay of the on-state due to photobleaching during
excessive 488 nm illumination. Figures of full curves depict averaged repetitions.
Switching half-time from off- to on-state and switching to 95% of the full on-state was done
after fitting averaged curves of each repetition with the ExpGro2 nonlinear curve fit. The
first data point above 95% of the full on-state was determined from the fitted curves and rep-
etitions were averaged. Switching half-time was determined from the fitted data accordingly.
Laser intensity dependency of switching times was then fitted with the ExpDec2 fit.

Switching fatigue Bleaching in response to repeated switching was analyzed by performing
1000 consecutive switching cycles in bacterial colonies. Due to the large size of datasets, mea-
surements could not be performed in a single FPGA-based sequence so that a short delay in
the low millisecond range had to be introduced between switching cycles (see section 5.3.1 for
details). Illumination times were adjusted for every protein to be representative of imaging
applications. For every measurement, samples were switched to 5% residual fluorescence (Ko-
hinoor: 10%) with 3.6 kW/cm2 as determined by 405 nm modulation followed by activation
to 95% of the saturated on-state fluorescence intensity. 10 colonies were measured for every
protein at two different 488 nm intensities (2.6 and 30.1 kW/cm2) and measurements were
repeated 3 times on different days. To estimate influence of photobleaching due to differing
light doses, Padron 2.0 was measured with Kohinoor settings with 2 repetitions, and Padron
and Kohinoor were measured with Padron 2.0 settings with 1 or 2 repetitions, respectively.
Detailed light doses are listed in table 5.8.

Table 5.8: Switching fatigue illumination times
405 nm 488 nm illumination

Protein 3.6 kW/cm2 2.6 kW/cm2 30.1 kW/cm2

Padron 60.8ms 207.0ms 21.0ms
Padron 1.9 5.3ms 86.2ms 5.8ms
Padron 2.0 5.4ms 73.1ms 5.9ms
Padron 2.1 2.0ms 86.5ms 7.8ms
Kohinoor 164.5ms 124.9ms 9.5ms
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Start and end data points of all activation curves were extracted from the raw data with
the LabVIEW analysis software and were further analyzed with OriginPro 2018b (Origin-
Lab Corporation, Northampton, MA, USA). Single measurements were first divided by the
maximal value and subsequently averaged.

Photobleaching in bacterial colonies For each protein, fluorescence was recorded in
5–10 unique colonies with 3–4 independent repetitions on different days. Photobleaching
was recorded for 10min with 488 nm excitation at 2.3 ± 0.3 kW/cm2 and for 3min with
488 nm excitation at 30.8 ± 1.5 kW/cm2. Data was normalized and averaged with 1000 data
points of the full x range in OriginPro 2018b (OriginLab Corporation, Northampton, MA,
USA). Time to bleach to 50% of the maximal intensity was determined from averaged repeti-
tions as the first data point below 50%. After averaging, sampling rate was 0.62 s for 10min
and 0.18 s for 3min datasets.

Residual fluorescence in the off-state with simultaneous 488 nm illumination To estimate
efficiency of 405 nm switching to the off-state under constant 488 nm illumination, bacterial
colonies were switched with 2 different 405 nm intensities (2.3 and 33.1 kW/cm2) in combi-
nation with 2 different 488 nm intensities (1.1 and 15.0 kW/cm2). Return to the on-state
was in all combinations of parameters facilitated with 488 nm at 15.0 kW/cm2. Illumination
times for switching to the off-state were the maximal durations used for 405 nm modulation.
Switching to the on-state was determined empirically based on test measurements, detailed
parameters are listed in table 5.9. For every combination of intensities 5 cycles were measured
in 10 colonies with 3 repetitions on different days. Residual fluorescence after switching to
the off-state was determined with the LabVIEW analysis software for the second cycle to
eliminate influence of the equilibrium state. Values were averaged.

Table 5.9: Residual fluorescence in the off-state with simultaneous 488 nm irradiation illu-
mination times

Protein 405+488 nm illumination 488 nm illumination
Padron 300ms 80ms
Padron 1.9 15ms 25ms
Padron 2.0 15ms 25ms
Padron 2.1 15ms 35ms
Kohinoor 600ms 70ms

5.4 Protein purification

For spectral measurements, gel electrophoresis, size exclusion chromatography, and in vitro
switching, Padron, Kohinoor, and Padron 1.9/2.0/2.1 were purified using the following pro-
tocol. DsRed, dTomato and mEGFP were purified for comparison.
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5.4.1 Protein expression

pBAD plasmids coding for the proteins mentioned above were transformed into electrocom-
petent TOP10 E. coli. Cells were plated on LB-plates containing 0.02% (w/v) arabinose,
2 plates were inoculated for each protein. Cultures were incubated at 37℃ for 24 h (Kohi-
noor, Padron 1.9, 2.0 and 2.1) or at 30℃ for 48 h (Padron). Plates were then kept at room
temperature for another 16–24 h to ensure full maturation of expressed Padron variants.

5.4.2 Cell lysis

Cells were collected with a cell scraper in 1.8ml binding buffer (buffer concentrations are given
in section 6.1), transferred to a 2ml vial, and resuspended. 40 µl of a 50mg/ml lysozyme
stock solution (Serva electrophoresis, Heidelberg, Germany) were added to each vial, and cell
suspensions were incubated for approximately 4 h on ice. 80 µl cOmplete™ protease inhibitor
cocktail (Roche, Basel, Switzerland) were added to each vial, and samples were then shock
frozen in liquid nitrogen and thawed in lukewarm water 5 times. 0.5 µl benzonase (Thermo
Fisher Scientific, Waltham, MA, USA) were added to each vial, and samples were centrifuged
at 21,000 rcf in a Heraeus Fresco 21 micro centrifuge (Thermo Fisher Scientific, Waltham,
MA, USA) for 3–6 h at 4℃. The supernatant was removed and stored in the fridge over night,
precipitates were discarded.

5.4.3 Ni NTA spin column protein isolation

Proteins were purified from the crude lysate with the His SpinTrap kit (GE Healthcare,
Chicago, IL, USA) following a modified protocol at room temperature. His SpinTrap columns
were prepared with an initial washing step with 600 µl binding buffer, which was removed
and discarded by centrifugation at 100 rcf for 1min (all following centrifugation steps were
employed under the same conditions). For each protein to be isolated three columns were
used. 600 µl crude lysate were added to each column and columns were rotated and incubated
for 30min in the dark. Lysate and unbound protein was removed by centrifugation, and this
step was repeated if more lysate was available. All columns were then washed twice with
600 µl binding buffer and twice with 200 µl washing buffer. Proteins were then eluted in
3 consecutive steps. For each step 200 µl elution buffer were added and eluted into a new
microcentrifuge vial after 3min incubation.

Buffer change After elution, samples containing the same protein were united and con-
centrated with Vivaspin® 500 centrifugal concentrators with a molecular weight cut-off of
10,000 kDa (Sartorius, Göttingen, Germany) to a volume of approximately 300 µl. The elu-
tion buffer was exchanged with standard protein buffer (100mM Tris, 150mM sodium chlo-
ride, pH 7.5) by use of NAP-5 columns (GE Healthcare, Chicago, IL, USA). The columns
were equilibrated with 2.5ml protein buffer 3 times after which protein samples were added.
Protein samples were collected after elution with standard protein buffer. For size exclu-
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sion chromatography analysis, protein solutions were additionally filtered with Vivaspin®
500 centrifugal concentrators with a pore size of 0.2 µm (Sartorius, Göttingen, Germany).

5.4.4 Protein concentration and purity

Protein concentrations were measured with the Bio-Rad protein assay (Bio-Rad, Hercules,
CA, USA) following the suppliers instructions. The assay is based on the Bradford method
[210]. Albumin from bovine serum fraction V (Sigma-Aldrich, St. Louis, MO, USA) was used
as protein standard with concentrations up to 10mg/ml. Protein standard A600nm values
were modeled after equation 5.1, and sample concentrations were calculated accordingly.

A600 nm = ax2 + bx+ c, (5.1)

where x is the protein concentration in mg/ml.

5.4.5 Polyacrylamide gel electrophoresis

To estimate purity and dimerization tendency of isolated proteins, denaturing and seminative
polyacrylamide gel electrophoreses (PAGE) were performed. PAGE gels were casted and run
with the Mini-PROTEAN Tetra handcast system (BioRad, Hercules, CA, USA) and a 300V
power source (VWR, Radnor, PA, USA).

5.4.5.1 Denaturing PAGE

Denaturing PAGE was performed with sodium dodecyl sulfate (SDS) added to break the
secondary structure of proteins. Gels were prepared at 15% (v/v) final acrylamide concen-
tration (Rotiphorese® Gel 30 (37.5:1), Carl Roth, Karlsruhe, Germany) with 1x resolving gel
buffer, 0.1% SDS (Serva Electrophoresis, Heidelberg, Germany), 0.1% ammonium persul-
fate and 0.01% N,N,N’, N’, -tetramethylethylendiamin (TEMED) (AppliChem, Darmstadt,
Germany). This gel was preceded by a stacking gel at 5% (v/v) final acrylamide concentra-
tion. Other components were equal to the resolving gel, except for 1x stacking gel buffer.
Gels were embedded in 1x running buffer, and protein samples were loaded in 1x SDS sample
buffer after 10min incubation at 95℃. 2 µg protein were added to each well, and PageRuler™
prestained protein ladder 10–180 kDa (Thermo Fisher Scientific, Waltham, MA, USA) was
used as marker. Electrophoresis was run for 1 h at 10mA per gel to let proteins pass the stack-
ing gel. Current was then increased to 20mA per gel for 2 h while proteins passed through
the resolving gel. Gels were stained for 1 h in coomassie staining solution and destained over
night in 10% acetic acid (Merck, Darmstadt, Germany) with multiple solvent changes. Gel
images were recorded at the Amersham Imager 600RGB (GE Healthcare, Chicago, IL, USA)
in trans illumination mode.
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5.4.5.2 Seminative PAGE

Seminative PAGE was performed under the same conditions as denaturing PAGE with the
only difference that protein samples were not heated prior to loading the gel and time in
SDS-containing buffer before the gel run was kept as short as possible. DsRed, dTomato
and mEGFP were loaded as controls for tetra-, di- and monomeric proteins. Prior to
coomassie staining of seminative PAGE gels, fluorescence was recorded at the Amersham
Imager 600RGB (GE Healthcare, Chicago, IL, USA) with blue (460 nm) and green (520 nm)
excitation.

5.5 Protein characterization

5.5.1 In vitro switching of fluorescent proteins

In vitro switching of fluorescent proteins was facilitated with a mercury-vapor lamp in a quartz
glass ultra-micro fluorescence cell cuvette (Hellma, Müllheim, Germany) with a 1.5mm light
path and 12 µl volume. Light from the lamp was redirected with a fiber to the cuvette
window and switching was timed by hand. Protein samples were kept at volumes so that
the meniscus was not visible through the cuvette window. For switching to the off-state
a HQ405/10X filter was used at 9.9mW/cm2 (0.74mW measured behind the cuvette with
standard protein buffer). Switching to the on-state was facilitated with a ET500/20X filter at
18.7mW/cm2 (1.40mW measured behind the cuvette with standard protein buffer). Powers
were measured with a PM200 power meter equipped with a S170C sensor (ThorLabs, Newton,
NJ, USA). Illumination duration was 3min for both switching to the on- and off-state for
all proteins except for Padron, which was switched on for 5min and switched off for 4min.
Switching duration was determined in preliminary experiments with respect to full saturation
of switching.

5.5.2 Metastability

Metastability of switching states was measured with the Cary Eclipse fluorescence spec-
trophotometer (Varian, Palo Alto, CA, USA) in the same cuvette used for switching. Protein
samples were diluted in protein buffer to have an absorption of approximately 0.1 at 278 nm,
which corresponded to a fluorescent protein concentration of approximately 20 µM. Diluted
samples were equilibrated at 21℃ in the dark over night and measured the next day at the
same temperature. Fluorescence was recorded every 5min for 310min with 492 nm excitation
and 516 nm detection (both with 5 nm slit). PMT voltage was adjusted so that the on-state
signal of the protein was just below PMT saturation. The first value recorded corresponded
to the ground-state after equilibration, and samples were then switched between first and
second as well as between second and third measurement. Before recording on- or off-state
metastability, proteins were switched to the off- or on-state, respectively. Data points were
normalized to the first on-state value and averaged. For every protein and measurement
3 repetitions (Padron: 2) were measured on different days.
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5.5.3 Absorption spectra

To measure absorption spectra of Padron variants, protein samples were diluted in standard
protein buffer to have an absorption value of approximately 0.1 at 278 nm, which corresponded
to a protein concentration of Padron and related proteins of approximately 20 µM. Diluted
samples were equilibrated over night at 21℃ in the dark and measured the next day in
the same cuvette used for switching. Spectra were recorded for equilibrium, off-, and on-
states on a Cary 4000 UV-VIS spectrophotometer (Varian, Palo Alto, CA, USA) between
250 and 650 nm with 2–3 repetitions on different days. Figures depict single measurements
after normalization to 278 nm absorption and smoothing (Savitzky-Golay, 10 points window
size) in OriginPro 2018b (OriginLab Corporation, Northampton, MA, USA). Peak positions
were determined from smoothed data with OriginPro 2018b as well, using the peak analyzer
function.

5.5.4 Emission spectra of on- and off-states

Sample preparation for emission spectra measurements was equal to sample handling for ab-
sorption spectra. Spectra were recorded for equilibrium, on- and off-states with the Cary
Eclipse fluorescence spectrophotometer (Varian, Palo Alto, CA, USA) at an excitation wave-
length of 460 nm. Fluorescence was recorded from 470 to 650 nm with 2 repetitions of different
samples. Graphs depict normalized emission spectra from a single repetition, additional data
was in accordance with the spectra shown. Emission peaks of on-state emission spectra were
analyzed in OriginPro 2018b (OriginLab Corporation, Northampton, MA, USA) using the
descriptive statistics function.

5.5.5 Extinction coefficient calculation

The extinction coefficient ε was calculated from comparative measurements with mEGFP.
Absorption spectra of the on-state were recorded as described above. Data was first normal-
ized to the absorption peak at 280 nm and then smoothed in OriginPro 2018b (OriginLab
Corporation, Northampton, MA, USA) (Savitzky-Golay, 10 points window size). Absorption
values at the maximum of the deprotonated peak were used for relative calculation of the
extinction coefficient as show in equation (5.2). Due to differing primary structures of Padron
variants and mEGFP, a correction factor was added based on the extinction coefficient at
280 nm, which was calculated with the ExPASy ProtParam online tool [211]. The extinction
coefficient used for mEGFP was 56,000M−1 cm−1 [189]. 6–7 spectra recorded on different
days were used for calculation of the extinction coefficient.
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εX =
Amax, X

Amax, mEGFP
εmEGFP

ε280 nm, X
ε280 nm, mEGFP

, (5.2)

where X is the protein for which the extiction coefficient ε is to be calculated. Amax and
A280 nm are absorption values at the maximum or at 280 nm, respectively.

5.5.6 Quantum yield calculation

Quantum yield was calculated relative to Padron by integration of on-state emission spectra
that were recorded as described above. Different absorption of Padron variants at the exci-
tation wavelength were considered as shown in equation (5.3). 3–4 on-state emission spectra
measured on different days were used for quantum yield calculation. Spectra were integrated
in OriginPro 2018b (OriginLab Corporation, Northampton, MA, USA).

QYX = QYPadron

∫ 650 nm
470 nm FX(λ)dλ A460 nm, Padron∫ 650 nm
470 nm FPadron(λ)dλ A460 nm, X

, (5.3)

where X is the protein for which the quantum yield QY is to be calculated, F (λ) is the
emitted fluorescence with the wavelength λ and A460 nm is the absorption at the excitation
wavelength.

5.5.7 Molecular Brightness

Molecular brightness was calculated as the product of extinction coefficient (divided by 1,000)
and quantum yield.

5.5.8 Fluorescence lifetime

Fluorescence lifetime measurements were performed at concentrations of 25, 50 or 100 µM
in standard protein buffer. Proteins were measured without switching in the equilibrated
ground-state with the Quantaurus-Tau fluorescence lifetime spectrometer (Hamamatsu,
Hamamatsu, Japan). Samples were measured in a quartz cuvette and measured with 470 nm
excitation. Fluorescence was detected at 516 nm. Typically, 10,000 photons per sample were
recorded. The internal response function was measured with Polybead® amino 0.10 micron
microspheres (Polysciences, Warrington, PA, USA). Data was analyzed with the associated
Quantaurus-Tau software (version 3.0.0.80) with second order fitting.

5.5.9 pH dependent absorption, excitation and emission spectra

pH dependent absorption, excitation, and emission spectra of the equilibrium state were
recorded with the Cytation 3 imaging plate reader (BioTek, Winooski, VT, USA). Samples
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were diluted in standard protein buffer to a concentration of 200 µM and equilibrated over
night. For measurements, triplicate samples were then diluted 1:40 to 5 µM with the respec-
tive pH buffer in 96 well UV-Star® micro plates (Greiner Bio-One, Frickenhausen, Germany).
Absorption spectra were recorded from 250 to 600 nm. Emission spectra were recorded with
470 nm excitation from 500 to 700 nm, excitation spectra from 400 to 520 nm with emission
detection at 550 nm while detector sensitivity was scaled to the wells with the highest fluores-
cence intensity. For pKa value calculation, fluorescence was recorded with a 485/20 excitation
filter and a 528/20 detection filter. Controls were recorded for every buffer in duplicates and
subtracted from the data followed by normalization. Excitation and emission spectra peaks
were determined in OriginPro 2018b (OriginLab Corporation, Northampton, MA, USA) us-
ing the peak analyzer function. pKa values were calculated by fitting an mono- or biphasic
dose response function (monophasic was only used for Padron) as shown in equations (5.4)
and (5.5). 3 repetitions (Kohinoor: 2) were measured on different days.

Monophasic dose response function:

F (pH) = C + A

1 + 10pKa−pH (5.4)

Biphasic dose response function:

F (pH) = C + A1
1 + 10pKa1−pH + A2

1 + 10pKa2−pH , (5.5)

where F is the fluorescence intensity dependent from pH and C and A are fitted parameters.

5.5.10 Size exclusion chromatography

To address oligomerization tendency of Padron variants, proteins were analyzed via size
exclusion chromatography (SEC). Measurements were done with an Äkta pure chromatog-
raphy system equipped with a Superdex™ 200 Increase 10/300 GL column (GE Healthcare,
Chicago, IL, USA). Proteins were diluted to a concentration of 10 µM and equilibrated at
6℃ over night. 250 µl protein sample were added to the column and eluted with standard
protein buffer at a flow rate of 0.75ml/min. mEGFP, dTomato, and DsRed were used as
markers for different oligomeric states [98, 171, 172]. Proteins were detected with the fixed
wavelength UV monitor U9-L (GE Healthcare, Chicago, IL, USA) at 280 nm independent
from fluorescent activity. All SEC experiments were performed at 6℃ and 3 replications
(Kohinoor: 2) were measured on different days.
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5.6 Microscopy methods

5.6.1 Sample preparation

All microscopy shown in the results section was done with transiently transfected HeLa cells
approximately 24 h post transfection. Coverslips with attached cells were mounted in DMEM
without phenol red (Thermo Fisher Scientific, Waltham, MA, USA), which was prepared as
described in section 5.1.2.2.

5.6.2 Optical setup of the RESOLFT microscope

Figure 5.2: Optical setup of the RESOLFT microscope. Laser beam paths (solid
lines) and optical parts are shown along with detection paths (dashed lines). Other lasers and
optical parts were present but are omitted for clarity as they were not used for experiments
presented in this thesis. SLM, spatial light modulator; AOM, acousto optic modulator; APD,
avalanche photodiode; PMT, photomultiplier tube; ND, neutral density; PBS, polarized beam
splitter; DM, dichroic mirror; VPP, vortex phase plate.

All microscopy data was recorded with a customized 1C RESOLFT QUAD scanning mi-
croscope (Abberior Instruments, Göttingen, Germany) and an UPLSAPO 1.4NA 100x oil
immersion objective (Olympus, Shinjuku, Japan). The microscope was equipped with 2 con-
tinuous wave (CW) 488 nm 60mW lasers, a CW 405 nm 100mW laser (all Cobolt, Solna,
Sweden), a pulsed 488 nm 60mW laser (Omicron-Laserage, Rodgau-Dudenhofen, Germany)

119



5 Methods

and a pulsed 592 nm Katana 06HP >1.2W laser (Onefive, Regensdorf, Switzerland). The
Katana laser was directed into the beam path with a 594 nm notch filter that was removed
for non-STED applications. During RESOLFT microscopy, one of the CW 488 nm lasers
was used for activation of Padron variants while the other one was attenuated with a neutral
density filter and used for fluorescence readout during imaging. Switching of proteins to
the off-state in the periphery of the confocal spot was facilitated with the doughnut-shaped
405 nm laser. The doughnut shape was realized with a spatial light modulator. For STED
microscopy, the pulsed 488 nm laser was used for fluorescence excitation while fluorescence
emission was depleted with the 592 nm laser, which had a doughnut shape facilitated with
a VPP-1a phase plate (RPC Photonics, Rochester, NY, USA). Fluorescence was detected
with an SPCM-AQRH-13 photon counting module (Excelitas Technologies, Waltham, MA,
USA) with a HC 550/88 detection filter for RESOLFT microscopy and with a 525/50 filter
for STED microscopy. The detection beam path used for Padron imaging was separated from
a red detection path with a dichroic mirror reflecting light with a wavelength below 568 nm
(F48-573 laser beamsplitter H 568LPXR superflat, AHF, Tübingen-Pfrondorf, Germany).
Figure 5.2 depicts the optical parts in detail.

5.6.3 Power calculation

In order to estimate the shape of the focal spots and to calculate laser intensities applied,
PSFs were probed by imaging 80 nm gold nanoparticles (BBI Solutions, Crumlin, United
Kingdom) mounted in polyvinyl alcohol 4-88 (Sigma-Aldrich, St. Louis, MO, USA). These
beads reflected the laser light, which was then recorded with a PMT. 4 equally distributed
line profiles through the center of the spot were measured with the Fiji distribution of imageJ
(v1.52p, [166, 167]) and fitted in OriginPro 2018b (OriginLab Corporation, Northampton,
MA, USA) with a Gaussian nonlinear curve fit. Figure 5.3 depicts the measured PSFs and
exemplary line profiles along with the fitted data. FWHM values of all line profiles were
averaged and circular shape of the PSF in lateral dimension was assumed for further calcula-
tions. Laser power was measured behind the objective with a PM200 power meter equipped
with the S170C sensor (ThorLabs, Newton, NJ, USA), and intensities were calculated with
equations (5.6) and (5.7).

Gaussian:

I = P

π(FWHM
2 )2 (5.6)

Doughnut-shaped:

I = P

2πR FWHMdoughnut
, (5.7)
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where I is the laser intensity, P the power measured behind the objective, FWHM and
FWHMdoughnut the full-width half maximum of the Gaussian fit of the Gaussian focal spot
or the doughnut ring, respectively, and R the radius of the doughnut peak intensity around
the doughnut center.

fed

cba

Figure 5.3: Point spread function images of the RESOLFT microscope. PSF images
were recorded by probing with 80 nm gold beads and recording reflected light with a PMT.
(a) 488 nm PSF of the readout laser. Lines show positions of line profiles measured for power
calculation and were equal for b–e, solid line marks the line profile shown in f. (b) 405 nm
doughnut PSF, solid line marks the line profile shown in f. (c) 488 nm PSF of the activation
laser. (d) 488 nm PSF of the pulsed laser. (e) 592 nm doughnut PSF of the STED laser.
(f) Exemplary line profiles of the solid lines in a and b. Scale bars: 150 nm, pixel size was
6.7 nm.

5.6.4 RESOLFT microscopy

RESOLFT microscopy was done in three different modes that are described in detail in
the results section. In principle, proteins were sequentially switched at every coordinate by
applying an initial activation pulse of a CW 488 nm followed by inactivation of peripheral
fluorophores with the doughnut-shaped 405 nm laser. Residual fluorescence was then recorded
with the attenuated 488 nm laser. Fluorescence readout could be prolonged by simultaneous
application of 405 nm light to prevent peripheral fluorophores from returning to the fluorescent
on-state. In a third imaging mode, fluorophore switching was not sequential but rather
simultaneous forming a steady-state. Both the attenuated 488 nm and the 405 nm laser were
active during the full pixel dwell time. This way, a new equilibrium between fluorophores
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in the off- and on-state was reached at every new coordinate. Confocal images were always
recorded prior to RESOLFT images with equal laser intensities and dwell times but omitting
the activation and deactivation steps. Pixel size for all images recorded was 25 nm. Table 5.10
lists the total light doses applied during RESOLFT imaging for the images shown in this
thesis.

Table 5.10: Light doses applied for RESOLFT imaging.
Figure 3.25 3.27 3.28 7.10 7.11 3.30

Pixel dimension x 568 568 599 661 568 568
y 431 431 455 503 431 431

488 nm activationa
µW 7.57 3.91 - 3.91 7.57 -
µs 70 50 - 100 70 -
J/cm2 84.78 31.28 - 62.56 84.78 -

405 nm doughnutb
µW 1.19 1.19 1.19 0.64 1.19 0.99
µs 350 490 300 600 470 500
J/cm2 66.64 93.3 57.12 61.44 89.49 79.2

488 nm readoutc
µW 0.39 0.57 0.57 0.39 0.57 0.69
µs 120 240 300 80 120 500
J/cm2 7.49 21.89 27.36 4.99 10.94 55.2

PSF areas: a3.28E-10 cm2 b11.68E-10 cm2 c3.28E-10 cm2

5.6.5 STED microscopy

STED imaging was done in line step mode with 15 µs dwell time with the pulsed 488 nm laser
at 5.7 kW/cm2 for excitation and the 592 nm STED laser at 4.92MW/cm2. Confocal images
were recorded together with STED images with the latter being recorded with 3 accumulated
line steps. Pixel size was 25 nm.

5.6.6 Image analysis

All microscopy images were recorded with Imspector (v0.12.10680M, Abberior Instruments,
Göttingen, Germany). Images were imported into the Fiji distribution of imageJ (v1.52p,
[166, 167]) by means of the bio-formats plugin [212], and line profiles were measured with a
line width of 3. Line profiles were then fitted in OriginPro 2018b (OriginLab Corporation,
Northampton, MA, USA) with a Lorentzian peak function. For bleaching analysis of time-
lapse recordings, images were imported accordingly as a stack and total counts in a central
region of interest were analyzed. Data from 3 different images was normalized and averaged.
Microscopy images shown were converted from 16 to 8 bit in imageJ and exported with the
"Red Hot" lookup table.
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6.1 Buffer and media

Coomassie staining solution Staining solution for polyacrylamide gels was prepared with
0.05% (w/v) Coomassie-R250 (Sigma-Aldrich, St. Louis, MO, USA), 25% (v/v) isopropanol,
and 10% (v/v) acetic acid (both Merck, Darmstadt, Germany). The suspension was stirred
for 1 h and unsolved dye was removed with a filter.

Error-prone dNTP-mix dNTPs for error-prone mutagenesis were prepared as 10x stock
solution with 2mM dATP, 2mM dGTP, 10mM dCTP, and 10mM dTTP (all Thermo Fisher
Scientific, Waltham, MA, USA) in water and stored at –20℃.

Error-prone PCR buffer PCR-buffer for error-prone mutagenesis was prepared at pH8.3 as
10x stock solution with 100mM Tris-HCl, 500mM KCl, 70mMMgCl2 (all Merck, Darmstadt,
Germany), and 0.1% (w/v) gelatine (Sigma-Aldrich, St. Louis, MO, USA).

His buffer kit Buffers used for protein purification with the His SpinTrap kit (GE Health-
care, Chicago, IL, USA) were prepared from the stock solutions of the associated His buffer
kit (GE Healthcare, Chicago, IL, USA). In detail, all buffers contained 20mM sodium phos-
phate and 500mM sodium chloride at pH7.4. Imidazole concentrations varied depending on
the buffers function:

• Binding buffer: 20mM imidazole

• Washing buffer: 50mM imidazole

• Elution buffer: 500mM imidazole

LB medium For 1 liter LB-medium, 5 g NaCl (Merck, Darmstadt, Germany), 5 g yeast ex-
tract, and 10 g peptone from casein (both AppliChem, Darmstadt, Germany) were dissolved
in sterile water and the pH value was adjusted with 5ml 1M NaOH (Merck, Darmstadt,
Germany). LB-medium was then autoclaved and stored at room temperature until use. If
antibiotics were added to the medium it was stored at 4℃. For agar plates, 14 g bacteriology
grade agar (AppliChem, Darmstadt, Germany) were added prior to autoclavation, and an-
tibiotics were added afterwards when temperature of the medium was at 60℃. Agar plates
were then casted under laminar flow and stored at 4℃. For LB-plates used for expression
of fluorescent proteins from pBAD constructs 0.02% (w/v) L-(+)-arabinose (Sigma-Aldrich,
St. Louis, MO, USA) were added. Antibiotic concentrations of ampicillin (Sigma-Aldrich,
St. Louis, MO, USA) and kanamycin (AppliChem, Darmstadt, Germany) were 50 µg/ml.
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Loading buffer for agarose gels Loading buffer was prepared as 10ml of a 6x stock so-
lution with 3ml glycerol (Merck, Darmstadt, Germany), 15mg bromphenol blue and 15mg
xylencyanol FF (both AppliChem, Darmstadt, Germany) in 6x TAE-buffer.

PAGE buffers The following buffers and solutions were prepared for polyacrylamide gel
electrophoresis (all chemicals were obtained from Merck (Darmstadt, Germany) if not stated
otherwise):

• 4x resolving gel buffer: 1.5M Tris-HCl pH8.8

• 4x stacking gel buffer: 0.5M Tris-HCl pH6.8

• 10x running buffer: 0.25M Tris, 1.925M glycine, 1% SDS (Serva Electrophoresis,
Heidelberg, Germany), pH 8.3

• H2O-saturated isopropanol: 200ml isopropanol, 100ml H2O

• 6x SDS sample buffer: 0.3M Tris-HCl pH6.8, 6% (w/v) SDS (Serva Electrophore-
sis, Heidelberg, Germany), 6% (v/v) β-mercaptoethanol (AppliChem, Darmstadt, Ger-
many), 60% glycerol, 0.006% (w/v) bromphenol blue (AppliChem, Darmstadt, Ger-
many)

PCR buffer Standard PCR buffer was prepared at pH8.3 as 10x stock solution with 100mM
Tris-HCl, 500mM KCl, and 25mM MgCl2 (all Merck, Darmstadt, Germany).

pH buffer Buffers used for measurement of pH spectra were prepared at the concentrations
indicated below. pH values were incremented by 0.5 with an additional buffer at pH10.25.
If not stated differently, chemicals were obtained from Merck (Darmstadt, Germany).

• pH 3.0–5.5: 100mM citric acid (Sigma-Aldrich, St. Louis, MO, USA), 150mM sodium
chloride

• pH 6.0–7.0: 100mM potassium dihydrogen phosphate (Sigma-Aldrich, St. Louis,
MO, USA), 150mM sodium chloride

• pH 7.5–8.5: 100mM Tris, 150mM sodium chloride

• pH 9.0–10.5: 100mM glycine, 150mM sodium chloride

Phosphate buffered saline Phosphate buffered saline was prepared with 137mM sodium
chloride, 2.68mM potassium chloride, 8mM disodium hydrogen phosphate, and 1.47mM
potassium dihydrogen phosphate (all Merck, Darmstadt, Germany). pH was adjusted to 7.4
and PBS was autoclaved until further use.
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Standard protein buffer Purified proteins were stored in standard protein buffer which
consisted of 100mM Tris and 150mM sodium chloride (both Merck, Darmstadt, Germany)
at pH7.5.

TAE-buffer Tris/acetate/EDTA (TAE) buffer was prepared as 50x stock solution with 2M
Tris(hydroxymethyl)aminomethane (Merck, Darmstadt, Germany), 1M Sodium acetate tri-
hydrate, and 50mM EDTA (both AppliChem, Darmstadt, Germany) at pH7.2. pH was
adjusted with acetic acid.

Water Sterile water was filtered with the PURELAB® Classic (ELGA LabWater, High
Wycombe, United Kingdom) and autoclaved.

6.2 Software

Protein structures were modeled with PyMOL™ 2.3.0 (Schrödinger, New York, NY, USA).
Figures were created with CorelDRAW 2018 (v20.1.0.708, Corel Corporation, Ottawa,
Canada) or Affinity Designer for iPad (v1.7.3.1, Serif, Nottingham, UK). All other software
used is stated in the respective methods section.

6.3 Primer

All DNA oligos used in this thesis were ordered from Sigma-Aldrich (St. Louis, MO, USA),
which is now a part of Merck (Darmstadt, Germany).

Table 6.1: Primers used for sequencing of expression plasmids.
Primer Primer sequence

298 CGGATAACAATTTCACACAG
299 CGAGCGTTCTGAACAAATCC
928 AAATGTCGTAACAACTCCGC
1016 TTCTTGGTAGCAACAGCTACA
1639 ATGCCATAGCATTTTTATCC
1640 GATTTAATCTGTATCAGG
2268 CGCAAATGGGCGGTAGGCGTG
4667 AGCAAGTAAAACCTCTACA
7124 GCAAATGGGCGGTAGGCGTGTAC
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Table 6.2: Padron mutagenesis primers.
Template Mutagenesis Primer Primer sequence

pa07 F173X SDM 2643 TACCGATGTGACNNNAAAACTACTTAT
2644 ATAAGTAGTTTTNNNGTCACATCGGTA

pa22 T58X SDM 2633 TATGACATCTTGNNNATGGCGTTCTGT
2634 ACAGAACGCCATNNNCAAGATGTCATA

pa38 S82X SDM 2825 TATTTCAAGCAGNNNTTTCCTGAGGGCT
2826 AGCCCTCAGGAAANNNCTGCTTGAAATA

pa48 +GFPend
2105 ACGGATCCAATGGTGAGCAAGGGCGAGG

AGAACAACATGGCCGTGATTAAACCAGAC

2161 ATTAAGCTTCGAATTCTTACTTGTACAGC
TCGTCCATGGCCTGCCTCGGCAG

pa57 E218G SDM 2919 GAAGCGCATTCTGGGCTGCCGAGGCAG
2920 CTGCCTCGGCAGCCCAGAATGCGCTTC

pa60 D203D SDM 4143 AGCCACGACAAAGATTACAGTAATGTTA
4144 TAACATTACTGTAATCTTTGTCGTGGCT

pa62 S190X SDM 5511 CAGACTATCACNNNGTGGACCACCAC
5512 GTGGTGGTCCACNNNGTGATAGTCTG

pa69 A69X SDM 2745 CTATATTTTCTGGGTATTTNNNGAATACCCTGTTGCCG
2746 CGGCAACAGGGTATTCNNNAAATACCCAGAAAATATAG

pa87 C69V SDM 7360 GGCAACAGGGTATTCGTGAAATACCCAGAAAAT
7361 ATTTTCTGGGTATTTCACGAATACCCTGTTGCC

pa90 R66X SDM 8155 TTCTGTTACGGCAACNNNGTATTCGTGAAATAC
8156 GTATTTCACGAATACNNNGTTGCCGTAACAGAA

Padron 1.9 V69X SDM 8344 GGCAACAAGGTATTCNNNAAATACCCAGAAAAT
8345 ATTTTCTGGGTATTTNNNGAATACCTTGTTGCC

Padron
1.9/2.0/2.1 Corr. MSM 9193 [Phos]GAGAACAACATGGCCGTGATTAAACCAGACATG

Padron
1.9/2.0/2.1 Corr. MSM 9195 [Phos]CCCGTTCGCGATTGAGGGAGTTGGCCTT

Padron
1.9/2.0/2.1 Corr. MSM 9196 [Phos]GTCAAAGAAGGCGGACCTCTGCCTTTCGCCTAT

Padron 2.1 Corr. MSM 9194 [Phos]CGTATGGAAGGCGCTGTAAATGGACACCCGTTC
Padron 2.1 Corr. MSM 9197 [Phos]GGCATTTGTAACGCGACAAACGACATAACCCTG

Padron 2.1 Corr. MSM 9198 [Phos]CCACATTGAGATTAAAAGCCA
CGACAAAGATTACAGT
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Table 6.3: Primers used for cloning of bacterial and mammalian expression constructs.
Primer Primer sequence

914 GATCCGCTAGCGCTAATGGTGAGCAAGGGCGAGGAG
915 CACTCGAGATCTGAGTCCGGACTTGTACAGCTCGTCCATGCC
916 CTGCAGGTCGACATGGTGAGCAAGGGCGAGGA
1836 TCCACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTC
1837 GTCGCGGCCGCTACTTGTACAGCTCGTCCATGCCGAGAG
2244 TCCACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAG
2291 GATCTCGAGTGATGGCAGATGAACGGAAAGACGAAGC
2292 GGTGGATCCTTATCACAAGCCCTGCTTAGCGAGTGCAGC
2884 CGACGCTAGCATGGTGAGCAAGGGCG
2943 AGGGCTCGAGCATGGTGAGCAAGGGCGAGGAG
3048 CCCTGCGGCCGCTTTACTTGTACAGCTCGTCCATGGCCTGCCTCGGCAGC
3978 CACTCGAGATCTGAGTCCGGACTTGTACAGCTCGTCCATG
4027 AGGGCTCGAGCATGAGTGTGATTAAACC
4098 AACGAATTCTTACTTGGCCTGCCT
4552 CAGATCTCGAGTGGCTGCGTCCGGTCTGGA
4553 TCCGGTGGATCCTTAGCATTTCAGGCAACTCTCCT
4571 TCCGCTAGCATGTCTGGGGGCAAAT
4572 CCGGTGGATCCCGGGCCCGCGGTATTTCTTTCTGCAAGTTGATG
4604 GTCGCGGCCGCTTACTTGTACAGCTCGTC
4605 TCCACCGGTCGCCACCATGGTGAGCAAGGGCGAG

5065 GACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATGG
TGAGCAAGGGCGAGGAG

8650 CCCTGCGGCCGCTTTACTTGTACAGCTCGTCCATGGC
8784 CCACTCGAGATCTGAGTCCGGACTTGTACAGCTCGTCCATG
9336 CACTCGAGATCTGAGTCCGGACTTGTACAGCTCGTCCATGGC
9337 TCCGCTAGCGCTACCGGTCGCCACCATGGTGAGCAAGGGCG
9338 TTCTGCGGCCGCCTTGTACAGCTCGTCCATGGCCTGCCCC
9340 AGGGGATCCACCGGTCGCCACCGTGAGCAAGGGCGAGGAGAACAAC
9341 CGAGCGGCCGCTACTTGTACAGCTCGTCCATGG
9362 GATCCGCTAGCGCTAATGAGTGTGATTAAACCAGACATGAAGATCAAGC
9363 CACTCGAGATCTGAGTCCGGACTTGGCCTGCCTCGG
9364 CTGCAGGTCGACATGAGTGTGATTAAACCAGACATGAAGATCAAGC
9365 TTCTGCGGCCGCCTTGGCCTGCCTCGGCAG
9366 TCCACCGGTCGCCACCATGAGTGTGATTAAACCAGACATGAAGATCAAGC
9367 CCCTGCGGCCGCTTTACTTGGCCTGCCTCGGC
9368 CGACGCTAGCATGAGTGTGATTAAACCAGACATGAAG
9369 TCCACCGGTCGCCACCATGAGTGTGATTAAACCAGACATGAAGATC
9370 GTCGCGGCCGCTTACTTGGCCTGCCTC

9371 GACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATGAGTGTGATT
AAACCAGACATGAAGATCAAGC

9372 TCCGCTAGCGCTACCGGTCGCCACCATGAGTGTGATTAAACCAGACATGAAG
9373 CCACTCGAGATCTGAGTCCGGACTTGGCCTGCCTCG
9374 AGGGGATCCACCGGTCGCCACCAGTGTGATTAAACCAGACATGAAGATCAAGCTGC
9375 CGAGCGGCCGCTACTTGGCCTGCCTCGG
9376 CACTCGAGATCTGAGTCCGGACTTGGCCTGCCTCG
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7.1 Additional figures
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Figure 7.1: Detailed switching kinetics in bacterial colonies. Proteins were switched
to 5% (Kohinoor: 10%) residual fluorescence and switched back to the on-state with 8 dif-
ferent 488 nm laser intensities. Insets depict the three highest 488 nm laser intensities used.
(a) Padron 2.0, (b) Padron, (c) Kohinoor, (d) Padron 1.9, (e) Padron 2.1.
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Figure 7.2: Switching fatigue in bacterial colonies with residual off-state inten-
sities. Proteins were switched to 5% residual off-state fluorescence intensity and back to
95% of the fluorescent on-state for 1000 times at two different 488 nm intensities (2.6 and
30.1 kW/cm2). Data for each protein are depicted in single graphs which show on-state flu-
orescence intensities and residual off-state fluorescence intensity for normal and comparative
measurements. (a) Padron 2.0, (b) Kohinoor, (c) Padron, (d) Padron 1.9, (e) Padron 2.1.
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Figure 7.3: SDS PAGE of purified Padron variants. Proteins were isolated as described
in section 5.4. Other isolations for measurement repetitions displayed similar purity.
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Figure 7.4: pH dependent absorption and fluorescence emission of Padron 1.9 and
2.1. Equilibrium ground-state absorption spectra were measured over a range of pH values
for (a) Padron 1.9 and (b) Padron 2.1. (c) Fluorescence emission from the same samples was
measured with a 485/20 excitation and a 528/20 detection filter and results are depicted as
a function of pH. Detector sensitivity was scaled to the brightest wells of each sample and
Padron 2.0 is shown for comparison. (d) Positions of the deprotonated absorption peaks.
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Figure 7.5: pH dependent excitation an emission spectra for Padron, Padron 2.0
and Kohinoor. Equilibrium ground-state excitation and emission spectra were measured
over a range of pH values at 550 nm detection wavelength and excitation at 470 nm, respec-
tively, for (a,b) Padron, (c,d) Padron 2.0, and (e,f) Kohinoor.
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Figure 7.6: pH dependent excitation an emission spectra for Padron 1.9 and
Padron 2.1. Equilibrium ground-state excitation and emission spectra were measured over
a range of pH values at 550 nm detection wavelength and excitation at 470 nm, respectively,
for (a,b) Padron 1.9 and (c,d) Padron 2.1.
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Figure 7.7: Seminative polyacrylamide gel electrophoresis of Kohinoor and Ko-
hinoor+GE. Proteins were analyzed with a seminative PAGE with non-denaturing sample
handling prior to application to the gel. DsRed, dTomato, and mEGFP were added as
oligomeric state markers for tetrameric, dimeric, and monomeric fluorescent proteins, respec-
tively. (a) Fluorescence image of the gel in the red (DsRed, dTomato) and green (others)
channel. (b) Coomassie staining of the same gel. GE, GFPend.

Figure 7.8: Size exclusion chromatography. Protein absorption was detected after size
exclusion chromatography (SEC) of protein samples with 10 µM concentration without equi-
libration prior to SEC. Proteins were diluted from concentrations between 300 and 600 µM.
SEC was performed at 4℃, and DsRed, dTomato, and mEGFP were used as oligomeric
markers. Protein absorption was measured at 280 nm.
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Figure 7.9: Tubulin fusion constructs of resected tissues of third instar larvae
of Drosophila melanogaster. Tubulin was directly labeled with Padron0.9, a variant of
Padron with an increased tendency for dimerization [140], and integrated into the genome.
Images of overexpressed constructs in larvae tissue were recorded in confocal mode. Ge-
netically modified Drosophila melanogaster were created by Dr. Sebastian Schnorrenberg as
described in 2016 [153]. Scale bar: 5 µm.
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Figure 7.10: RESOLFT microscopy of vimentin-Padron 2.0 fusion constructs with
sequential switching sequence. Transiently transfected HeLa cells were imaged with
25 nm pixel size in pixel step mode. The confocal image was recorded first with 2.1 kW/cm2

and 20 µs pixel dwell time. The RESOLFT image was recorded with sequential switching
steps with the following pixel dwell times: 100 µs 11.9 kW/cm2 activation, 50 µs break, 600 µs
0.6 kW/cm2 doughnut-shaped beam to switch of peripheral fluorophores, 50 µs break, and
80 µs 1.0 kW/cm2 readout. The sequence was repeated twice for every line and readout
fluorescence was accumulated. Line profiles were measured at 8 manually selected positions
with 3 adjacent lines and modeled with a Lorentzian fit. FWHM of the fits are indicated in
the graphs. Scale bar: 1 µm.
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Figure 7.11: RESOLFT microscopy of vimentin-Padron 2.0 fusion constructs with
sequential switching sequence and activation suppressed readout. Transiently trans-
fected HeLa cells were imaged with 25 nm pixel size in pixel step mode. The confocal image
was recorded first with 1.4 kW/cm2 and 240 µs pixel dwell time. The RESOLFT image
was recorded with sequential switching steps with the following pixel dwell times: 70 µs
23.1 kW/cm2 activation, 350 µs 1.0 kW/cm2 doughnut-shaped beam to switch of peripheral
fluorophores, and 120 µs 1.4 kW/cm2 readout with simultaneous suppression of fluorescence
activation of peripheral fluorophores with the 405 nm doughnut at 1.0 kW/cm2. Line profiles
were measured at 8 manually selected positions with 3 adjacent lines and modeled with a
Lorentzian fit, red data points were excluded from the fit. FWHM of the fits are indicated
in the graphs. Scale bar: 1 µm.
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Table 7.1: Standard deviations [µs] of switching half-times from off- to on-state.
kw/cm2 Padron Padron 1.9 Padron 2.0 Padron 2.1 Kohinoor
1.3 6,012 1,639 375 1,243 2,762
2.6 3,153 841 651 558 1,164
5.4 1,750 475 208 185 374
13.4 548 145 124 94 176
30.1 212 68 40 20 66
61.7 81 32 51 5 49
86.2 78 25 47 5 15
117.8 47 17 25 5 10

Table 7.2: Standard deviations [µs] of switching times to 95% of the full on-state.
kw/cm2 Padron Padron 1.9 Padron 2.0 Padron 2.1 Kohinoor
1.3 20,431 4,836 4,344 7,894 23,420
2.6 3,717 1,972 4,514 1,655 8,870
5.4 2,976 1,440 1,001 1,380 3,897
13.4 1,184 505 231 1,082 1,302
30.1 1,313 287 211 321 265
61.7 867 92 85 15 401
86.2 300 79 115 56 68
117.8 164 52 126 45 37
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(f)PALM (fluorescence) photoactivated localization microscopy
AF autofocus
APD avalanche photodiode
CenpC1 centromere protein C1
CW continuous wave
DMEM Dulbecco’s Modified Eagle Medium
DNA desoxyribonucleic acid
dSTORM direct STORM
EDTA ethylenediaminetetraacetate
EP error-prone
ER endoplasmic reticulum
ESPT excited state proton transfer
FACS fluorescence activated cell sorting
FAD flavine adenine dinucleotide
FBS fetal bovine serum
FLIM fluorescence lifetime imaging
FP fluorescent protein
FPGA field programmable gate array
FRAP fluorescence recovery after photobleaching
FWHM full width half maximum
GSD ground-state depletion
GSDIM ground-state depletion microscopy followed by individual molecule return
LB lysogeny broth
Map2 microtubule-associated protein 2
MCS multiple cloning site
MSM multiple site mutagenesis
NADH nicotinamide adenine dinucleotide
NA numerical aperture
NIR near infrared
Nup50 nucleoporin 50 kDa
PA NL SIM patterned activation non-linear SIM
PAFP photoactivatable fluorescent protein
PAGE polyacrylamide gel electrophoresis
PAINT points accumulation for imaging in nanoscale topography
PALMIRA PALM with independently running acquisition
PBS phosphate buffered saline
PCFP photoconvertible fluorescent protein
PCR polymerase chain reaction

158



PMT photomultiplier tube
PSF point spread function
PTS peroxisomal targeting sequence
RESOLFT reversible saturable optical linear fluorescence transition
RSFP reversibly switchable fluorescent protein
SDM site-directed mutagenesis
SDS sodium dodecyl sulfate
SEC size exclusion chromatography
SIM structured illumination microscopy
STED stimulated emission depletion
STORM stochastic optical reconstruction microscopy
TAE Tris acetat EDTA
TEMED N,N,N’,N’-Tetramethylethylendiamin
UV ultraviolett
VIS visible
VPP vortex phase plate
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