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Zusammenfassung

Nach der Uberwindung der Beugungsgrenze mit superauflosenden Techniken wie STED
und PALM/STORM kombiniert die MINFLUX Nanoskopie die Vorziige dieser Techniken
und verschiebt die optische Auflosung hin zur Markergrofle. Daher konzentriert sich
die Fluoreszenzmikroskopie mehr denn je auf einzelne Fluorophore, wobei verschiedene
fluoreszierende und nicht-fluoreszierende Zustédnde ausgenutzt werden. Das Photoschalt-
verhalten zwischen diesen Zustédnden ist jedoch im Hinblick auf MINFLUX noch nicht
analysiert worden. Diese fluorophorspezifischen Eigenschaften haben einen grofien Einfluss
auf die Bildqualitét, insbesondere auf die Lokalisierungseffizienz in Bezug auf Erfolg und
Geschwindigkeit. In dieser Arbeit wurden zwei Farbstoffklassen mit unterschiedlichen
anregungsentkoppelten Schaltmechanismen (reversibel und irreversibel) auf ihr Potenzial
fir die MINFLUX Bildgebung untersucht. Zu diesem Zweck wurde ein vielseitiger Mikro-
skopieaufbau entworfen, der Charakterisierungen auf der Einzelmolekiilebene im konfokalen
und Weitfeld-Beleuchtungsmodus sowie PALM/STORM Mikroskopie ermoglicht, um die
besten Farbstoffkandidaten fiir die MINFLUX Bildgebung zu identifizieren. Spontan
blinkende Fluorophore (reversibles Schalten) erlaubten eine bis zu 30-fache Steigerung der
Lokalisierungsgeschwindigkeit im Vergleich zu bereits publizierten blinkenden Farbstoffen.
Mit photoaktivierbaren Farbstoffen (irreversibles Schalten) wurde der Lokalisierungserfolg
der MINFLUX Nanoskopie zum ersten Mal quantitativ mit dem der PALM Mikroskopie
verglichen. Dartiber hinaus wurden Abstédnde innerhalb eines Markers bestimmt, was eine
neue Perspektive auf die Markierungsstrategien fiir die Bildgebung biologischer Strukturen

wirft.






Abstract

After circumventing the diffraction limit with super-resolution techniques like STED and
PALM/STORM, MINFLUX nanoscopy combines the advantages of these techniques,
pushing the optical resolution down to the label size. Thus, more than ever, fluorescence
microscopy focuses on single fluorophores, exploiting different fluorescent and non-fluores-
cent states. However, the behavior of the photoswitching between these states has not
been investigated with respect to the MINFLUX performance. These fluorophore-specific
properties heavily influence the image quality, particularly the localization efficiency in
terms of success and speed. In this thesis, two dye classes with different excitation-
decoupled switching mechanisms (reversible and irreversible) were evaluated for their
potential for MINFLUX imaging. To this end, a versatile microscope setup was designed,
enabling characterizations on single molecule level in confocal and wide-field illumination
mode as well as PALM/STORM microscopy to identify the best dye candidates for
MINFLUX imaging. Spontaneously blinking fluorophores (reversible switching) allowed
for an up to 30-fold increase of localization speed as compared to previously reported
blinking dyes. With photoactivatable dyes (irreversible switching), the localization success
of MINFLUX nanoscopy was quantitatively benchmarked for the first time against PALM
microscopy. Moreover, intra-marker distances were visualized, provoking a new perspective

on labeling strategies for biostructural imaging.
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Preface

In experimental sciences, the core of knowledge lies in observation. For most developed
living beings observation occurs primarily through visual exploration of their conspecifics
and the environment, which is enabled by the electromagnetic interaction between photons
and matter. However, human optical systems are very versatile, but inherently limited
in terms of resolution. To address this shortcoming, technical optical systems have
been developed that exploit the refraction of light, opening the scientific field of light
microscopy. As visible light minimally affects most known biochemical structures, it is
particularly desirable to use in experiments of biological relevance. However, conventional
light microscopy suffers from poor contrast in biological samples, making fluorescence
microscopy the technique of choice for life science research. Labeling the sample with a
fluorophore complicates sample preparation but also ensures specificity with respect to

the structure of interest.

Fluorescence microscopy greatly improves resolution compared to the human eye, but does
not resolve beyond spatial distances of d = 200 nm, which is about half the wavelength

of visible light. This barrier is known as the Abbe limit [1] and was accepted to be
the final frontier of light microscopy until the late twentieth century. The introduction

of Stimulated Emission Depletion (STED, [2]) changed this paradigm by fundamentally
undercutting the Abbe limit [3]. This coordinate-targeted approach to diffraction-unlimited
fluorescence imaging utilizes a depletion beam as a reference coordinate to reduce the
spatial dimension, from which spontaneous fluorescence can originate. As seeing is believing,
a rush into the scientific field of super-resolution microscopy was set off ever since the
experimental evidence, with more and more techniques circumventing the diffraction
barrier being developed. Two other notable techniques, utilize a coordinate-stochastic
approach: Stochastic Optical Reconstruction Microscopy (STORM, [4]) and Photoactivated
Localization Microscopy (PALM [5, 6]), introduced about ten years after STED, impress

by their relatively simple experimental setup. Admittedly, coordinate-targeted and coordinate-
stochastic techniques differ strongly in their technical implementation. What both approaches
have in common, however, is putting the individual fluorophores in the spotlight. By

inducing different electronic states, the emission of the fluorophores is controlled in time



so that only the information of a subset of markers is detected at once. Theoretically,
the resolution of approaches is unlimited, but the burden of the measurement lies on
the fluorophores. Practically, the resolution of the methods depends on the number
of emission cycles. Since fluorophores have a statistical probability of photo-bleaching,
limiting the number of these cycles and thus the resolution that can be practically achieved

to o =~ 20 nm.

Recently, a conceptually new realization called MINFLUX [7] has been developed, combining
the strategies of the established approaches to diffraction unlimited resolution. Combining
the injection of a reference coordinate (coordinate-oriented) with working at the single
fluorophore level (coordinate-stochastic), provides a photon-gentle way to obtain precise
localization information from individual emitters. Through multiple exposures with the
intensity minimum of a structured excitation beam (e.g. donut pattern) in the vicinity of
the emitter, its position can be calculated. In an iterative process, the excitation power is
increased enabling a refinement of the calculated fluorophore position over several steps.
By placing the excitation minimum on the calculated position after each step, most of
the load off the fluorophore is taken away. This approach proved to break the diffraction

limit ultimately by localizing with a precision down to ¢ < 1nm [§].

Fueled by this new nanoscopy method, dye research is taking a new direction. The
paradigm that the maximum number of photons is the most important parameter to
obtain the highest possible localization precision became secondary, as several hundred
photons are sufficient for a precision in the single-digit nanometer range with MINFLUX
[7]. This allows for the optimization of other dye parameters more important to MINFLUX
nanoscopy. Now the single fluorophore discrimination criterium and therefore the control
of the fluorescent on- and off-states of the molecule is of utmost importance, as it impacts
the localization efficiency in terms of speed and success. Owed to the novelty of the
technique, first localization and imaging experiments have been performed with the well-
known AlexaFluor647 dye [7-9], a cyanine dye optimized for STORM microscopy. The dye
is known to enter photo-induced long-lived dark states in distinct oxygen-depleted buffer
systems containing thiols, and to emit a high number of photons before it photo-bleaches.
Indeed, performing MINFLUX imaging is possible with this dye, but the unnecessary
high number of photons is pricey and paid by prolonged localization times. Moreover,
the dependence of the switching process on the excitation laser, which either switches the

dye into the off-state or photo-bleaches it, additionally affects the localization efficiency.

In light of this setting, the aim of this thesis is the characterization of novel dyes and
their switching mechanisms with respect to their suitability for MINFLUX nanoscopy. To

this end, a versatile optical setup was designed and built, enabling dye characterization



in a single molecule environment in both confocal and wide-field illumination mode.
First, statistical analysis was performed for the parameters most relevant to MINFLUX
nanoscopy. In the second step, different biological structures were stained with various
dye bioconjugates in fixed and living cells, to investigate their versatility as fluorescent
markers and imaged with established techniques (confocal, PALM/STORM) using the
custom-built setup. Finally, their usability in MINFLUX was proven by labeling nuclear
pore complexes with different dye conjugates and imaging them with different MINFLUX
systems. Utilized as standard sample system in super-resolution microscopy nuclear
pore complexes enabled a wide range of measurements of different emitters and labeling
strategies. Thus, among others, it was possible to increase the localization speed up to
30 times compared to previously published MINFLUX measurements, and to resolve one
of the smallest fluorescent labels up today. The results obtained in this thesis toss a new
view onto the implementation of MINFLUX measurement routines as well as emphasize

the importance of labeling in nanoscopy.

The thesis comprises five chapters. While the first chapter covers an overview of the
theoretical background of fluorescence and super-resolution microscopy (with emphasis
on MINFLUX nanoscopy), also different photoswitching mechanisms with respect to
MINFLUX are discussed. In chapter 2 the methodology of the conducted experiments
is described, specifically sample preparation, photophysical characterization, imaging and
evaluation of the data. Finally, in chapter 3 and 4, the investigation of two different
dye families is presented. Fluorophores described in chapter 3 perform reversible on/off-
switching stochastically within the ground state. In contrast, dyes presented in chapter
4 are irreversible fluorescent on-switches, being photoactivated via a transition in the
excited state. For both photoswitching mechanisms, a comprehensive study is presented,
including single molecule characterization, labeling with different bioconjugates, PALM,
STORM and MINFLUX imaging of the respective biological structures and subsequent
nanoscopy data evaluation. Exploiting the irreversible switching behavior of photoactivat-
able dyes presented in chapter 4 enabled different applications relevant for future consider-

ations in MINFLUX nanoscopy (see chapter 5).

The results presented in this thesis were also subject of paper published and submitted

as well as in preparation (see Publications).



Chapter 1

Fluorescence Nanoscopy

This chapter comprises a theoretical overview of the presented thesis. First the theoretical
aspects of fluorescence are discussed in section 1.1. With regard to its application in
fluorescent microscopy a more detailed view is put on the different fluorescent switching

processes.

In section 1.2 MINFLUX nanoscopy is put into the context of established super-resolution

techniques.

The chapter concludes with theoretical considerations of the on- and off-switching mech-

anisms utilized in MINFLUX nanoscopy in section 1.3.

1.1 Fluorescence

Fluorescence is the emission of light by a molecule after the absorption of light by the
very same. The process is induced by transitions between different electronic singlet states

within the molecule.

1.1.1 Molecular Fluorescence

Covalent bonds are the predominant binding type in organic molecules. A covalent bond
is created by two atoms sharing some of their valence electrons. The probability of
finding the electrons around the atom’s nucleus is represented by atomic orbitals. When

an atomic orbital partly overlaps with an atomic orbital from the neighboring atom, a



1.1. FLUORESCENCE

molecule orbital is formed (for organic fluorophores, mainly s- and p- orbitals contribute).
The spatial overlap defines the shape of the molecule as well as the energy levels of its
electronic states. Figure 1.1A displays formaldehyde and the energy levels of the molecular
orbitals, which are formed by the electrons occupying the carbon-oxygen bond and the
non-binding electrons. For molecules containing heteroatoms, the promotion of an electron
from the HOMO (highest occupied molecular orbital) to the LUMO (lowest unoccupied
molecular orbital) represents the main route of transitions into an energetically higher
state of the molecule. These transitions can be understood as the excitation of an electron
from a lower to a higher energy level and are shown in figure 1.1B. The electronic ground
state of most stable organic molecules possesses a multiplicity equal one. Consequently,
all transitions that leave the electron spin unaffected create singlet excited states. A spin
flip during the transition results in a triplet state. According to the spin selection rule,
the transition between singlet state S, and triplet states T, are forbidden. However, the
triplet states can be populated from excited singlet states by intersystem crossing, mainly

via spin-orbit interactions.
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Figure 1.1: Molecular orbitals and electronic energy states of formaldehyde.
A) The molecular orbitals of the ground state Sy and the lowest excited singlet (spin
conserving, S1) and triplet state (spin changing, T7). In both excited cases, one electron
of the HOMO is excited into the LUMO. B) The different electronic states of formaldehyde
caused by excited electrons. Higher states than S; and T; can be achieved by excitation
of an electron from a lower orbital than the HOMO (Figure adapted from [10]).

Molecular states and transitions can be visualized in a Perrin-Jablonski diagram as shown
in figure 1.2. Starting at the electronic ground state Sy, the absorption of a photon
(light) results in an excited molecule (S,~¢). From an excited singlet state, a molecule
can deexcite via different processes: internal conversion (S,y; to S;), fluorescence (S;

to Sp) or intersystem crossing (S,~o into T,). While the first and the last one are

>



CHAPTER 1. FLUORESCENCE NANOSCOPY

non-radiative processes, in which energy is transferred via vibrational relaxation (thin
black lines) to the surrounding, the second one is a radiative process. From the triplet
state, the molecule can return to the corresponding singlet state by reverse intersystem
crossing (T, to S;) or deexcite by phosphorescence (T, to Sp). Furthermore, while
occupying an electronic state, a molecule can adopt different vibrational states. This
affects photon energies in the absorption and emission process, yielding broad spectra for
both (see figure 1.2 bottom), with their shapes being determined by the probability of the
individual transitions (Franck-Condon-Principle). Moreover, the vibrational relaxation of
the molecule itself as well as solvent reorganization during the lifetime of the first excited
singlet state S; (Kasha’s Rule) leads to a shift of the emission spectrum to lower energies

compared to the absorption spectrum (Stokes Shift).

Transition processes, originating from the same excited state (e.g. S;) are competing,
each with a probability defined by its individual decay rate k,. Thus, the sum of these
processes determines the lifetime of the respective excited state and the lifetime of S1, i.e.

the fluorescence lifetime, reads

1
B kem + kic + kisc

Ts1

(1.1)

Moreover, the probability for the deexcitation via fluorescence is defined as the quantum

yield
kem

- kem + kic + kisc

For highly fluorescent molecules, the internal conversion rate and intersystem crossing rate

Py (1.2)

are low compared to the fluorescence emission rate, which results in a high probability of
the molecule deexciting via fluorescence. Also, compared to the singlet lifetime (typical
nanoseconds), the triplet lifetime (typical microseconds) is orders of magnitude higher, as

the spin multiplicity differs from the one of the ground state Sy.
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Figure 1.2: Perrin-Jablonski diagram of the energy states and transitions
of a molecule. Absorption of a photon excites the molecules into a higher singlet
state (Sy or Sy). After rapid vibrational relaxation, it can either deexcite via internal
conversion (IC) or fluorescence into the ground state Sp, or reach the triplet state Ty
via intersystem crossing (ISC). From triplet state, it can deexcite via phosporescence or
intersystem crossing. Moreover, the vibrational states of the molecule lead to a spread
in energy for the individual transitions resulting in broadened spectra for absorption and
emission (bottom). The probability of the individual transitions defines the shape of
the spectra (Franck-Condon-Principle), and together vibrational relaxation and solvent
reorganization during the fluorescence lifetime yield an energy difference between the
absorption and emission spectra (Stokes Shift). Electronic states are shown as thick black

lines, vibrational states as thin black lines (Figure adapted from [11]).
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In real-life, the process of absorption and fluorescence emission cannot be repeated indefinitely.
Instead, when illuminating an ensemble of dyes, a decrease of fluorescence light can be
observed over time. This is due to the fact that the fluorophores have a probability of
photo-bleaching, i.e. irreversibly changing their chemical structure in a way such that
they cannot absorb and emit photons anymore. These degradation processes have been
known and investigated for a long time [12], but are still not fully understood today.
However, by now it is known that one type of photodegradation processes has its origin
in the triplet state. In T,, the molecule is highly reactive and can be oxidized either by
molecular oxygen (triplet in the ground state) or by reactive oxygen species produced by
triplet-triplet annihilation between another triplet state molecule and molecular oxygen or
it can be photon-ionized by another photon [13]. Figure 1.3 shows a simplified Jablonski
diagram including photo-bleaching.

Figure 1.3: Simplified Jablonski diagram of the triplet state transitions. Via
intersystem crossing (e.g. by spin-orbit interactions) a molecule can switch from S; into
the triplet state T; with the rate k;s.. The molecule becomes highly reactive and can by
oxidized by molecular oxygen or reactive oxygen species (e.g. singlet oxygen generated
through triplet-triplet annihilation between molecular oxygen and another triplet state
molecule) or deexcites via phosphorescence with the rate k.

Nevertheless, significant photo-bleaching of molecules with a quantum yield close to one
(i.e. minimized probability of intersystem crossing to the triplet state), indicates that
other photo-bleaching mechanisms independent of triplet states are the cause for loss in
fluorescence [14]. Metastable states [14] and photo-bleaching through the S; state [15, 16]
are suggested. The vast amount of published studies not only emphasize the complexity

of photo-bleaching [17], but also how much it is still up for debate today. However, these

8



1.1. FLUORESCENCE

processes can all be reversed by reductive and/or oxidative additives. Donating to or
accepting electrons from the fluorophore, these reductive/oxidative systems (ROXS) are

reported to enhance the lifetime significantly [18, 19].

While photo-bleaching is a light-induced, irreversible structural change leading to a non-
fluorescent product, there are also photochemical processes resulting in the opposite
phenomenon, i.e. photo-induced switching from a non-fluorescent state into a fluorescent
state. This irreversible on-switching process, termed photoactivation or uncaging, as well
as reversible on- and off-switching processes (photo-induced or thermal) are exploited in
all fluorescence nanoscopy techniques comprising coordinate-targeted techniques following
the RESOLFT approach [20], single molecule localization methods like PALM and STORM
[5, 6], and MINFLUX [7] (see section 1.2.2). Especially for the latter technique, the
photoswitching mechanisms are from high relevance and therefore one of the main subjects
of this thesis.

1.1.2 Reversible On/Off-Switching

The term ’switching’ refers to the transition between different states with distinct photo-
physical properties a fluorescent molecule can possess. More precisely, it ascribes transitions
between states, in which the fluorophore emits light (on-state) and in which its emission
is heavily suppressed (off-state). This transitions can be reversible or irreversible (see
section 1.1.3). The mechanisms yielding a reversible switching behavior can be either
photochemically or thermally induced. The main difference lies in the state the molecules
possesses while switching back and forth. In a photochemically induced mechanism, the
molecule switches from the excited state S; into long-lived dark states, while the thermal

mechanisms lead to switching between two different ground states Sy [21].

Reversible photochemical switching is the most utilized switching concept in STORM
microscopy. However, a general switching mechanism cannot be pointed out, as multiple
ones are proposed, depending on the type of dye and its chemical structure. As photo-
chemical switching is induced while the molecule is in S,~¢, the power of the excitation
laser plays a significant role for the transition into long-lived dark states, determining
the population density of these off-states. The best-studied photochemical switching
mechanisms are all based on intersystem crossing into the triplet state T with a typical
lifetime of several tens to several hundreds of microseconds. The comparatively long
lifetime to S; (typical showing nanosecond lifetimes) results in a higher probability for
inducing a transfer into longer-lived dark states. The photochemical processes behind

this transfer are similar to the irreversible photo-bleaching (usually undesired transfer
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Figure 1.4: Main photochemical/photophysical processes of Cy5. The scheme
displays the main photochemical /photophysical processes of Cy5 comprising its in on-
state (red), off-state (grey) and the irreversibly photo-bleached state (blue). All switching
processes are initiated from the excited singlet state (S;) and compete, with their rates
determining their individual probabilities and the lifetimes of the individual states. The
thiolated state Cy-SR™ represents the long-lived dark state exploited in STORM and
MINFLUX microscopy.

into a permanent dark state), namely photoionization, photooxidation or photoreduction.
Also, cis-trans isomerization can induce a off-state by disturbing the planarity of the
chromophore. The lifetimes of all these dark states depend on the chemical structure of
the molecule. For fluorescent proteins for example, protonation and cis-trans isomerization
can result in long off-states [22]. The cyanine dye Cy5, a well-known dye in the field of
STORM microscopy, is reported to show different dark states based on all the mechanisms
mentioned above with an average lifetime of several hundred microseconds, similar to the
triplet state lifetime [23]. These dark states are too short-lived to keep a significant
amount of dyes in the off-state to guarantee single molecule conditions (i.e. only one dye
in on-state per diffraction limited area). Another photochemical switching mechanism,
also applicable for Cyb, is induced by thiols, which covalently bind in the region of the
chromophore and break the conjugated system, forming a non-fluorescent molecule. This
conjugate is reported to be stable up to several hours [24]. The fluorescent molecule can
be recovered with UV illumination. A scheme illustrating the photoswitching mechanism
of Cyb is depicted in figure 1.4. Also several rhodamines [25] as well as the enhanced
yellow fluorescent protein eYFP [26] are reported to undergo thiol-based photoswitching.
Furthermore, uncoupling the photo-induced switching from the excitation source was

realized with fluorescent proteins [27].

Structural fluorogenicity in contrast, does not depend on light for switching between
a fluorescent and a dark state, but instead relies on thermal switching in ground state .S

(see figure 1.5). This is accomplished by structural changes between a non-fluorescent and

10



1.1. FLUORESCENCE

a fluorescent form of the molecule (e.g. protonated form, isomers). Mechanisms allowing
for ground state switching are manifold, such as reversible nucleophilic attack by a thiol
[28], conformational locking [29] or internal spirocyclization [21, 30]. The latter is based
on the proton equilibrium between the fluorophore and its aqueous environment. For
rhodamines and silicon-rhodamines, which are popular due to their high quantum yields,
spirocyclization causes a reversible disturbance of the conjugated system of the rhodamine
core. As the application of spontaneously blinking silicon rhodamines for MINFLUX
imaging is part of this thesis, a detailed comparison of their switching behavior with the

established thiol-based switching can be found in chapter 3.

OFF « — > ON

Figure 1.5: Spontaneous reversible on/off-switching of fluorophores. The
Jablonski diagram depicts the basic principle of spontaneously (thermally) switching
fluorophores. The molecule stochastically switches between two ground states (S{, and
So), of which Sj is not absorbing or emitting light.

1.1.3 Irreversible On-Switching

In contrast to reversible on/off-switching, irreversible on-switching results in only one
burst of photons by which the organic fluorophore or fluorescent protein can be detected
before photo-bleaching. Consequently, not only the transition into the on-state is irreversible,

also the off-state is permanent, as it is represented by photo-bleaching.

11
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Figure 1.6: Irreversible on-switching of fluorophores. The Jablonski diagram
depicts basics of photo-induced uncaging. An activation source (usually UV or 2-photon
absorption) excites the molecule from a ground state Sf, into a non-fluorescent excited state
Si. From there, it uncages (photoactivates) into S; and can fluoresce. The molecules is

permanently turned off by photo-bleaching.

The irreversible switching behavior can be installed in organic fluorophores by different
means of photochemistry. The currently explored mechanisms comprise photo-cleavage of
quenching groups (uncaging) [31-33|, cage-free uncaging [34] and photo-conversion into
a molecule with different spectral properties [35, 36]. Figure 1.6 illustrates the uncaging
strategy as an example. By absorption of activation light the molecule gets excited from
a ground state S to an excited non-fluorescent state S|. The transition from S| to S;

yields a fluorescent molecules.

1.2 Fluorescence Nanoscopy

Fluorescence microscopy is a sub domain of light microscopy. The laws of optics are
exploited and light refraction on lenses is used to enlarge the view of structures. Typical
structures are of biological relevance and can be imaged without harm as visible light is
used. While light microscopy often suffers from poor contrast in such samples, fluorescence
microscopy circumvents this issue by dyeing the structures of interest, collecting the
fluorescence light emitted by the molecule. Certainly, labeling a sample complicates its
preparation, but also ensures specificity with respect to the structure of interest. More
important to this thesis than the initial motivation of contrast enhancement, fluorescence
microscopy sets the foundation for techniques that fundamentally beat the Abbe diffraction

limit.
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1.2. FLUORESCENCE NANOSCOPY

1.2.1 Spatial Resolution

Investigating the light propagation through optical gratings, Ernst Abbe discovered a
maximum number of lines per region above which the grating structure could not be
displayed anymore in the image. This was due to the fact that the maximum angle
between the zero and first order diffraction maximum, carrying the grating information
in the Fourier space, is 180° [1]. He deduced a formula describing the minimal distance d

between two identical objects at which both can be recognized as different

A A
d= onsina 2NA (1.3)

with the numerical aperture (NA) being the product of the immersion medium refractive
index and the half-opening angle of the microscope objective lens. For modern objective
lenses with a NA = 1.4, the diffraction limit amounts to roughly half of the employed

wavelength A, limiting the resolution to d ~ 200 nm for green light.

1.2.2 General Concept of Super-Resolution Microscopy

The Abbe diffraction limit was found to be the resolution limit of optical microscopy
more than a century ago and still holds true today. However, in the late 20th and the
early 21st century, techniques were developed to circumvent the diffraction limit [2]. All
these approaches are specialized variants of fluorescence microscopy and make use of
distinguishable fluorophore states to specifically address sub-ensembles of fluorophores,
with the aim to detect only one fluorophore per diffraction-limited spot at best. Two
general procedures can be distinguished, namely coordinate-targeted approaches and

coordinate-stochastic approaches [37].

Coordinate-Targeted Approaches utilize a focused structured depletion beam with
one (or more) intensity zero(s) creating one (or more) sub-diffraction reference coordinate(s)
in the sample. By overlapping a gaussian-shaped excitation beam with the commonly used
donut-shaped depletion beam during scanning, only a sub-ensemble of excited molecules
close to the reference coordinate (central intensity zero) is allowed to spontaneously emit
photons, enabling the continuous readout of information from a sub-diffraction-limited
area. The suppression of spontaneous fluorescence in the periphery of the reference
coordinate can be achieved either by Stimulated Emission Depletion (STED [2]) or by
populating long-lived dark states (Ground State Depletion, GSD [38]), both generalized as
Reversible Saturable Optically Linear Fluorescence Transitions (RESOLFT [20]) microsco-

py. The spatial resolution is determined by the sub-population size staying in an emissive
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CHAPTER 1. FLUORESCENCE NANOSCOPY

state, which in turn is influenced by the intensity distribution of the depletion beam
around its zero intensity. Therefore, the obtained resolution mainly depends on the

intensity of the depletion beam and is approximated by
A d

- 2nsinay/1+ 1/ - V1+1/1

with I being the intensity of the depletion beam and I, the intensity, at which the

g

(1.4)

probability to evoke the depletion process (e.g. stimulated emission) equals 0.5 [37, 39].
In contrast to equation 1.4, the resolution can be adapted by changing the illumination
intensity of the depletion laser. As the laser power does not represent a limiting factor, the
resolution can be pushed to the size of a single fluorescent molecule in theory. In reality
however, the large number of excitation-and-depletion cycles bears the risk of photo-
bleaching before the fluorophores were allowed to spontaneously emit, thus limiting the

resolution to about 30 nm for organic dyes in biological samples [40].

Coordinate-Stochastic Approaches in contrast, comprise methods that calculate
the centroid position of the diffraction-limited emission pattern of single emitters by
focusing a 2D pixel detector onto the sample plane without any a priori knowledge about
the emitter’s position. As coordinate-targeted approaches, stochastic approaches make
use of different molecule states to ensure that only one emitter is in the fluorescent on-
state per diffraction-limited spot at a time. This can be achieved with the photoswitching
mechanisms described in section 1.1. The most established techniques make use of either
photoactivation with subsequent excitation, detection and photo-bleaching (Photoactiva-
ted Localization Microscopy, PALM [5, 6]), reversible conditional or stochastic transitions
between emissive and non-emissive states (Stochastic Optical Reconstruction Microscopy,
STORM [4]), or by transient binding of emissive fluorophores (Points Accumulation for
Imaging in Nanoscale Topography, (DNA-)PAINT [41, 42]). As the precision of the
centroid position calculation strongly relies on the number of detected photons, the

resolution of these techniques can be described in the absence of background by
d
VN

with N being the number of detected photons. The square root dependence of the

o =

(1.5)

equation results in a moderate increase of resolution (compared to the Abbe limit) for low
photon numbers, but also heads into a progressive decrease of additional information with
every detected photon. Moreover, as the coordinate-targeted approaches described above,
photo-bleaching limits the number of detectable photons and therefore the localization

precision typically to 10 — 20nm. This experimental resolution limit can be pushed by
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optimization of the experimental parameters, i.e. by applying ROXS to reduce photo-
bleaching [18] and by identifying novel fluorescent molecules [43, 44], but cannot be

ultimately overcome.

With the development of MINFLUX nanoscopy [7], the problem of an experimentally
limited localization precision as caused by the fading nature of fluorophores was overcome
for the first time. The fundamentally new concept of using an excitation intensity
minimum for localizing single fluorophores truly enables a localization precision of the

size of the emitter itself.

1.2.3 The MINFLUX Concept

"Nanometer Resolution Imaging and Tracking of Fluorescent Molecules with Minimal
Photon Fluxes’ (MINFLUX nanoscopy, [7]) represents the combination of both established
super-resolution approaches named above. It utilizes an excitation intensity distribution
(coordinate-targeted), e.g. donut-shaped, for the excitation of single fluorophores with
photoswitching ability between distinguishable states such that there is only one excitable
molecule per diffraction-limited spot at a time (coordinate-stochastic). The molecule
position is estimated via several exposures close to the excitation intensity zero (e.g.
donut center), serving as reference coordinate. Using the information extracted from the
detected photons, the excitation intensity zero is recentered with respect to the estimated
molecule position in an iterative manner and thus the molecule is only exposed to minimal
intensity. Due to this illumination strategy, the less photons are detected, the smaller the

displacement between the intensity zero and the actual molecule position is.

In the original paper published by Balzarotti et al. [7] an excitation intensity distribution
in the shape of a donut was employed and three exposures in a triangular pattern around
the estimated molecule position xg were performed, followed by a fourth exposure at
the center of this pattern. For the ease of visualization, the one-dimensional case is
illustrated in figure 1.7. The excitation pattern with its intensity minimum in the center
illuminates the molecule of interest at three different positions +L/2, —L/2 and z, to
correlate the parameters ’excitation intensity’ and ’excitation position’ unambiguously.
The photon flux emitted by the fluorophore depends on both the molecule’s photophysical
characteristics such as fluorescence quantum yield and absorption cross section, and
on the local excitation intensity, which is determined by the distance of the molecule
to the excitation intensity minimum. The fluorophore properties are constant as they
are independent from the illumination intensity and the linear dependence between the

number of detected photons and the local excitation intensity is valid as long as the
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Figure 1.7: MINFLUX excitation scheme visualized in 1D. [llumination with the
excitation intensity distribution at three positions (+1L/2, —L/2, x¢; grey dashed lines)
exposes the emitter to different local excitation intensities (bottom), which in turn evokes
the emission of different amounts of photons. A maximum likelihood estimation allows for
the estimation of the most probable molecule position to which the excitation intensity
minimum is readjusted.

molecule is not excited in a saturated regime. Thus, knowing the intensity pattern, a
maximum likelihood approach can be used to estimate the molecule position with respect
to the individual exposures and their corresponding photon counts. The center of the

pattern can be readjusted with respect to the estimated molecule position.

By recentering the excitation intensity distribution, the displacement between the intensity
zero and the molecule of interest decreases, reducing the effective intensity the molecule
experiences. By increasing the excitation power, the intensity gradient experienced by
the molecule increases, allowing for a smaller scanning range L. The concept of localizing
single molecules via their excitation and not emission introduces the parameter L as a

second quantity determining the localization precision
c=c— (1.6)

with the constant c, determined by the exact shape of the diffraction-limited illumination
pattern. The consequence of equation 1.6 becomes clear, when considering the fact that L
is set by the experimenter. The impact of changing L can be seen in figure 1.8, showing the
1D localization precision ¢ of a quadratic excitation intensity distribution in dependence

on the number of detected photons N for different sizes of L. Lowering L increases
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the precision at a constant number of detected photons. The small scanning ranges are
achieved via an iterative process, refining the position estimate with each step (figure
1.9). Compared to stochastic-coordinate approaches, this reduces the number of required

photons by orders of magnitude (figure 1.8).
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Figure 1.8: MINFLUX localization precision in dependence on number of
detected photons. The 1D localization precision of MINFLUX with an excitation
intensity minimum approximated by a parabola is shown in dependence on the number
of detected photons. Differently sized L (blue, red, yellow) are compared to a 2D
localization precision of an idealized camera (purple), showing the advantage of MINFLUX
nanoscopy compared to conventional single molecule localization methods with respect to
the efficiency in the use of photon.

1.3 Why do Fluorophores Matter?

In conclusion, the established approaches to super-resolution microscopy explained above
share two specific requirements regarding the fluorescent molecules, namely photostability
and discernable photophysical states. The introduction of the MINFLUX concept softened
the demand for the former by the concept’s inherent photon efficiency. However, typical
imaging or tracking experiments do not deal with a single fluorophore in the region of
interest, but many. In this regard, MINFLUX shares the requirement of having only
one emitter in the on-state per diffraction-limited spot with the coordinate-stochastic
approaches and puts discriminable molecular states even more into the center of current

fluorophore design and development, including the presented thesis.
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Power
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Figure 1.9: Iterative MINFLUX approach. Decreasing the L while increasing the
excitation intensity yields an increased localization precision, upon which the subsequent
localization step builds. Due to the position refining of the excitation intensity distribution
with respect to the fluorophore of interest at each step, the experienced intensity of the
molecule stays low.

In section 1.1, fluorescent molecules fulfilling this requirement are described. In case of
reversible switching dyes, the compliance with criterium of only one fluorescent molecule
active per diffraction-limited area can be assessed via the duty cycle (DC'), which depends

on the durations of the on- and off-state:

TOn

DO =9
Ton + Toyy

(1.7)

The probability that a maximum of only one molecule is in the on-state can be estimated

by binomial coefficients

P(0,N) = (g) -DC° - (1 — DC)Y (1.8)
P(1,N) = (JD -DC'- (1 -DC)N | (1.9)

for 0 or 1 event (photon burst) in an ensemble of N molecules in a diffracted-limited area
with a DC given by equation 1.7. Figure 1.10 shows a simulation of equation 1.8 and
displays the probability for a maximum of one single molecule event in a diffracted-limited

spot for a reversible blinking fluorophore. While a two-emitter system can have a duty
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cycle up to 0.2 still ensuring a single event in 95% of the cases, typical systems between
50 and 1000 molecules demand duty cycles between 1:100 and 1:2000. Indeed, typical
duty cycles of photoswitches used in super-resolution imaging of biological samples lie in
that order of magnitude [45].
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Figure 1.10: Single fluorophore event probability in dependence on the duty
cycle. The probability for an event (photon burst) originating from a single fluorophore
is simulated for different numbers of molecules per diffraction-limited spot. The duty
cycle and the discrimination criteria are strongly correlated.

As the reversible switching process of single molecules obeys a stochastic distribution, the
probability of observing a specific molecule in an ensemble of N molecules is determined
by Pi1+ = 1/N. Thus, the probability of not observing the molecule is described by
N —1\k
_ pk _

P =Py = ( v ) (1.10)
with k being the number of observed events. This equation allows for the estimation of
the minimally required number of events to observe each molecule in the ensemble at
least once. For a nuclear pore complex (N=8 with one fluorophore at each of the eight
corners), k > 22 observations on average are necessary to observe each dye at least once
with a probability of 95%.

In contrast, photoactivatable dyes only go through one on/off-switching cycle, making
the specification of a duty cycle obsolete. The criterium of only one dye per diffraction-
limited spot can be fulfilled by tuning the activation energy of the source (e.g. UV
light). The loss of complexity is paid with the probability of the detection of a specific
fluorophore, as can be seen in figure 1.11. The probability distributions are depicted in

dependence on the number of detected corners of an idealized nuclear pore complex (eight
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corners) for different detection ratios (DR) and number of fluorophores per corner (n).
Still, with a detection ratio of 75% for only 10% of the nuclear pore complexes, all eight
corners are detected, while a detection ratio of 95% increases the probability by a factor
of 6.6. Increasing the number of fluorophores per corner (see figure 1.11B) increases the
probability of detecting all corners 6-fold, highlighting the importance of a additional try

for lower detection efficiency.
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Figure 1.11: Probability distribution of detected events for an idealized nuclear
pore complex. A) The probability distribution of detected corners in an idealized nuclear
pore complex for different detection ratios (DR) for n = 1 fluorophore per corner. B)
The probability distribution of detected corners in an idealized nuclear pore complex for
different numbers of fluorophores per corner (n =1 — 4) for a detection ratio of 50%.
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Chapter 2

Material and Methods

The main scientific work of the present thesis deals with the characterization of novel
fluorescent emitters for optical nanoscopy. Therefore, a versatile optical setup was built,
enabling data acquisition in a confocal and a wide-field configuration. The detailed

description of the setup can be found in section 2.1.

To investigate novel dyes, two complementary approaches were used. In one of them,
data of the fluorophores, was acquired in a single molecule environment with the aid of
confocal and wide-field microscopy. The detailed sample preparation can be found in
section 2.3.1. The second approach characterizes the dye in a biological relevant system,
i.e. imaging them with STORM and MINFLUX nanoscopy, in both fixed and live cell

samples. The preparation of these samples can be found in section 2.3.2.

Data acquired from these measurements was evaluated with the aid of dedicated software

written in Matlab. The methodology of the data analysis is described in section 2.2.

In a last step, the obtained results were used for the iterative optimization of the MINFLUX
measurement routines of a commercial MINFLUX system (Abberior Instruments, Gottingen,
Germany) to find the best imaging conditions for the novel probes. The quantitative image

analysis is described in section 2.2.
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2.1 Instrumentation

A scheme of the optical setup can be found in figure 2.1. For excitation, four different
CW STM Lasers are used. They emit laser light at a wavelength of 642nm (MPB
Communications, P, = 1000mW), 560 nm (MPB Communications, Py, = 1000 mW),
532 nm (Laser Quantum, P,,,, = 1000 mW) and 473 nm (Laser Quantum, P,,,, = 500 mW).
For photoactivation of fluorophores, two different CW UV lasers are implemented, providing
laser light with a wavelength of 355 nm (Genesis Coherent, P, = 100 mW) and 405 nm
(06-MLD Cobolt, P.: = 300mW). Light emitted by the laser is overlapped with the aid
of different dichroic mirrors reflecting the respective wavelengths. Fast intensity control
is done either via acousto-optical filters (AOTF1: PCAOM VIS, Crystal Technology Inc.,
AOTF2: AA.AOTF nC/A3-UV-Col351-363/TN) for STM lasers or via analog modulation
of the diode laser (06-MLD Cobolt). An electronically controllable flipper allows to choose
between two illumination beampaths, which enable either confocal or wide-field imaging.
Before entering the fiber (Thorlabs P1-405BPM-FC-5, Thorlabs Inc. Newton, USA) of
either beam path, the polarization of the excitation light is tuned by a half wave plate
(A\/2, achromatic half-wave plate, B.Halle). Matching the polarization of the incoming
light with the fiber polarization axis results in a clean output of the mode and a parallel
character of the different wavelengths. The further explanation of the two beampaths can

be found in their respective sections 2.1.1 and 2.1.2.

2.1.1 Confocal Setup

Polarization of light exiting the fiber is cleaned up by a Glan-Thompson polarizer (GTH5M,
Thorlabs) and passes a non-polarizing beamsplitter (BS034, Thorlabs). The latter is
guiding a small portion of back-reflected excitation light from the sample to a photon
multiplier tube (PMT, Perkin Elmer MD-963, Excelitas Technologies Corp. former Perkin
Elmer, Inc. Waltham USA), which detects refractive index changes and simplifies both
searching for the imaging plane and the adjustment of the correction ring. Afterwards,
the laser light is guided through another AOTF (see section 2.1, AOTF3, AA Opto
Electronic, Orsay, France), filtering with respect to the corresponding wavelength. The
light is then coupled into an analog galvanometer scanner consisting of four scanning
units (mirrors: 6210H, servo driver: MicroMax™671, Cambridge Technology) enabling
bi-directional scanning. Light enters the microscope body of a Leica DMi8 via its infinity
back-port providing a wide chromatic correction range. For all measurements in the
context of this thesis, a Leica HCX PL APO NA 1.46 Oil corrected objective lens (Leica

Microsystems, Wetzlar, Germany) was used.
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Figure 2.1: Scheme of the custom-built experimental setup. Multiple excitation
lasers in the depicted wavelengths are tuned by an AOTF or by analog input (blue).
With an electronic controllable flipper mirror the confocal (green) or the wide-field
(yellow) beam path can be chosen. For the confocal beampath, an analog galavanometer
quadscanner guides light into a Leica DMi8 microscope body, enabling confocal scanning
of the sample. For wide-field measurements, light enters the microscope body via a tubus
lens. The fluorescence light is either detected in the detection module via avalanche photo
diodes (confocal, grey) or via an EMCCD camera (wide-field, yellow). The hardware
is controlled by a computer running a dedicated software written in LabView for data
recording and parameter control, while a field programmable gate array board takes over
the real-time measurement control.
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Table 2.1: Overview of bandpass filters that are used at low angle of incidence
to act as dichroics in the filter cascade. All filters were manufactured by Idex Corp.,
Lake Forest, USA

Channel 1 (green) DM 1 500 — 550 nm  Semrock 525/50 Brightline HC
Channel 2 (yellow) | DM 2 574 — 626 nm  Semrock 600/52 Brightline HC
Channel 3 (red) DM 3 662 — 800 nm  Semrock 731/137 Brightline HC

The sample is placed on a custom-built sample stage allowing for precise measurements
with samples mounted on regular objective slides and in live-cell imaging chambers. It is
powered by piezo linear-actuators (SLC1740, Smaract GmbH, Oldenburg, Germany) and

has a positioning precision below 1 nm with a maximum travel distance of 21 mm.

Fluorescence light emitted by the fluorophores inside the sample is collected by the
objective lens, descanned passes AOTF3 suppressing the excitation light. The crystal
of a second, passive AOTF (AOTF4, AA Opto Electronic, Orsay, France) guides all
emission light on the same axis independent of it’s wavelength. To facilitate a high confocal
confinement of the emission, the light is focused into a motorized pinhole (MPH, Thorlabs
MPH16-A, Thorlabs Inc. Newton, USA). The pinhole size can be adjusted from 25pum
to 2mm corresponding to 75 nm to 6 pm in the object space with the used objective lens.
After collimating the beam, it is split into three different detection channels by dichroic
mirrors, listed in table 2.1. To efficiently suppress excitation light or light of any unwanted
wavelengths, two filters per channel are implemented in each corresponding detection
path. Detection of the fluorescence light is carried out by avalanche photo diodes in
each of the windows (PerkinElmer SPCM-AQR-14, Excelitas Technologies Corp. former
PerkinElmer, Inc. Waltham USA, Excelitas SPCM-AQRH-13, Excelitas Technologies
Corp. Waltham, USA).

2.1.2 Wide-field Setup

Light exiting the fiber enters the side-port through the tubus lens of the microscope
body. A tiltable optical mirror between the fiber and the tubus lens allows for positioning
the focus of the beam in the back focal plane of the objective lens. This results in a
tilted collimated beam exiting the objective lens, enabling so-called HILO microscopy
(Highly Inclined and Laminated Optical sheet), where only a thin sheet of the laser beam

illuminates the sample, increasing signal-background ratio [46].

24



2.1. INSTRUMENTATION

Fluorescence light emitted by probes in the sample is collected by the objective lens and
passes the respective dichroic mirror of the filter wheel separating excitation and emission
light. A second bandpass filter ensures further suppression of the excitation light and
light of any other unwanted sources. The combination of dichroic mirrors and filters can
be found in table 2.2. Passing a telescope the fluorescence signal exits the microscope
body on a side-port through a tubus lens and illuminates the CCD chip of an EMCCD
camera with a pixel size of 16 pm (iXon DVU897, Andor Oxford Instruments, Abingdon
UK). The telescope has a magnification factor of 1.6, which leads to a pixel size of 100 nm

in the object space.

Table 2.2: Overview of bandpass filters and dichroics used in the respective
filter cubes enabling detection channels of different colors.

Channel 1 (blue) 400 nm (T 400 LP) 435 — 485 nm (Chroma ET460/50 M)
Channel 2 (green) | 505 nm (T 505 lpxr) 508 — 598 nm (SR 550/88 BL HC)
Channel 2 (yellow) | 560 nm (SR HC 560) 565 — 605 nm (Chroma ET585/40 M)
Channel 4 (orange) | 580 nm (SR HC R561) 589 — 739 nm (SR 665/150 BL HC)
Channel 5 (red) 660 nm (SR HC 660) 665 — 732 nm (Chroma ET700/75)

2.1.3 Data Acquisition

The fast measurement procedures are controlled by a field programmable gate array board
(FPGA, PCle-R7852r, National Instruments, Austin, USA). It operates at a base clock
of 100 MHz enabling real-time control of the data acquisition. It has eight analog outputs
(AO) with a precision of 16 bit updating at a speed of 1 MHz, as well as eight analog inputs
(AI) with the same precision operating at 750 kHz. The outputs are used to control the
galvanometric units, the AOTFs, the APDs and the 405 nm UV laser. Other components
(e.g. EMCCD detector) of the optical setup can also be controlled via one of the 96 digital
in/outputs (DIO).

Via a dedicated software written in LabView communicating with the FPGA, the measure-
ment configuration is controlled. The software was primarily written by Johann Engelhardt
(Ph.D., Optical Nanoscopy, MPIMR, Heidelberg). Minor changes were implemented by
the author.

For operating the EMCCD camera, the manufacturer’s software (Andor Solis) was used.
While acquiring data, the camera (primary) sends a signal to the AI of the FPGA
(secondary), which allows to change the measurement’s configuration (i.e. activation

or excitation sequences and power) within the software in real-time.
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2.2 Data Analysis

For the data analysis in the context of this thesis, mostly dedicated scripts written in
Matlab were used. The scripts were primarily written by Mariano Bossi (Ph.D., MPImR,
Heidelberg). Minor changes were implemented by the author.

2.2.1 Single Molecule Experiments

MINFLUX is a single emitter localization technique, which makes dye characterization at
the single molecule level for novel MINFLUX probes essential. As stated in chapter 1 the
localization precision for a single localization in MINFLUX also depends on the parameter
L of the intensity distribution pattern displacement in the vicinity of the fluorophore of
interest and therefore softens the demand for the number of detected photons (Npp)
compared to coordinate-stochastic methods. The speed of the localization process itself
is limited by the rate with which the dye can emit the required number of photons. For
imaging on the other hand, only one molecule in a diffracted-limited spot must be in an
on-state while localizing [7]. This can be accomplished by different, distinguishable states,

which can be induced (e.g. photo-switching, or photoactivation) or be of stochastic nature.

Acquired single molecule data from either wide-field or confocal microscopy measurements
were transformed into single molecule time traces via dedicated routines written in Matlab
or LabView. The time traces were then further evaluated via dedicated scripts in written
in Matlab.

In the first step, the signal of the single events was separated from noise by setting a
photon threshold. For this, an approximated threshold well above the noise was taken
and the signal underneath the threshold was plotted into a histogram. For wide-field
measurements a Gaussian distribution was fitted to the distribution. By calculating 4 - o
with respect to the mean, 99.999% of the noise could be separated from the signal. This
calculated threshold was used for further analysis of the data. For confocal measurements,
a Poissonian distribution was used. A threshold excluding 99.994% of the noise was
calculated. Figure 2.2 shows signal separated from noise by this method, and also, the

binarized traces obtained after applying the threshold.
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Figure 2.2: Data separation of the single molecule time traces. A) The particular
traces are stacked showing individual spikes caused by photon bursts of single fluorophores
in the sample. B) The signal is separated by fitting a Gaussian distrubtion to the
background and setting a threshold of 40 with respect to the mean of the distribution.
C) The binarized events used to evaluate on- and off-times are plotted.
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Figure 2.3: Evaluation of the single molecule data. A) An excerpt of a single
molecule time trace. Areas contributing to the number of photons and the rate are shown
in orange. B) A histogram of all on-events. The exponent of the exponential decay is the
expected value of the duration of the on-event.

As the characteristics of the respective fluorescent switches strongly influence the speed
and efficiency of the MINFLUX imaging process, studies on on- and off-switching properties
are necessary. Therefore, the focus of the dye characterization within this thesis lies on
the number of photons per on-event Ph¢,, the photon rate, on-time of the fluorescent
state To, as well as in specific cases, also on the duty cycle (DC), number of on-state

cycles N, or activation time Tyg.

The number of cycles (N¢,) was obtained by calculating the mean event number of
all binarized traces (figure 2.3A) and subtracting the mean noise from the part of the
trace in which the dye was in off-state, to factor in the background. The photons per
cycle (Phe,) were determined by forming the quotient of Phe,, =Npj, /N¢,. Since starting
and ending points of the events could be obtained from the binarized traces, Tp, and
Toyss were calculated for each event. Plotting the events in a histogram displays a (bi)-
exponential distribution with the exponent giving the expected value of T,,/T,¢; (figure
2.3B). The duty cycle was calculated following equation 1.7. T, is the average time until
the activation light induces the uncaging mechanism and can be obtained by a exponential
fit from the histogram of the first off-time T,ss ;. The average photon rate of the dye was
calculated by dividing Ph., by T,,.

Spontaneously Blinking Dyes are fluorophores which switch reversibly between an
on- and off-state, absorbing and emitting light only in the former. This results in a couple
of cycles N with limited photon number Ph¢,, for localizing the fluorophore. The duration
of the on-state To,, sets the time frame of the localization, while Ty dominates the duty
cycle (DC, see equation 1.7) and therefore impacts the density of labeling (DOL) of the

sample.
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Photoactivatable Dyes are initially in an off-state in which they do not emit photons
under excitation. Irradiation with a shorter wavelength, typically UV light, leads to
uncaging of the emissive molecule. The activation time T, is crucial as one has to ensure
excitation of only a single molecule per diffraction limited spot. The probe has a single
on-state in which it emits photons Phey, =Np;,/N¢, =Npj, after excitation. The emission
proceeds with a rate in a time window Tp,, determining the speed of a localization.

Possessing only one cycle the duty cycle becomes obsolete.

2.2.2 Image Processing

In context of the presented thesis, primarily single molecule localization methods (SMLM)
and MINFLUX imaging was performed. Both single emitter imaging techniques result in
a list of localizations with parameters (e.g. intensity, duration) for each event. Analyzing
this data, enables the reconstruction and the rendering of the imaged region of interest

(ROI). Furthermore, dye or structure specific parameters can be extracted subsequently.

SMLM raw data is initially represented by a certain number of camera frames (typical
several thousand) possessing pixel-bound intensity value. After stating the camera specifi-
cations a super-resolution image could be reconstructed with the aid of the ImageJ plugin
ThunderSTORM [47]. The plugin detects single events in a stack of frames by the
detection of pixels exceeding a specific intensity threshold and by subsequent Gaussian
fitting. Moreover, it allows correction for drift of the data by correlation and emitter
merging of events stretched over several frames. More specific description of the algorithms

can be found in Ovensny et al. [47].

With the aid of a dedicated script written in Matlab both the initial data and the
super-resolution images were further filtered. For rendering, Gaussians with a pixel size

corresponding to the mean of the localization uncertainty were plotted.

MINFLUX raw data is initially represented by a list of localizations with specific
para-meters. The data were processed by using dedicated scripts written in Matlab. In
the first step, localizations with identical event IDs (meaning the microscope counts the
localizations as same emission event) were analyzed by Matlab’s density-based spatial

clustering of application with noise (DBSCAN), see figure 2.4, [48]) algorithm. On the one
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Figure 2.4: Visualization of DBSCAN. The figure shows a scheme of a possible
MINFLUX event consisting out of multiple localizations. DBSCAN calculates distance
between single localizations and filters for clusters with sufficient localizations (in this case
two) in a set radius. In this scheme localizations with two neighbors inside the radius
(stashed lines) are marked as valid (yellow) resulting in two clusters (blue, purple cycle),
which are tagged as different events

hand it allows separation of two and more localization clusters inside one event ID and
on the other hand it provides filtering of noise. In the next step, the data were filtered
for outliers, by plotting x- and y-values for all localizations with respect to their mean in
a 2D histogram and by fitting a 2D Gaussian (see figure 2.5A). All data above 1.650 with
respect to the mean of the normal distribution were filtered out, representing the 10%
of all localizations with the largest uncertainty [34](figure 2.5B red panel). Additional
filtering with respect to the dye or sample characteristics was used by applying filters to

measurement time, photon rate or detected photons.
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Figure 2.5: Outlier filtering method. A) Localizations plotted with respect to the
mean of the event after DBSCAN. Residuals below shows filtering after a 2D Gaussian
(1D fits in x- (blue line) and y-direction (orange line) shown in the inset). B) Localizations
plotted with respect to the mean of the event after filtering the 10% outliers (>1.650)
obtained from A) (green panel). Residuals are shown in the red panel. A 1D fit in x- and
y-direction shows the Gaussian distribution of the localizations.
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+ Tween-20
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+ Tween-20
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Figure 2.6: Single Molecule Sample Setup. A) Immobilization of the dye of interest
by antibodies. The primary antibody is conjugated with biotin, which is linked via a
streptavidin bridge to a biotinylated polymer (PLL-PEG). B) The HaloTag compound of
the dye specifically labels HaloTag, which is immobilized via its HisTag and a Ni?+ to a
PLL-PEG-NTA layer forming a chelate complex.

2.3 Sample Preparation

In the following section, the preparation of all samples used in this thesis is described.

The detailed protocols are listed in the supplements 7.4.

2.3.1 In Vitro Experiments

Samples for Photophysical Characterization of Single Molecules allowed the
photophysical evaluation of the examined dye in a nanoscope relevant system. For
the sake of reproducibility, the focus of the sample setup based on reported protocols
[49, 50], optimized by Lukas Scheiderer, Optical Nanoscopy, MPImR, Heidelberg, laid on
simplicity. A concentration screening, ensured sparse distribution. A sketch can be found

in figure 2.6.

To label with biotinylated antibodies a plasma cleaned coverslip was incubated with a
biotinylated poly-L-lysin layer (0.2 mg/ml in PBS) supplemented with 1% (v/v) Tween-
20 (Suso AG Inc.). A streptavidin (10 pg/ml) bridge between the biotinylated antibody
(1:100) allowed specific binding with a secondary antibody (1:100) labeled with the dye of
interest (DOL= 0.3) and ensured maximum degree of freedom [49]. For the immobilization
of dyes with HaloTag or anti-GFP nanobodies, a PLL-PEG layer with a nitrilotriacetic
acid group (NTA) (0.2 mg/ml in PBS), supplemented with 1% (v/v) Tween-20, was used
(Suso AG Inc.). After incubation with Ni** (2 pg/ml in dH,0), the HaloTag (=20 pM)
was added and its HisTag formed a chelate complex with the NTA and the Ni** [50]. In
case of anti-GFP nanobodies, incubation with GFP-HisTag was done to ensure specific
binding of the anti-GFP nanobody with the fluorophore of interest. All reagents are listed

in section 7.4.

32



2.3. SAMPLE PREPARATION

Nanobodies for Resolving the Fluorescent Label were labeled with PAX569 malei-
mides (DOL=2) [34]. For the experiment FluoTag®-X2 anti-Rabbit IgG nanobodies
(NanoTag, Gottingen, Germany) were chosen possessing two cystein linkers at the C-
and N-terminal of the nanobody corpus. The nanobodies were applied to the coverslip

by spin coating and mounted in Mowiol.

2.3.2 In Cellulo Experiments

All cell lines were cultured in a CO4 an incubator (37°C, 5% COs, 95 % r.h.). For COS-7
(Cell Lines Service), HK-2xZFN-mEGFP-Nup107 (Cell Lines Service) and U20S-Vim-
Halo (AG Stefan Jakobs, Géttingen) cells, Dulbecco’s modified Eagle medium (DMEM)
was used as culture medium, supplemented with 10% (v/v) fetal bovine serum (FBS,
ThermoFisher 10500064) and 1% penicillin-streptomycin (Gibco 15140122). For U20S-
Nup96-Halo (Cell Lines Service) McCoy’s 5A medium (Gibco 26600023) was used as
culture medium, supplemented with 10% (v/v) fetal bovine serum (FBS, ThermoFisher
10500064), 1% penicillin-streptomycin (Gibco 15140122), 2 mM GlutaMAX, 10% MEM
(11140035, ThermoFischer) and 1mM sodium pyruvate (31966, ThermoFisher). The cells

were plated on glass coverslips (18 mm diameter) for 24-48 h prior to fixing or labeling.

For labeling tubulin, vimentin or nuclear pore complexes with antibodies, green monkey
kidney fibroblast COS-7 cells were used. For tubulin or vimentin staining, cells were
washed with PBS and then fixed with MeOH (cooled to -20°C) for 5 min. After blocking
with 2% bovine serum albumin (BSA) blocking buffer (BB) for 45-60 min, cell were
incubated with the primary antibody against the structure of interest for 60 min at r.t.
(or overnight at 4°C) in BS and subsequently washed twice with BB. Then, they were
incubated with a secondary antibody carrying the dye of interest for 60 min at r.t. In
case of nuclear pore complexes labeled with antibodies, the protocol of the manufacturer
(NanoTag Biotechnologies) was adapted (see section 7.4). A detailed protocol can be
found in 7.4. Briefly, the cells were washed with PBS and then fixed with Paraformaldehyde
(PFA 4%). Following a quenching step, the cells were blocked and permeabilized for 30
min (0.2% Triton in BB). Afterwards sequential labeling with the primary antibody and

secondary antibody or nanobody with the dye of interest was done as described above.

For HeLa HK-2xZFN-mEGFP-Nup107 cells, the detailed protocol can be found in [51, 52]
and is attached in the supplementary section 7.4. Briefly, HeLa HK-2xZFN-mEGFP-
Nup107 were washed with PBS and prefixed in PFA for 30 s. After a permeabilization step
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with Digitonin (25pg/ml in transport buffer), cells were blocked and labeled with the dye
of interest linked to an anti-GFP nanobody. A second fixation and permeabilization step

with 0.4% Triton was performed, before the cells were again labeled with the nanobody.

U20S-Vim-Halo and U20S-NUP96-Halo were used for both live-cell imaging and fixed
cell imaging. In both cases, the cells were labeled live with the Halo derivative of the dye
of interest in DMEM++4 described above, for 24-48h. In case of U20S-NUP96-Halo, the
cells were washed with PBS and fixed with 4% PFA. After quenching, permeabilization
and blocking counter labeling was performed with a primary antibody against NUP153

and a secondary nanobody. The detailed protocols can be found in section 7.4.

A detailed protocol for U20S-CRISPR-NUP96-mMaple clone #16, which where treated
according to [8] can be found in section 7.4. Briefly, the cells were prefixed in PFA. After
a permeabilization step (Triton 0.2%) a second additional fixation step was performed

followed by quenching of the sample. All used reagents can found in the tables of section
7.4.

For live-cell imaging samples were washed twice with FluoBrite (Invitrogen) supplemented
with 10% FBS and 2% GlutaMAX and mounted in the very same.

All used cell lines reagents, proteins with their concentrations with detailed protocols
are listed in 7.4
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Chapter 3

Spontaneously reversible

On-Switching Dyes

This chapter contains the studies of spontaneously blinking, red silicon-rhodamine dyes.
The chapter begins with a brief introduction setting the approach of stochastic blinking in
general into the context of super-resolution microscopy, especially MINFLUX nanoscopy
(section 3.1).

A comprehensive study in a single molecule environment was designed and realized (section

3.2.1), evaluating characteristics of the fluorophores important for MINFLUX nanoscopy.

The suitability for biological samples is shown in section 3.2.2, by labeling several different

structures both in fixed and live-cells and imaging them in STORM microscopy.

Finally, the suitability as fluorescent probes for MINFLUX nanoscopy was demonstrated
by imaging nuclear pore complexes (NPC) stained via different labeling strategies (see
section 3.2.3). NPCs suit as a standardized sample in nanoscopy [52]. Thus, the system
allowed a further optimization of the MINFLUX imaging process, as well as an analysis

of the data with the focus on localization speed.

A conclusive discussion comparing the results of this thesis with previous work is done in

section 3.3.

The study presented in this chapter resulted in a publication by Remmel et al. (submitted,
[53]). The dyes were synthesized by Alexey Butkevich (Ph.D, Optical Nanoscopy, MPImR,
Heidelberg). Analysis of the data was performed in exchange with Mariano Bossi (Ph.D,
Optical Nanoscopy, MPImR, Heidelberg).

35



CHAPTER 3. SPONTANEOUSLY REVERSIBLE ON-SWITCHING DYES

3.1 Introduction and Aim

Thermally self-blinking dyes are a specific group of reversible on-off switching fluorophores
without photoinduced reactions, mainly used in STORM imaging [21, 30, 54-58], while
a first experiment showing proof of principle measurements in MINFLUX nanoscopy has
been done in 2021 [59]. As opposed to photoinduced blinking dyes (e.g. Cyanines), also
utilized in stochastical super-resolution microscopy [60] and MINFLUX nanoscopy [7—
9], the blinking mechanism does not rely on photochemical reactions, but on thermal
ones. Their two or more state systems only absorb excitation light in the on-state with

subsequent emission of fluorescent light.

The overall rising interest in utilizing thermally self-blinking dyes for fluorescence microscopy
can be explained by several advantages that they possess compared to photoinduced
blinkers. The first one lies in the mechanism itself, as photoinduced blinkers like cyanines
(e.g. AlexaFluor647) make use of a external stimulations to achieve blinking. For the one
mentioned, a non-fluorescent dark state is induced by the excitation light (A = 640 nm)
and fluorescent recovery by UV illumination (A = 405nm) [60, 61]. First of all, UV
light damages cells making it undesirable for imaging in biological samples. Secondly, as
excitation (and therefore imaging) and transfer into the dark state are coupled, one has
limited control on localization speed. This results from the fact, that higher excitation
power (for increasing the probability to transfer a fluorophore into dark state and therefore
speed up the imaging process), results in an increased bleaching rate, uncontrollable triplet
state blinking and a higher background level. The latter is crucial for MINFLUX imaging,
since the zero of the excitation intensity distribution determines the localization quality.
Furthermore, photo-induced blinkers often make use of complex redox blinking buffers,
consisting of enzymatic systems and multiple chemicals like thiols or reducing agents,
complicating sample preparation, as well as precluding live-cell measurements. Moreover,
recent studies on the interaction of fluorophores with sub 10nm distances show energy
transfers between molecules with absorbance in their dark states (such as photoinduced
blinkers), suggesting fluorophores with a non-absorbing dark state, as it is the case for
stochastic blinking dyes [62]. Additionally, a non-absorbing dark state has no impact on
the background level. Spontaneous self-blinkers work in every aqueous environment (by
exchanging hydrogen-ions with the solvent) including live-cell media. As an example,
HMSIR [21] can be named. Its equilibrium state at pH= 7.4 is shifted to the fluorescent
state, yielding to rather long on-times of about 100 ms, compared to the dyes evaluated
in this work. However, the blinking behavior with respect to the on- (Ty,) and off-
times (Toyss) can be chemically tuned by changing side groups of the molecule and thus
adapted to the speed of the localization process. Last but not least, by the nature of all

fluorescent imaging methods there is a non-zero chance of failing the detection or the valid
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localization of the molecule. Especially for samples with only a few labels, reversibility

can be advantageous, to ensure a sufficient apparent density of labeling.

Most spontanously blinking dyes, especially molecules with a rhodamine or silicon rhoda-
mine core, make the use of spirocyclization for switching between a fluorescent and a non-
fluorescent state. In figure 3.1 the general structure of the evaluated silicon rhodamines,
used for their far red emission light, and their mechanism is depicted. Functioning as
a proton donator/acceptor in aqueous environment, the molecule switches between a
closed form (colorless spirolactam) and an open form (red emitting xantilium). The
equilibrium of these two states depends on the electrophilicity of the closed form, which
can be influenced by the side groups Ar; and Ary (detailed in figure 3.2). The two classes
of dyes (each consisting out of three molecules), diverge in their spirolactam core (Ary),

which consists either of a thiophene or of a benzothiophene.
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Figure 3.1: General structure of the evaluated stochastic blinkers. Shown are two
different states the evaluated dyes can occupy. The dye switches predominantly between
an open fluorescent form (Xantilium) by accepting a proton and a closed non-fluorescent
form by proton-donation (Spirolactam).

Compared to previous studies on stochastic blinkers, like HMSiR [21] or others [58], the
focus on the fluorophores evaluated in this thesis, was on their utilization for MINFLUX
nanoscopy. MINFLUX achieves a localization precision of a few nanometers with orders of
magnitude less than other super-resolution techniques utilizing blinking approaches (see
figure 1.8), and thus localization times at similar detection rates are dramatically reduced.
Typical on-times of spontantous blinkers (like HMSiR: To,, ~ 100 ms) or transition times
into dark state for e.g. AF647, which appear to be a few hundreds of milleseconds in
MINFLUX measurements (see section 3.3), do not exploit the full potential of MINFLUX

nanoscopy.
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3.2 Results

3.2.1 Photophysical Characterization

The photophysical properties of the fluorophores were measured with focus on the on-times
(Ton) and off-times (Toyr), as well as the emssion rate of the dye, as these parameters are
from high importance to MINFLUX localization speed. While the first one, as described
in section 1.3, is crucial to ensure emission of only one fluorescent probe in a diffracted
limited spot, the third one determines the localization speed of single events. First bulk
experiments show the minor absorbance of the fluorophores at pH= 7.4, implicating the
predominance of the closed non-fluorescent form (see figure 3.2). This results hint to
long off-times and short on-times on physiological conditions. Therefore, as explained in
chapter 2, wide-field and confocal measurements with the same illumination intensity (at
the fluorophore) were taken for each candidate, complementing each other in statistics on

the one hand (off-times) and time resolution on the other hand (on-times).

Ar; = Benzotiophene Ary Ar; =Thiophene Ary

-
T

Ai:;sEerance (Maann)

Figure 3.2: Absorbance of the fluorescent probes in dependence on the pH-
values. The different shape of the absorption curves is caused by the different side
groups Ar; and Ar, impacting the electrophilicity of the molecule. The absorbance at

pH= 7.4 is rather low, implicating a predominant non-flourescent form at physiological
pH.

Figure 3.3 depicts the histograms of the on-times for the six compounds bound to antibodies
evaluated in this work. The measurements were obtained by confocal single molecule
microscopy, as wide-field experiments showed an insufficient time resolution for measuring
this parameter reliably (frame time > 5ms). The histograms are fitted with bi-exponential

functions to take the multi-exponential behavior of the observed data better into account.
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Figure 3.3: Duration distribution of the on-events for the six compounds.
The histograms depict the distribution of the on-times for each compound measured
in confocal single molecule microscopy. The distribution is fitted by a bi-exponential
function (residuals on top) accounting for the multi-species behavior of the fluorophores.

Although one would suspect a mono-exponential behavior of a single stochastic species,
like a population of same dyes, there is a possible explanation for the occurring phenomenon:
As the probes do not only consist of the dye itself, but also are immobilized by a protein
system (e.g. antibodies), they experience individual micro-environments. For instance,
fluorophores labeled on different positions of the antibody might experience different
local electric potentials influencing the switching mechanism. Nonetheless, the sample
described in chapter 2 provides a good trade-off between the degree of freedom and
sufficient immobilization in an aqueous environment. The exponents possess a fraction of
Top< 1ms and Ty, < 10ms, from which one can obtain an average on-time. This
is achieved, by calculating the intensity average lifetime, allowing analysis of multi-

exponential behavior in a collection of different excited-state populations [63]

S AT}

<T>=L L
AT

(3.1)

where A are the amplitudes and 7 the exponents of the bi-exponential fit. Being in

the order of a few milliseconds the on-times are significantly shorter than on-times of
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Figure 3.4: Duration distribution of the off-events for the six compounds. The
histograms show the distribution of the off-times for each compound measured in wide-
field single molecule microscopy. By fitting the distribution with a mono-exponential
function (residuals on top) one can obtain Ty of the particular compound.

fluorophores used in STORM microscopy, reported in previous work [21]. Furthermore,
they are also shorter than typical localization times used in MINFLUX nanoscopy nowadays
[8, 9]. However, as MINFLUX needs substantially less photons compared to purely
stochastic methods, it has been possible to image with these dyes, as will be shown in
section 3.2.3. As the off-times are expected to be substantially longer, it was decided to
obtain this parameter by wide-field measurements in similar conditions ensuring statistical
significance of the data. The histogram of each evaluated fluorescent probe is shown
in figure 3.4. The distributions are fitted with a mono-exponential function, as small
fluctuations of the off-duration, addressed to the micro-environment, don’t carry much
weight. The off-times are in the order off several hundreds of microseconds up to a
few seconds, surpassing the on-times by 2-3 orders of magnitude. As shown by the
approximation in section 1.1.2, this is desirable, as it ensures a high probability of only

one event in a diffracted limited spot (in dependence on the density of labeling).
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Figure 3.5: On- and off-times of the six compounds and the corresponding duty
cycle in dependence on the equilibrium constant. A) The on-times (black) and
off-times (red) in dependence on the equilibrium constant. While for the on-times no clear
tendency can be demonstrated, the off-times show a strong decrease with an increasing
constant, indicating a higher rate of on-events with rising pKa-value. Duty cycles for the
two evaluated classes, varying in their substituents, display a linear behavior (B).

With the aid of equation 1.7 one can obtain the duty cycle of the evaluated compounds.
Both the on-/off-times and duty cycle are plotted in dependence on the equilibrium
constant of the two states in figure 3.5. While one cannot conclude there is a correlation
of the equilibrium constant on the on-times (3.5A, black dots), a decrease of the off-times
with rising pKa-value of the corresponding compound is clearly visible (3.5A, red dots).
This leads to higher duty cycles of the respective compound (3.5B). For the two groups of
stochastic blinking dyes, studied in this thesis, linear correlation fits the behavior of the
duty cycle. Table 3.1 shows the photophysical properties of the six spontaneous blinkers
studied in detail in this thesis. The percentage of bleaching is an estimation comparing
the observed number of cycles N¢, with the number of blinking events a dye with the
respective off-time is expected to do in the measurement time (100s). With increasing
Toss the photo-bleaching decreases, indicating a efficient shelving without absorption of
excitation light in the off-state and no additional background consequently. The rate was
calculated by the quotient of the Photon per event (Ph¢,) and the evaluated on-time
(Ton). The observed events show a similar rate for all compounds being in the regime of
100 KHz. This was expected, as these dyes all contain the same silicon-rhodamine (SiR)

core and thus the chromophores are the same.
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Table 3.1: Photophysical properties of the fluorescent probes

Comp. &p,, pKay K. ]130% 0 (Tr;?:) Té; f N¢, %Bl1 Phg, (IIEI?;JZG)
1 0.1 2.62 417  0.31 1.3 4.25 13 45 143 111
2 0.17  3.92 8318  0.39 2.1 5.37 7 62 251 120
3 0.24 4.17 14791 0.93 1.2 1.3 36 53 115 96
4 0.16  4.38 23988  2.89 3.0 1.02 14 86 354 118
5 0.17 4.6 39811 3.46 1.9 0.56 39 78 207 109
6 0.16 5 100000 5.28 2.6 0.5 58 71 278 107

Keq = (Ka2)™Y; Ton (average time, from bi-exponential fits); Tosy (from mono-exponential fits);
DC = Ton (Ton + Torf) ™", Ney: cycles measured in 100 s (WF), % Bl = 100- (NCy/NE'Z)?
Phey (Confocal); rate=Phe,, / Ton (Confocal).

While MINFLUX, as a single molecule localization method, allows fast localizations
of single fluorescent probes, in published work the localization process took up to a
few hundred milliseconds [8, 9]. Therefore, further photophysical characterization of
compound 4 was performed, as it possesses the largest To,, = 3.0 ms and the highest Ph¢,,.
All of the investigated compounds change their structure in the spirocyclation process,
which makes environmental sensitivity likely [64]. Hence, a characterization of compound
4 with different labeling strategies was required. Table 3.2 shows the photophysical
properties of compound 4 labeled with three different bioconjugates (antibodies, nanobo-
dies and HaloTag self-labeling enzyme), used for imaging in this work. To reduce precipi-
tation, the compound was functionalized with a standard hydrophylizer (dipeptide linker)
for labeling the nanobodies. The dependence on the tags appears to be clear, as the
HaloTag bound compound shows a duty cycle an order of magnitude lower (mainly caused
by the off-time), compared to the other candidates. This confirms the prediction of the

micro-environment dependency. The average on-times are obtained as described above

Table 3.2: Photophysical properties of compound 4 bound to different ligands

Compound DC - 1000 Ty, (ms) Tosr (s) Ng, %Bl1 Phe, Rate (kHz)
Antibody 2.89 3.0 1.02 14 86 354 118
Halotag 0.18 1.6 8.95 6.1 45 175 109
Nanobody 2.15 2.5 1.16 6.1 86 184 73

by bi-exponential fitting. While this is a good method to calculate a characterizing
parameter, allowing a comparison between different compounds and linker, reducing
the whole distribution to one number does not fully visualize the heterogeneity of the
phenomenon. Thus, a model-independent analysis by plotting the experimental complemen-
tary cumulative distribution function (eCCDF) on T, was performed (see figure 3.6).
The cumulative distributions show a significant portion of the fluorophore in a long on-
state state above 6 ms (a typical time frame for a full MINFLUX iteration), while around
90% of the events are shorter then roughly 10ms. Small differences in the distributions

confirm the values, obtained by bi-exponential fitting.
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Figure 3.6: Experimental complementary cumulative distribution function of
compound 4 with different bioconjugates. The distributions depict a moderate
decrease in dependence on Ty, leaving a significant portion of events in a long on-time
regime. A typical MINFLUX iteration takes between 4 — 6ms. A gain of ~ 250% on
localized event (i.e. To, >Tr,.) is expected if the localization routine is decreased from
6ms to 1.2ms.

3.2.2 STORM Imaging

Since STORM is a rather simple super-resolution technique, allowing a high throughput
of different samples and parameters (e.g. excitation power, labeling concentrations etc.),
it is well-suited for preliminary screening of the compounds in biological relevant samples
and for optimization of labeling conditions. Despite this, STORM and MINFLUX share
a key requirement for fluorescent probes, by the utilization of distinguishable states of the

fluorophores.

For the ease of labeling, in first samples antibodies with a high DOL of the respective
compound were utilized to specifically tag the structures of interest. In figure 3.7 recon-
structed STORM images of the bioconjugates are depicted, in which tubulin was labeled
via a primary and a secondary antibody (the last one carrying the dye of interest).
Secondary antibodies labeled with all six compounds are specifically binding, as only few
background events can be seen and the tubulin structure is clearly displayed. Furthermore,
despite their short on-times in the low millisecond regime (compared to typical frame times

of 10 — 30ms), the dyes emit enough photons for STORM measurements.

In section 3.2.1 the strong dominance of the non-fluorescent, closed form (duty cycle) was

discussed. The expected opportunity of live-cell labeling with a HaloTag linker, caused
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Compound 1 - , Compound 2 Compound 3

Compound4 .. - Compound 5 Compound 6 .

Figure 3.7: Reconstructed STORM images of fixed tubulin. The fixed cells (COS-
7) are stained with a primary antibody (anti-tubulin) and a secondary antibody labeled
with compound 1-6. The images prove a high specific binding. The localization precision
of the single events is 20 — 25 nm. Scale bar: 1 pm.

by the predominance of the neutral form, is confirmed by live-cell imaging of vimentin
depicted in figure 3.8 for compound 3-6. Live-cell imaging with compound 1-2 failed,
probably due to the extreme low duty cycle (see table 3.1). Compared with compound 4,
the duty cycle appears to be lower by a factor of 10 resulting in a tenfold increase of the
measurement time. As live-cells show movement in the micrometer regime in a timespan

of a few minutes, super-resolution by SMLM was prohibited.

Both tubulin and vimentin are structures with a high density of binding sites allowing a
high DOL and thus are widely spread as a sample to check staining of new dyes in general.
However, the structures are labeled with an uncountable number of fluorophores, which
makes quantitative analysis more difficult. As a biological relevant standardized system
one can pick nuclear pore complexes (NPC), because they have a assignable number of
binding sides [52]. As a consequence, MINFLUX images in section 3.2.3 were acquired on
NPCs after testing them with a conventional SMLM first. Figure 3.9 exhibits the labeling
integrity of the characteristic ring-like structure, labeled with nanobodies and HaloTag

respectively in fixed and live-cell conditions.
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Compound 3 Compound 4

Compound 5

Figure 3.8: Reconstructed STORM images of live-cell vimentin. The cells (U20S
vimentin-halo) are labeled with chloralkane ligands (vimentin) of compounds 3-6. The
specific binding of the vimentin filaments via HaloTag show the cell permeability of the

dyes. The images were obtained under live-cell conditions with a localization precision of
20 — 25nm. Scale bar: 500 nm.
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4-NB (fixed) 4-Halo (fixed). 4-Halo (live)

Figure 3.9: Reconstructed STORM images of nuclear pore complexes. The
cells (mEGFP-Nup107, U20S-Nup96-Halo) are labeled with either anti-GFP nanobody
(fixed), or HaloTag (fixed before imaging, and live-cells imaging) of compound 4. Fixed
samples were mounted in PBS, while live-cell samples were mounted in FluoBrite cell
medium. The reconstructed images have a localization precision of 20nm. Scale bar:
1 pm.

3.2.3 MINFLUX Imaging of nuclear pore complexes

After showing the suitability of the spontaneously blinking dyes for biological samples in
general with different linker in fixed and live-cell conditions, the consecutive step is to
show their applicability in MINFLUX nanoscopy. As stated in the last section, NPCs suit
well as a standardized biological system, wherefore mEGFP-Nup107 cells stained with
nanobodies with compound 4 and U20S-Nup96-Halo cells stained with compound 4 Halo
ligand have been imaged. Both samples allow tagging with a smaller label compared
to antibodies. Moreover, as the latter represents genetically engineered (CRISPR) cells,
expressing the Halo protein at endogenous level, a single fluorescent probe per binding

site is ensured.

First images were acquired with a standard imaging sequence by the manufacturer on
a commercial MINFLUX setup. A detailed description of setup and sequences can be
found in section 7.1. In brief, the localization process starts after the detected fluorescence
signal surpasses an internal threshold. The following sequence can be split into two parts:
The first one serves as a pre-localization containing 4 steps with decreasing L (1 ms each)
and requires a minimum of 120 photons (above the background). The localization part

of the sequence contains 2 steps (1 ms each, L; = 76nm and Ly = 40nm, 30 photons
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Figure 3.10: MINFLUX images of nuclear pore complexes. A) mEGFP-NUP107
cells labeled with an anti-GFP nanobody (compound 4, DOL=2). The corresponding
2D dispersion plot (B) shows a localization precision of 0 = 2.6nm. C) U20S-Nup96-
Halo fixed cells labeled with compound 4 linked to HaloTag imaged with a localization
precision of 0 = 2.9nm (D). The events are plotted as Gaussians with the size of the
average localization precision after filtering (see section 2.2.2). Scale bar: 200 nm.

per step), which are performed alternating until the fluorescence signal drops below the
internal threshold. Thus, the recorded single emitter events consist of N localizations
(NLoc), where N is the number of successful repeats of the last two steps. The localization
precision of each event can be obtained from the distribution of the single localizations
in respect to their mean position. Moreover, every single localization of the event has a
time ID, as well as a distinct number of photons, adding up to a total localization time

(Troc) and a total number of photons (Npy,).

Figure 3.10 depicts MINFLUX images of NPCs labeled with the respective bioconjugates.
The data was treated as described in section 2.2.2, filtering below a frequency (effective
frequency offset, efo) of 35 kHz to minimize background and filtering events with an inside-
outside ratio (cfr) of collected photons excelling the range of -0.5 — 0.8. Further analysis
showed a localization precision of ¢ = 2.6 nm and ¢ = 2.9 nm achieved with 185 and 163
photons/localization allocated mainly in the pre-localization process. This resulted in a
localization time Tpr,. = 52 — 70ms and Tr,. = 91 — 98 ms respectively, depending on
the statistical approach. An overview of the image parameters, obtained from further

analysis, can be found in table 3.3.

However, as the dye has to be in the on-state for the duration of the localization process,
a comparison of Tr,. with T, (see table 3.2) shows that imaging was done in an extreme
regime of Tp,. Moreover, figure 3.6 underpins this, as only 1% of dyes measured in a
single molecule environment showed on-times above 40 ms. As a result, the MINFLUX

sequence was optimized, relating to the localization speed.
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Figure 3.11: mEGFP-Nup107 cells imaged with different MINFLUX sequences.
The cells were labeled with an anti-GFP nanobody (compound 4, DOL= 2). A) An
image obtained with the conventional sequence taking 6 ms/iteration is compared with
one taking 1.2 ms per localization (D). A panel with selected individual NPCs is showcased
below. In B) and E) dispersion plots display distances between localizations and their
respective cluster mean. Circles indicate o, 1.64c and 20. The histograms C) and F)
depict the distribution of Tr,c = tiast — tfirst. The highlighted values correspond to 90%
of the measured events. Scale bar: A)D): 200 nm; B)E): 50 nm.
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Since in previous measurements (see table 3.3) the lion’s share of photons was utilized
in the pre-localization, the number of steps and the dwell time of each step was reduced
to 2 steps with 0.7ms in total, in which L was halved subsequently. The localization
part was reduced to one final step at L = 76 nm with a shortened dwell time of 0.5 ms.
Excitation power was doubled (P = 540 pW at microscope entry) compared to previous
measurements, addressing the reduced dwell times. The sequence can be found in detail in
the supplements 7.1. As the conventional sequence uses a localization step with L = 40 nm
a trade off between localization time and localization precision is expected. Figure
3.11 displays images of mEGFP-NUP107 cells, labeled with nanobodies of compound
4, comparing the conventional sequence (A) and the adapted sequence (D). While the
localization precision declined from ¢ = 2.3nm to ¢ = 3.7nm (B,E), localization speed
increases. Median and exponentially fitted T,. decrease from 44 — 63 ms to 9 ms. Table
3.3 lists all parameters evaluated in figure 3.11. Whereas the number of localizations does
not vary significantly, the number of photons exploited decreases by a factor of 5 resulting

in the localization time reduced by a factor of 5-7, mainly due to the pre-localization steps.

3.3 Discussion

Since stochastic imaging approaches are bound to a high number of photons (and hence a
large T, to localize emitters) previous studies of blinking fluorescent probes were mainly
focused on photon output and duty circle [45]. The latter, as explained above, determines
the density of labeling, which also plays a role in MINFLUX nanoscopy. However, as
the photon demand by MINFLUX is significantly lower, resulting in a faster localization
process, a more detailed study of the parameters (e.g. Tp,) is necessary. Such a study
has been made for one other spontaneous blinker (HMSiR, [21]), calculating an average
on-time of Ty, = 96 ms. A first proof of principle MINFLUX measurement with HMSiR
was done in 2021, making use of the spontaneous blinking as distinguishable states and
achieving a comparable localization precision of 2.3nm [59]. However, a dye with such a
long on-time does not make use of the high localization speed possible with MINFLUX
nanoscopy [65]. Dyes, evaluated in this work, are optimized for such fast localizations in
a single digit millisecond regime, showing on-times shorter by a factor of 30 compared to

previous work.
No further analysis on the localization duration regarding spontaneously blinking dyes

has been performed yet. Moreover, even for AlexaFluor647, a dye more established in

MINFLUX nanoscopy, localization times were not evaluated, but thresholds were stated
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[8, 9]. The cited studies focused on localization precision, making use of 2100/2000
(excluding pre-localization) in 4/5 localizations with at least 260/200 ms per event, detecting
at a average rate of 30/50kHz. Due to accessibility of the data and the similarity of the
used commercial MINFLUX setups, evaluation with routines used in this work and a
subsequent comparison of data from [9] with the data of this thesis was possible. As
photon numbers diverge significantly for the different measurements, data binning of
figure 3.10A was executed to compare localization precision (figure 3.12). Evaluating
both data set at chunks of 350 photons, shows a localization precision of ¢ = 1.9nm and
o = 2.2nm [9] respectively, while data presented in this work was roughly 25% faster
acquired, due to the higher photon rate (see table 3.3). Binning up to 700 photons and
filtering results in a precision below 1 nm on the one hand, but is accompanied by a large
loss of usable events on the other hand. Comparing the localization time Tp,. gained in
these two experiments, exposes an acceleration of the localization process by a factor of
17/32 per fluorescent event. This yields a trade of in localization precision by a factor

1.7/4 depending on the data binning used in [9].
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Figure 3.12: Localization precision in dependence on binning and filtering. Data
from figure 3.10A is reevaluated for different bins of photons and with /without the filtering
methods used in this thesis. A localization precision below 2nm can be achieved by
moderate binning and minor loss of events. For visualization purposes an individual NPC
is shown on the right panel with the respective parameters. Scale bar: 50 nm.

The results presented in this chapter underline the importance of stochastic blinking
dyes for MINFLUX. Whereas first MINFLUX measurements were mostly done with
AlexaFluor647, inducing blinking by UV activation and excitation under the influence
of special blinking buffers, the spontaneous blinking approach uncouples the blinking

behavior from any excitation or activation and blinking buffer environment. Specifically,
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Table 3.3: Image parameters obtained from the MINFLUX measurements
compared with Schmidt et al. ([9])

NLoc NPh TLoc (IIlS) PhPreloc PhLoc

o (nm) median/exp median median/exp median median Rate (kHz)
NB A 2.6 7/10 1300 52/70 1000 51 57
HT B 2.9 8/7 1300 91/98 920 48 45
Fast Seq A 2.3 7/9.4 2200 44/63.4 1800 71 76
Slow Seq D 3.7 6/7.5 450 9/8.6 100 55 118
Schmidt et al. 2.2!/1.35 5/3.9 2230 155° 1000 415 30
(Figure 3d, [9]) 0.9'/0.8 3? 6600 3233 920 2173 30

2

! precision reported in [9]; 2 no exponential fit; 3 exponential fitting failed due to the distribution of the

events

the fluorophores, proposed and characterized in the underlying work, are optimized for
fast localizations, enabled and utilized by MINFLUX nanoscopy. Due to multi-exponential
behavior of the on-times, it was possible to image in a, until now, conventional MINFLUX
localization regime, as well as speeding up localizations by a factor of 5-7 for the very
same sample and up to 30 times, compared with previous publications [8, 9], enabling a

broad spectrum of different experiments and applications.

51



Chapter 4

Irreversible On-Switching Dyes

This chapter contains the studies of photoactivatable xanthone dyes (PAX [34]). This
group of fluorophores perform irreversible photo-induced switching into the fluorescent

on-state, in a cage-group free manner.

The chapter begins with a brief introduction setting the approach of irreversible switching

fluorophores into the context of super-resolution microscopy, (section 4.1).

A comprehensive study in a single molecule environment was designed and realized (section

4.2.1), evaluating characteristics of the fluorophores important for MINFLUX nanoscopy.

The suitability for biologically relevant samples is shown in section 4.2.2, by staining
several different structures in both fixed and live-cells. Moreover, by combining different
labeling strategies (nanobodies and HaloTag), multicolor PALM imaging with different

PAX derivatives was performed.

Finally, the suitability as fluorescent probes for MINFLUX nanoscopy was demonstrated
by imaging U20S Nup96-halo and HeLa HK-2xZFN-mEGFP-Nup107 cells achieving
a similar localization performance to established red-emitting fluorophores (see section

4.2.3).

Furthermore, functioning as a standardized sample in nanoscopy in terms of size and
number of fluorophore binding sites (see Thevathasan et al. [52]), the NPC system
allowed analytic comparison for PALM and MINFLUX data in terms of apparent density
of labeling for both imaging techniques. Moreover, imaging with genetically modified
U20S-CRISPR-Nup96-mMaple was performed allowing a comparison of the fluorescent

probes with fluorescent protein labeling on an endogenous level (see section 4.2.4).
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4.1. INTRODUCTION AND AIM

The chapter concludes in a discussion of the results obtained in the underlying thesis
(section 4.3).

The study presented in this chapter resulted in publications by Lincoln et al. [34]
and Remmel et al. (in preparation). This dye group was discovered and synthesized
by Richard Lincoln (Ph.D, Optical Nanoscopy, MPImR, Heidelberg). Analysis of the
data was performed in exchange with Mariano Bossi (Ph.D, Optical Nanoscopy, MPImR,
Heidelberg).

4.1 Introduction and Aim

Photoactivatable dyes are a specific group of irreversible on-switching dyes absorbing light
to uncage from an initial fluorescent off-state. This is accomplished via the transition in
the excited state yielding a fluorescent molecule (see section 1.1.3), which can be excited
and detected subsequently. In contrast to stochastic reversible switching dyes, discussed
and evaluated in chapter 3, photoactivatable probes possess a single cycle, allowing a

number of localizations before they switch off permanently by photo-bleaching.

As MINFLUX nanoscopy represents one of the latest advances in optical nanoscopy [7],
only few reports of mechanisms other than photo-induced blinking (e.g. cyanines such
as AlexaFluor647) have been presented [7, 9, 66]. However, recent studies either propose
photactivatable fluorescent probes [67], or show the applicability for MINFLUX nanosocpy
utilizing different caging approaches [8, 34, 68, 69].

In coordinate stochastic super-resolution microscopy, like PALM, the number of detectable
photons is of utmost importance, which made brightness and photo-stability the parameters
of choice for dye selection. In MINFLUX nanoscopy, however, maximizing photon numbers
isn’t the main concern, as significant fewer photons are sufficient for the same localization
precision (see figure 1.8). This leaves space for other dye parameters more important to
MINFLUX, namely the photoactivation mechanism itself: Initially, PALM and MINFLUX
require uncaging of only one fluorophore in a diffracted limited spot. However, the
focused excitation beam functioning as reference coordinate in MINFLUX evokes high
intensities in proximity of the to be localized molecule. Thus, uncoupling the excitation
from the activation process is strongly preferred to ensure the discrimination. This interest
appears clearly, as photoactivatable dyes possess a single fluorescent on-cycle only. Hence,

maximizing the number of successful localizations (the detection ratio) is one center point
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in the research of irreversible on-switching dyes, as failed localizations affect the apparent
density of labeling dramatically and can only be equated by increasing the number of
labels (see section 1.3). Nevertheless, a single cycle bears the advantage of prohibiting
multiple redundant localizations of the same label. Moreover, it significantly eases the

quantitative analysis of the data.
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Figure 4.1: Absorption spectra of the open (non-fluorescent) and closed
(fluoresecent) form. Irradiation of PAXs56 with UV light (black spectrum) results
in uncaging/locking of the molecule absorbing at A = 560 nm (red spectrum).

In context of this thesis a series of photoactivatable dyes were investigated. In contrast to
previous published fluorescent probes, their activation mechanism relies on photo-induced
locking of the fluorophore structure (cage-group free uncaging), instead of unlocking
by degradation of photolabile groups via UV illumination [34]. Figure 4.1 depicts an
exemplary fluorophore structure (PAXj540) visualizing the fluorescent and non-fluorescent
forms with their respective absorption spectra. On the one hand, this approach is expected
to provide reliable uncaging, as their mechanism is well defined with only a minor amount
of side products possible. On the other hand, it keeps the size of fluorescent molecules
small. The latter is important to keep the dye soluble and to facilitate cell permeability.
In addition to demonstrating the applicability as dyes suitable for MINFLUX nanoscopy,
including a characterization of the required parameters, the aim of these studies was to
investigate the detection efficiency in MINFLUX nanoscopy as expressed in the apparent

density of labeling, as well as resolving the fluorescent label itself.
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4.2 Results

4.2.1 Photophysical Characterization

From the first color palette of PAX dyes five compounds (PAX,s9, PAXs05, PAX560,
PAX 560, PAX570) were investigated. The structures are depicted in the fluorescent
(closed) form in figure 4.2, with their respective emission spectra. The commercially
available MINFLUX microscope setup possesses a green (A, = 560 nm) and a red detection
channel (A., = 640 nm) only, photophysical characterization was focused on PAXj54 and

PAX 560, with respect to their applicability in MINFLUX nanoscopy.
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Figure 4.2: PAX compounds utilized in this work. The structures of the PAX
compounds are shown on the left side with their respective normalized emission spectrum
on the right.

As explained in section 1.1.3, photoactivatable fluorophores possess a single on-state
after uncaging. Thus, for localizing the single probes successfully, three criteria must be
given: Reliable uncaging provides a single fluorescent probe in a diffracted limited spot;
a sufficient event duration is needed to localize with the microscope technique of choice;
a sufficient number of photons determines the success of the localization and influences

its precision. Thus, the photophysical characterization focused on those aspects.

For photophysical characterization, chloralkane ligands of PAX560 and PAX 560 (specific
for HaloTag), which were used predominantly in imaging experiments, were sparsely

distributed enabling a single molecule environment and mounted in a phosphate buffer
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Figure 4.3: Histograms of the event duration (To,) for PAX;4 and PAX, 54 at
three different excitation intensities. The histograms depict the distribution of the
on-times for both compounds measured in wide-field microscopy at single molecule level.
While screening the excitation intensity the UV activation light was set to Paosnm =
2.5nW measured at the back focal plane of the objective lens to ensure a reasonable
number of events,. The distribution is fitted by a mono-exponential function (residuals on
top). The on-time 7560 66kw/cm? = 8ms lies below the time resolution of the experiment.
The samples were mounted in a phosphate buffer system (PBS, pH=7.4).

system (PBS, pH=7.4) (see section 2.3.1). Data were acquired in a wide-field microscope
exciting single molecules and detect the fluorescent light with an EMCCD camera taking
a frame every 10 ms, as described more detailed in section 2.2.1. Moreover, the sample
was activated with different doses of UV light simultaneously. Figure 4.3 depicts the
time of the emission events measured with a resolution of 10ms as histograms fitted
with a mono-exponential function. The fits show on-times (T, =k;;') ranking between
10 — 33ms. Increasing the excitation intensity results in a clear decrease of the event
duration, ultimately below the time resolution of the experiment in case of PAX 56y at
the highest excitation intensity. However, as localization times in MINFLUX nanoscopy
can be in the low single digit millisecond regime and even shorter, the measured on-times
for both compounds are sufficient at moderate excitation powers for more than N;,. = 10

localizations [65].
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Table 4.1: Photophysical properties of the fluorescent probes

D Intensity To, Ph Rate

(k€W /cm?) (ms) (kHz)

6.6 33 3920 7.8

PAX5q9  0.48 22 22 2300 16.6
66 13 2850 41.3

6.6 18 2410 7.2

PAX 560 0.92 22 17 3590 194
66 <10 1860  30.6

In table 4.1 the on-times are put in context of the other properties measured for both
compounds in wide-field conditions (excitation power in the same order of magnitude
as for MINFLUX) with a time resolution of ¢ = 100ms. While an increase of the
detection rate can be witnessed with increasing excitation power, no clear trend for
the number of photons was observed. Remarkably, although the fluorescent quantum
yield is strongly enhanced for the azetidine form (PAX, 540), no increase of photons was
observed. This could hint to diverging intersystem crossing rates into the triplet state
of the respective fluorophores. However, in contrast to PAXss9, PAX 560 shows a strong
decrease of photon number going hand in hand with the low event duration (figure 4.3),
indicating significant photo-bleaching at higher excitation intensities. Such a trend is
not observable for PAXzs. Overall, the single dyes emit on average several thousand
photons in a PBS buffer environment under single molecules conditions. Simulations of
the localization precision in dependence of the number of photons (see figure 1.8), suggest
the possibility of localizing with a single nanometer precision using MINFLUX nanoscopy

at a moderate L = 100 nm.

Figure 4.4 shows the activation rate in dependence on the activation power of the UV light
(A = 405nm) for the investigated compounds illuminated in single molecule conditions.
The data were evaluated by fitting the time duration till uncaging occurred (ta) by a
mono-exponential (figure 4.4B). As experiments without UV activation yielded a significantly
lower amount of events and no exponential behavior, these data sets were evaluated by
calculating the median of t . (figure 4.4C). No significant activation could be witnessed
without UV illumination and furthermore no tendency in dependence on excitation power
(P..) was observed. However, the fluorophores uncage in a highly efficient manner in the
low nanowatts regime (figure 4.4A). Significant activation could be observed down to
Paosnm = 2.5nW, measured at the backfocal plane of the microscope. Linear fitting of
the two data sets yield a rate of k=4n 560 = 1/7 = 0.13/nWs and kact 4560 = 0.017/nWs
respectively. In contrast to the 7-fold increase of activation for PAXj5go chloralkane ligand
in single molecule conditions, a 3-fold increase could be observed in bulk experiments [34].

However, as the mechanism of photoactivation is expected to be dependent on the micro-
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Figure 4.4: Activation rate in dependence on activation power. The plot depicts
the activation rate of PAX560 and PAX 560 in dependence on the UV activation power
(A = 405nm) measured in sparsely labeled single molecule samples mounted in PBS
(HaloTag ligand, see section 2.3.1 for more details). The fluorphores were excited at an
intensity of 22 kW /cm? and show a linear dependence on the activation power (kac 560 =
0.13/nWs, kact 1560 = 0.017/nWs). Data were evaluated by fitting a mono-exponential
function to ta. (B), or by calculating its median (for Pss,, = 0nW). The inset shows
a single photon trace visualizing T 4. and Tp,. No significant uncaging and no trend
related to the excitation power could be witnessed (C).

environment and especially faster in the case of the chloralkane ligand [34], deviations
compared to the free compound are expected. In conclusion, the dye switches into the
fluorescent on-state highly efficient by UV light-induced uncaging at minimal light doses,

minimizing light induced damages in live-cells.

4.2.2 PALM Imaging

Since PALM is a rather simple super-resolution technique, allowing a high throughput of
different samples and parameters (e.g. excitation power, labeling concentrations etc.), it
is well-suited for first tests of the compounds in biological relevant environments enabling
optimization of labeling conditions. Despite this, PALM and MINFLUX share a key
requirement for fluorescent probes, by the utilization of distinguishable states of the

fluorescent probes.
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Figure 4.5: Reconstructed PALM images of fixed tubulin. The fixed cells (COS-7)
were stained with a primary antibody (anti-tubulin) and a secondary antibody labeled
with the respective compounds. The images show a high specificity of all prepared
antibodies binding. The localization precision of the single events is 10 — 16 nm. Scale
bar: 1pm.

Due to the ease of labeling, for the first samples, antibodies with a moderate DOL (2-4)
of the respective compound were chosen to specifically tag the structures of interest. In
figure 4.5 reconstructed PALM images of the bioconjugates are depicted, in which tubulin
was labeled via primary and secondary antibodies (with the dye of interest labeled to the
secondary antibody). All five compounds are specifically binding, as only few background
events can be seen and the tubulin structure is clearly displayed. As the fluorescent
probes are uncharged and of small structural size, live-cell labeling could be performed
via chloralkane ligands of the respective compounds. Figure 4.6 depicts reconstructed
PALM images acquired under live-cell conditions and proves the cell permeability of
the fluorescent probes. The parameters of these data sets are listed in table 4.2. The
localization precision of the obtained images is about ¢ ~ 10 — 15 nm which was expected
as several thousand photons were emitted in single molecule experiments as well as in
PALM microscopy. Bulk studies on the respective compounds revealed a large difference
of the activation quantum yield (®,) by about a factor of 50 between PAXyg and
PAX560 [34]. This also could be witnessed in PALM microscopy. Furthermore, PAX,g
showed essential uncaging at A = 470 nm excitation while imaging, prohibiting MINFLUX

imaging with an uncoupled excitation-activation scheme. However, the difference in
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Figure 4.6: Reconstructed PALM images of vimentin in live-cells. The cells
(U20S vimentin-halo) were labeled with chloralkane ligands of the compounds. The
specific binding of the vimentin filaments via HaloTag show the cell permeability of the
dyes. The images were obtained under live-cell conditions with a localization precision of
o ~ 15nm. Scale bar: 1pm.

Table 4.2: Image parameters obtained from the respective PALM
measurements

Compound Tubulin (fix) Vimentin (live)
Photons o (nm) Photons ¢ (nm)
Paxy7o 2315 16.0 4926 13.4
Paxsos 3827 16.6 1950 15.8
Paxsgg 9822 13.8 4430 15.1
Pax ;560 4540 8.2 3678 10.1
Paxs7o 1719 15.0 2053 16.2

activation quantum yield enabled sequential two-color imaging of the compounds, which
is depicted for tubulin (PAX569) and clathrin-coated pits (PAXyg) in figure 4.7. The
structures were imaged sequentially. The first data set comprises the signal of PAX,g0
exploiting its activation at A = 470 nm. Afterwards tubulin stained with PAX549-antibodies

was imaged while activating the sample with weak pulses of UV light (A = 405 nm).

60



4.2. RESULTS

Figure 4.7: Two-color PALM image of tubulin and clathrin-coated pits stained
with PAX;550 and PAXys. The reconstructed PALM image shows COS-7 cells
labeled with primary antibodies (anti-tubulin and anti-clathrin) and secondary antibodies
labeled with PAX560 (yellow) and PAXygy (cyan). Data were obtained sequentially by
imaging PAX,gg first without UV light and subsequent PAX549 with UV activation. The
localization precision of single events was ¢ = 20 — 25 nm. Scale bar: 1 pum.

Both tubulin and vimentin are structures with a high density of fluorophore binding sites,
allowing for a high apparent density of labeling and, thus are widely used as structures
to evaluate the staining of new dyes in general. However, the structures are labeled
with an uncountable number of fluorophores, which makes quantitative analysis more
difficult. As a biological relevant standardized system one can pick nuclear pore complexes
(NPC). Gene editing of the cell lines can facilitate linkers (e.g. HaloTag or eGFP) at an
endogenous level and therefore they have an assignable number of binding sites [52]. As
a consequence, MINFLUX imaging in section 3.2.3 was performed on NPCs after initial
imaging in PALM microscopy (figure 4.8). The figure exhibits the labeling integrity of
the characteristic ring-like structure, labeled with nanobodies and HaloTag respectively
for PAX560 and PAX | 560.
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Figure 4.8: Reconstructed PALM images of nuclear pore complexes. The
cells (mEGFP-Nup107, U20S-Nup96-Halo) were labeled with either anti-GFP nanobody
(fixed), or HaloTag (fixed before imaging) of PAXss0 or PAX,560. The reconstructed
images have a localization precision of around ¢ = 15 — 20nm. Scale bar: 1 pum.

4.2.3 MINFLUX Imaging

After demonstrating the general applicability of PAX for labeling of biological samples
with different linker in fixed and live-cell conditions, the consecutive step was to show their
suitability as fluorophores for MINFLUX nanoscopy. As stated in the previous section, an
assignable number of fluorophores per binding site make nuclear pore complexes preferable
for quantitative analysis, functioning as a standardized biological system. Therefore, in
a first step mEGFP-Nupl07 cells were labeled with primary nanobodies (PAX540) and
consecutively U20S-Nup96-Halo cells were labeled with PAX550 and PAX 560 chloalkane
ligands. Both samples allow tagging with a smaller label compared to antibodies. Moreover,
the cell lines are genetically engineered (CRISPR) cells, expressing the respective proteins
at an endogenous level, allowing to target them with assignable numbers of the corresponding
label. Thus, for U20S-Nup96-Halo cells a single dye per protein (Nup96) can be facilitated.
In an additional step, U20S-CRISPR-Nup96-mMaple cells expressing mMaple at an
endogenous level were imaged. The fluorescent protein has similar spectral properties

and is to date the only orange fluorphore reported in MINFLUX nanoscopy before [8].
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Figure 4.9: MINFLUX images of nuclear pore complexes. Reconstructed
MINFLUX images of U20S-Nup96-Halo fixed cells labeled with PAX5¢0 (A) and PAX, 569
(B) with a localization precision of 0 = 2.14nm and ¢ = 2.17nm (Ai, Bi), respectively. C)
mEGFP-Nupl07 cells stained with an anti-GFP nanobody labeled with PAX560 (DOL=2)
[34].  The corresponding 2D dispersion plot (Ci) visualizes the localization precision
(0 =2.61nm). D) U20S-CRISPR-Nup96-mMaple (clone 16) cells imaged with a modified
MINFLUX sequence to take photo-bleaching and short term blinking into account. The
average localization precision is ¢ = 3.9nm (Di). Scalebar: 200 nm.
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Samples, labeled with bioconjugates of PAX560 and PAX, 540, were imaged with a standard
imaging sequence by the manufacturer on a commercial MINFLUX setup. A detailed
description of the setup and the image sequences can be found in section 7.1. In brief, the
localization process starts after the detected fluorescence signal surpasses a threshold set
by the manufacturer. The following sequence can be split into two parts: The first one
suits as a pre-localization containing 4 steps with decreasing L (1 ms each) and requires a
minimum of 120 photons (above the background). In the second part of localization, the
sequence contains 2 steps (1 ms each, L; = 76 nm and L, = 40nm, 30 photons per step),
which are performed alternating until the fluorescence signal drops below the internal
threshold. Thus, the recorded single emitter events consist of N localizations (Np,.), where
N is the number of successful repeats of the last two steps. The localization precision of
each event can be obtained from the distribution of the single localizations with respect
to their mean position [8]. Furthermore, every single localization of the event has a time
ID, as well as a distinct number of photons, adding up to a total localization time (T'1.)
and a total number of photons (Np). Imaging U20S-CRISPR-Nup96-mMaple cells with
the same sequence showed a poor detection ratio of the fluorescent proteins, resulting in
images with a low apparent density of labeling of the nuclear pore complexes. Addressing
the photo stability and short term blinking of fluorescent proteins [70], a modified sequence
for mMaple was utilized (provided by the EMBL Imaging Center), performing 3 steps with
a final L = 100 nm.

Table 4.3: Image parameters obtained from the respective MINFLUX
measurements.

I Binning - (nm) Nioe N, T, (ms) Rate (kHz) Photy,.

photons median median median median median
PAX 560 halo 40 100 2.14 16 4500 280 35 124
PAX 4560 halo 40 100 2.17 17 5000 260 40 127
PAX 560 egfp 40 100 2.61 12 2400 665 19 122
mMaple 100 100 3.9 17 1700 120 37 148

Figure 4.9 depicts MINFLUX images of nuclear pore complexes labeled with the respective
bioconjugates. After binning the detected events to slices of 100 photons per bin, the
data was treated as described in section 2.2.2. Further analysis unveiled a localization
precision of ¢ = 2.14nm and ¢ = 2.17nm for U20S-Nup96-Halo cells labeled with
the compounds PAXzs0 and PAX, 560 (Ai, Bi), respectively. For mEGFP-Nup107 and
U20S-CRISPR-Nup96-mMaple a localization precision of ¢ = 2.61nm and ¢ = 3.9nm,
respectively, was evaluated (Ci, Di). All calculated parameters are summarized in table
4.3. Although the number of photons per localization with the final L (Photr,.) did
not vary significantly, in case of mMaple the loacalization precision is reduced. The
reduction can be explained by the enlarged scanning range L compared to the other

measurements (see figure 1.8). The nanobody conjugate of PAXssp showed significant
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undesirable activation by excitation, coupling imaging with the discrimination criteria of
single fluorophores. Therefore, excitation power was reduced to minimize the activation
ensuring only one active emitter in a diffracted limited spot. Thus, a reduction of the
average rate and therefore longer localization times was observed. PAXs4p halo and
PAX, 560 halo in contrast, didn’t show any significant activation without UV illumination
confirming single molecule measurements (section 4.2.1). Also, no significant deviation of
the evaluated parameters could be witnessed, as the images have a comparable number
of photons (N,,) localizations per event (Ny,.) and localization precision o. This was also
confirmed for moderate excitation powers in single molecule measurements, resulting in a

comparable average number of photons in the several thousand regime (see section 4.1).

4.2.4 Apparent density of labeling in MINFLUX and PALM

Imaging

The previous section demonstrated that PAX dyes can be utilized to image in MINFLUX
nanoscopy. However, as they possess a single fluorescent on-cycle, there is only one
chance to localize them. If the localization of the fluorophore fails, the structure appears
unlabeled /under-labeled. Conclusively, the localization efficiency is from high importance
for photoactivatable dyes and affects the image quality in the such a way as the density
of labeling (DOL). For instance for gene edited U20S-CRISPR-Nup96-mMaple cells a
single label per protein can be ensured, but still the labeling can appear incomplete, if
localizations fail. Therefore both, the detection ratio and the DOL, are summarized as
apparent density of labeling (ADOL).

To evaluate the ADOL of the PAX compounds measured with MINFLUX nanoscopy,
images of U20S-Nup96-Halo cells labeled with PAX560 and PAX, 560 chloralkane ligand
were analyzed, taking the number of detected corners per nuclear pore complex into
account. The cells express the Nup96 protein twice per corner and plane and thus, a
complete labeling should result in two fluorophores per corner and plane. In an additional
step, data taken from the same sample by PALM microscopy was compared with the
former data sets. The focus lay on the occupancy of labeled corners per nuclear pore
complex, evaluating the localization efficiency of MINFLUX nanoscopy with respect to
an established method. Moreover, data sets were compared with data obtained from
U20S-CRISPR-Nup96-mMaple cells, which express mMaple at each Nup96 (DOL=1).
Therefore, in a best case scenario the U20S-Nup96-Halo were labeled with exactly the
same amount of dyes. The second reason utilizing U20S-CRISPR-Nup96-mMaple cells

as a control is the fact that its a photoactivatable dye with similar spectral properties.
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Figure 4.10: Visualization of the algorithm utilized for occupancy analysis of
MINFLUX data. The scatter plot shows data obtained with MINFLUX of nuclear pore
complexes labeled with PAX 560 chloralkane ligand. The algorithm fits rings through the
nuclear pore complexes evaluating the center of each NPC. In a second step its 8-fold
symmetry is utilized to split the nuclear pore complex in 8 wedges, maximizing their
occupation.

The estimation of the occupancy was performed by Jan Keller (Ph.D. MPI for multidis-
ciplinary nature sciences) analogous to [52]. MINFLUX results were rendered and all
circular, isolated structures identifiable as NPCs were manually selected as regions of
interest (see figure 4.10A). All localizations (combined single molecule blinking events)
within a single region of interest (a single NPC) were rendered and the rendering fitted
with a ring of variable center, diameter and width. The center of the fitted ring was then
subtracted from all coordinates and all localizations within a reasonable radius (40-70 nm
away from the origin) were distributed in 8 equal angular bins (corresponding to 45 deg
wide wedges). The localizations were rotated so that a maximal number of localization
fell into a single bin, avoiding that a bin edge divides a NPC subunit in half. All bins

with at least one localization contained were counted as occupied (see figure 4.10B).
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Figure 4.11: Visualization of the algorithm utilized for occupancy analysis of
PALM data. The scatter plot shows data obtained with PALM of nuclear pore complexes
labeled with PAX, 560 chloralkane ligand. The algorithm fits rings through the nuclear
pore complexes evaluating the center of each NPC. In a second step its 8-fold symmetry
is utilized to split the nuclear pore complex in 8 wedges, maximizing their occupation.
Wedges with less than 20% signal with respect to the largest bin were eliminated.

From images obtained with PALM nanoscopy however, localizations were evaluated as
described in section 7.3. The results were rendered and all isolated structures identifiable
as NPCs with a clear hole (absence of localizations) in the center were manually selected as
regions of interest (see figure 4.11A). All localizations (combined single molecule blinking
events) within a single region of interest (a single NPC) were rendered and the rendering
fitted with a ring of variable center, diameter and width. The center of the fitted ring
was then subtracted from all coordinates and all localizations within a reasonable radius
(40-70 nm away from the origin) were distributed in 8 equal angular bins (corresponding
to 45 deg wide wedges). The localizations were rotated so that a maximal number of
localization fell into a single bin, avoiding that a bin edge divides a NPC subunit in half.

All bins with at least 20% of localizations of the bin with most of the localizations were
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counted as occupied (see figure 4.11B), as clear separation of single bins was not possible
due to the localization precision. It should be noted that the fraction of selected NPCs
from all recorded NPCs is quite low, because many NPCs in the PALM image do also

show localizations at the center of the NPC and thus, failing our filtering criteria.
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Figure 4.12: Histograms with apparent density of labeling. A) The apparent
density of labeling of nuclear pore complexes labeled either via Halo (PAXs56 and
PAX 560), or expressing mMaple at endogenous level taken with MINFLUX nanoscopy.
The data depict a slight decrease for the ADOL in case of mMaple, which can be addressed
to unsuccessful localizations caused by triplet blinking. B) The apparent density of
labeling of nuclear pore complexes labeled either via the chloralkane ligand (PAX560 and
PAX 560), or expressing mMaple at endogenous level taken with PALM microscopy. The
data depict no tendency for the ADOL. For the chloralkane ligands no tendency for either
microscopy technique can be observed. Data represents multiple ROIs including ~ 200
nuclear pore complexes.

The histograms in figure 4.12 visualize the distribution of detected corners for U20S-
Nup96-Halo cells labeled with PAX560 and PAX, 569 or U20S-CRISPR-Nup96-mMaple
cells expressing the fluorescent protein. Data were obtained with MINFLUX nanoscopry
(figure 4.12A)) and PALM microscopy (figure 4.12B), averaging ~ 200 nuclear pore complexes
for each measurement. No significant difference was observed between labeling (chloralkane
ligands vs. endogenous expression of mMaple) or different dyes (PAXz50 vs. PAX 560)
for PALM microscopy. Furthermore, also no significant deviation between PALM and
MINFLUX measurements of PAX560 vs. PAX, 569 can be witnessed. For mMaple however,
there is a clear decrease of detected corners, which was expected, due to the high rate of

triplet blinking influencing the MINFLUX localization process.
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4.3 Discussion

In this section photoactivatable xanthones (PAX) dyes were investigated with respect to
their applicability in MINFLUX nanoscopy. All compounds investigated fulfilled the basic
requirements for MINFLUX, meaning sufficient event duration, sufficient photon numbers
and uncaging to grant the discriminability criteria. However, two of the five characterized
compounds showed a reliable uncoupled switching behavior making them favorable for
MINFLUX nanoscopy. The two compounds, excited at A = 560 nm, could be imaged
with a localization precision of ¢ ~ 2nm achieving a similar performance to established

red-emitting fluorophores.

MINFLUX images of NPCs stained with PAXsg0 and PAX 560 chloralkane ligand were
analyzed with respect to the apparent density of labeling. Simulations of the detection
ratio and the number of labels in section 1.3 showed a high variability of the probability
distributions. The interweaving of both parameters cannot be resolved by the designed
experiment as one cannot guarantee a complete labeling of the sample. If one assumes
complete labeling (four dyes per corner) simulations yield an average ADOL of meanapor, =
6.57 for a detection ratio of DR = 0.35 of all events. However, assuming a labeling
efficiency of 50%, a detection ratio of DR = 0.57 is necessary to accurately fit the
distribution measured with PAX569 and PAX 560 compound, showing the high variance
caused by the interweaving of the variables. As absolute numbers are difficult to obtain,
a comparison with other techniques and previous reports is favorable. Thevathasan et al.
[52] made a comprehensive study on nuclear pore complexes functioning as standardized
structure in nanoscopy. They observed an apparent density of labeling of about 55%
for mMaple in NPCs imaged in the same cell line, which corresponds to an ADOL of
about meanapo;, = 4.4 compared to meanspo;, = 6.6 evaluated in this thesis. As the
experimental parameters (laser power, instrumentation etc.) vary, a deviation is expected.
However, the analysis utilized in this thesis depends on a threshold for evaluating the
occupancy of the single NPCs, which increases the uncertainty. Moreover, separating
individual NPCs with less than three detected corners by a circular fit from the background
isn’t feasible unambiguously, which suppresses this part of the distribution. This indicates
an overestimation of the ADOL for data acquired with PALM microscopy. As MINFLUX
data isn’t depending on a set threshold the evaluation of the occupancy should be of
less uncertainty. Furthermore, the improved resolution reduced the ambiguities in the
identification as one can observe in figure 4.10. All in all these finding indicate a detection

success in MINFLUX nanoscopy comparable to established techniques.
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Chapter 5

Applications of irreversible switches

The photoactivatable xanthones studied in the previous chapter operate as reliable, controll-
able fluorescent switches for MINFLUX nanoscopy. Their functionality opens the door
for various applications of biological relevance. Two applications were chosen as examples

for the widespread applicability of these fluorescent compounds.

In section 5.1 the irreversible mechanics of the PAX compounds were exploited to resolve

the binding sites on individual fluorescent labels, namely nanobodies, unambiguously.

Dual color MINFLUX imaging was performed with PAX560 and PAXs7¢ in section 4.2.3.

The spectral separation in emission enabled their discriminability.

The study presented in this chapter resulted in a publication of Remmel et al. (in
preparation). Analysis of the data was performed in exchange with Mariano Bossi (Ph.D,
Optical Nanoscopy, MPImR, Heidelberg) and Tobias Engelhardt (Ph.D, Abberior, Heidelberg).

5.1 Resolving the Fluorescent Label

MINFLUX nanoscopy enables a localization precision in the lower single digit nanometer
regime down to 1nm [9]. However, as a fluorescence microscopy technique, it obtains
information from single fluorophores of ~ 0.5 nm or single digit nanometer sized fluorescent
proteins. These are attached to the structure of interest via a bioconjugate. Common
bioconjugates are antibodies, HaloTag, SnapTag or nanobodies with a size of 10 — 1 nm.
Thus, the spatial deviation between the fluorescent probe and the structure of interest is

expected to be relevant for the interpretation of data taken with MINFLUX nanoscopy.
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To verify the relevance of labeling, commercial nanobodies (FluoTag®-X2 anti-Rabbit
IgG) were labeled with PAXj559 maleimides, attached via cystein terminated linkers to the
C- and N-terminus of the nanobody. The cystein linkers consist out of 5 or 6 amino acids
respectively. The distance of both fluorophores should be in the few nanometers range
and thus resolved by MINFLUX nanoscopy. As fluorescence microscopy only detects the
fluorescent probe and not the structure, these measurements highlight the importance of

its size and position with respect to the label and the structure of interest.

The nanobodies were imaged with a custom-built interferometric MINFLUX microscope
described in detail in [71, 72]. A brief description can be found in section 7.2. As the
sample does not possess any counter-labeling an initial 10 - 10 pm? xy-scan was performed
to find candidates, illuminating the sample with the excitation laser only. Pre-activated
single fluorophores were detected and, if succeeding a given photon threshold, its position
pre-determined by Gaussian fitting. The iterative MINFLUX routine was performed at
those positions (pe, = 260 W at the last MINFLUX step); subsequently UV illumination
(A = 405nm) was turned on at nanowatts power after around ¢t = 0.9s, to uncage the
second fluorophore. Pre-selected traces possessing two time-wise distinguishable events
(see figure 5.1B) were used for further evaluation. By a dedicated matlab script data were

binned, filtered with a DBScan algorithm and visualized.

t(s)

0.2 0.6 1 14 1.8
uv
1600 | ' B
2
21200
s}
<
4 £
Z 800
i 400
1D projection
i sk
4+
o
18 s
£
2F
1 1
1 L 1 1 1
-4 -2 0 2 4 - - -2 1 0 1 2 3 4

Position along line (nm)
x (nm)

Figure 5.1: Exemplary localization clusters representing a double labeled
nanobody. A) A 2D scatter plot displaying localizations obtained from the respective
fluorescence events. Both distributions are fitted by 2D Gaussians allowing the evaluation
of the center positions and their distance d = 4.56 nm. B) The corresponding time trace
of the fluorescent events. C) A histogram visualizing a 1D projection of the localizations
through the fitted centers (A, grey line).
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Figure 5.1 shows an exemplary measurement of a nanobody labeled with two PAXsg
maleimides. The time trace (figure 5.1B) shows a second fluorescence event emerging
after a UV pulse at t = 0.9s. Localizations were binned by a factor of 5 and visualized
as a 2D scatter plot (figure 5.1A). 2D Gaussians are fitted to the single distributions to
evaluate the center of the events and their distance (d = 4.56 nm). By projecting the data
onto a single axis connecting the centers of both distributions one can visualize the data

in a 1D histogram (see figure 5.1 C).

A T T T T T T T v T ¥ T v T B dye
60 L Xc =(-2.97+0.19)nm . - g maleimide
| 0 =2.19nm * ] 2
Xc =(3.1810.10)nm ‘
50 B . 1
6 =2.24nm N\ [
i | I
40 | . !
]
. ]
o 30} _ El
e N |
M
20 | . "
; nanobody
, core
10 .. ] i C-terminus
L] .. '.. CE" d
o %" . amino aci
or C 1 2 linker
| N 1 " 1 " 1 " | L 1 L 1 ? 1
-15 -10 -5 0 5 10 15 ' dye maleimide

Position along line (nm)

Figure 5.2: Localizations projected into a single dimension. A) The plot displays
all localizations obtained from 30 measurements binned by a factor of 2 and projected
onto a single axis normalized with respect to their center of mass. Two Gaussians are
fitted through the distribution. The standard deviation of the fits is ¢ = 2.19nm and
o = 2.24nm, while the peak to peak distance is d = 6.21nm. B) A Model of a FluoTag®-
X2 anti-ALFA nanobody, which possesses a different tag but consists out of a similar
nanobody core. The crystallized structure (d= 3.7nm C- to N-terminus) is extended by a
sketch of the linkers connecting the dye conjugates to the nanobody. The linkers consist
out of 5 (6) amino acid attached to the C-terminus (N-temrinus) of the nanobody core,
respectively (d~ 1.5nm).

Figure 5.2A) displays all localizations (binned by a factor of 2) obtained from 30 measure-
ments, projected onto a single axis shifted by the corresponding positions centers. The
noticeable height deviation of the two peaks can be explained by the nature of the
analysis: as the events are separated in time, the left peak represent data of the first
fluorescence event. On average the rate of the first fluorescent event was increased around

25% compared to the second, resulting in a shorter Tp,, and thus less localizations. This
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might either originate from the orientation of the fluorescent probes with respect of the
polarization axis of the excitation laser or from the micro-environment the fluorophore
is experiencing, as there are two different termini the single fluorophores are attached
to. Two Gaussians are fitted through the respective peak of the distribution yielding a
standard deviation of 0 = 2.19nm and ¢ = 2.24 nm respectively. Thereby, the distance

d = 6.21 nm between the peaks could be resolved.

To date, no crystal structure of the employed nanobody has been published. However,
the crystal structure of a similar nanobody (FluoTag®-X2 anti-ALFA) distributed by the
same manufacturer is well-known and depicted in figure 5.2B. The manufacturer states
that the fluorophores are attached to the C-terminus and the N-terminus by 5 and 6
amino acids respectively; thus, a size of d = (1.5 — 1.8) nm is estimated per binding site
(0.35A per amino acid). Added to the distance between both terminus of the nanobody,
one would expect a maximal fluorophore distance of d = (6.7 — 7) nm, which is in perfect

agreement with the experiment.

5.2 Dual Color MINFLUX Imaging

To expand the applicability of PAX compounds, for instance in co-localization experiments,
dual color MINFLUX imaging was performed, exploiting the spectral difference of PAXszg
and PAXs57o. Figure 5.3A shows the spectral properties of both dyes in combination with
the properties of the detection channels of the MINFLUX microscope. The emission
spectra of both compounds has a reasonable separation for single molecule discrimination
in the Cys and the Cyj pneqr spectral channels (filter based). The signal of both channels
is used to evaluate a photon ratio of the detected events between the channels, which
enables the assignment of every single molecule event to the corresponding dye in post
processing. Unfortunately, the peak maximum of PAXj57y fell on the 640 nm laser line of

the setup, and thus the detection filter blocks a considerable fraction of the emission signal.

To enable unambiguous results, for the first color PAX;zg0, well-studied and characterized
in the previous chapter, was selected. To this end, U20S-Nup96-Halo cells were labeled
with a chloralkane adduct of PAXsg. For the second color primary and secondary
combinations were tested. As the nanobody-PAXj57g showed poor specificity a secondary
antibody-PAX57¢ was chosen to compensate for the expected minor localization efficiency.
Figure 5.3B depicts a reconstructed MINFLUX image of NPCs containing the indiscriminate
signal of both detection channels (Cys and Cys near)-
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Figure 5.3: Dual color MINFLUX imaging with PAX dyes. A) Excitation and
emission spectra of PAXsg (green) and PAXs7y (red) with respect to the excitation
wavelength (blue) and the detection channels (Cys and Cysjeqr) of the MINFLUX
microscope (orange). The emission maximums of the compounds are well separated.
However, due to the 640nm line of the microscope, signal originated from PAXs;q is
mostly blocked by filters. B) A reconstructed MINFLUX image containing the signal
both channels indiscriminate. Scalebar: 200 nm.
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Figure 5.4: Filtered events discriminated by dual color ratio (DCR). A) Filtered
events of figure 5.3B in a scatter plot after color assignment by their dual color ratio
(DCR). Events originated from PAX560/PAX57¢ are plotted in green/red, while filtered
out events (grey) could not be assigned unambiguously. B) Exemplary NPCs from A
enlarged. C) Histogram with the localization distribution as a function of the DCR.
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5.2. DuaL CoLor MINFLUX IMAGING

MINFLUX localizations obtained in the measurement were plotted as a function off
their dual color ratio (DCR=Ph¢ys/(Pheys near+Pheys)) in figure 5.4B. The distribution
possesses a peaks at DCR & 0.8 (PAX;540) and widespread peak at DCR = 0.6 (PAXj570).
Control experiments with single labeled structures show either one of those distributions,
confirming this assignment. To minimize ambiguities in the assignment, data with 0.65 <
DCR < 0.75 were eliminated. The resulting scatter plot with the respective assignment
(PAX560 green, PAX57g red, filtered grey) is depicted in figure 5.4A. For both colors, ring-

like structures can be observed.

Figure 5.5: Excerpt of the reconstructed MINFLUX image (see figure 5.4B)
splitted by DCR and time. A) shows a reconstructed MINFLUX image of
NPCs stained with PAXj560 (green) and PAXjsqo (red) separated by DCR. B) shows a
reconstructed MINFLUX image of NPCs stained with PAX56y (green) and PAX57o (red)
separated by the measurement time. Two exemplary NPCs are enlarged showing the
similarity of the two images. Scalebar: 200 nm.

Initial measurements in PALM microscopy of PAX57o antibodies showed substantial acti-
vation with 560 nm illumination. This show incomplete uncoupling of the excitation
and the activation processes of this dye, which is undesirable for MINFLUX nanoscopy in
general, as discussed in the previous chapters. For two-color imaging however, combination
with a fluorophore activating in an uncoupled manner, lead to orthogonal switching
mechanisms (by activation rate). This also enabled two-color imaging separating the
event by time (before and after UV activation) and functions as a control for the initial
experiment. Reconstructed MINFLUX images of the same ROI showing both, two-color
separation by spectral splitting and measurement time, are depicted in figure 5.5. The
images show a a strong similarity, which was expected as UV activation was turned on
after no significant amount of localizations was registered over a time window of five
minutes. The DCR histogram containing only events before UV activation shows a single
peak centered at DCR ~ 0.55 — 0.60.
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CHAPTER 5. APPLICATIONS OF IRREVERSIBLE SWITCHES

For higher statistical relevance of the evaluation the image of six NPCs was averaged. This
addresses the minor localization efficiency and the deformation of the inner structure due
to the size of the antibodies complex (= 15nm). All ringlike structures were selected
by an algorithm fitting a circular template to the event clusters and calculating each
center. For averaging NPCs those with two circular fits inside each other were selected
and plotted by stacking the images of the respective color, separately. The overlay is
plotted in figure 5.6B. For Nup96, stained with PA X34, chloralkane ligand, the symmetric
ringlike structure is clearly visible. The averaged signal of Nup98 looks slightly more
deformed as expected. The pixel signal is plotted in dependence of the radial coordinate
for the respective color, resulting in an average radial profile. By fitting a Gaussian to
the respective distribution the peak centers are evaluated to be X098 = 38.8nm and
Xpupos = 02.4nm. The standard deviation o is party attributed to the overlapping error
of the single NPCs, convoluted with the localization precision. Furthermore, the peak
fitting of the inner circle shows a more widespread distribution of PAXj5;o fluorophores

resulting from the larger size of the antibody complex.
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Figure 5.6: Averaged Radial distribution of the signal of NPCs. The averaged
radial distribution of the localizations is fitted by two Gaussians. The fit representing
PAXj570 has a significant standard deviation, which is addressed to the antibody labeling.
However, the peaks are distinguishable with their centers being x,,p0s = 38.8nm and
Xnupos = 02.4nm. Scalebar: 20 nm.
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5.3. DISCUSSION

5.3 Discussion

With a weight of ~ 15kDa nanobodies represent a label with one of the smallest sizes
(SnapTag 19.4 kDa, HaloTag 33 kDa) and are the current the state of the art. Still a size of
a few nanometers is expected for them, larger than the MINFLUX localization precision.
In this thesis the irreversible switching mechanism of the PAX fluorophores was exploited
to unambiguously resolve the individual size of nanobodies. The intra-label distance of
single nanobodies was evaluated to be d ~ 6.21 nm fitting the maximal expected distance
of d = 6.7 — 7.0nm. Recent studies of antibodies and nanobodies (FluoTag®-X2 anti-
ALFA, FluoTag®-X2 anti-GFP) with the aid of expansion microscopy presented a size of
approximately d ~ 60 A for nanobodies with a similar corpus [73], confirming the results.
The results show that MINFLUX challenges one of the smallest and most utilized labeling
strategies. Thus, labeling with even shorter linkers or shorter recognition scaffolds are

necessary.

Two-color imaging was performed by staining different proteins on the nuclear pore
complex located in the outer ring (with a chloralkane ligand of PAXj5¢) and the inner ring
(with an antibody complex labeled with PAX57). Spectral splitting of the compounds
enabled the identification of the two rings and their sizes could be evaluated by averaging
NPCs (Xpupos = 38.8nm and X,,p06 = 52.4nm). Previous reports studying the sizes of
NPCs evaluated the radius of Nup96 to be X,,,06 = 56.2 £ 10.2nm [74], while the radius
of Nup98 was evaluated to be (Xnupos = 43.5 £ 16nm) [75]. Both are in good agreement

with the results presented in this thesis.
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Chapter 6

Conclusion and Outlook

By the combination of the target-coordinated and the target-stochastic approach MINFLUX
nanoscopy exploits the advantage of having both a reference coordinate for localization
and the discriminability of single emitters by fluorescent on- and dark off-states. This
conceptually new approach utilizes a minimum in the excitation intensity distribution to
inject the reference coordinate. With a set of exposures in the vicinity of the emitter,
its position is estimated. An iterative measurement routine during which the spatial
separation L between the reference coordinate and the estimated fluorophore position is
lowered step by step, allows for a more precise position estimate with every step. This
strategy enables nanometer precision with moderate photon numbers in the regime of a
few thousands in 2D [7] and 3D [8, 9]. With the introduction of the scanning range L the
localization precision no longer depends only on the number of photons. This paradigm
shift motivates dye research, which mostly used to focus on photostability, with attention
to other parameters more relevant to MINFLUX nanoscopy. As the localization efficiency
(namely speed and success) depends on both the measurement routine (microscope side)
and the properties of the single emitters (fluorophore side), it is possible to optimize the
MINFLUX performance via characterization of the fluorophore properties most relevant
to the MINFLUX scheme, and the subsequent adaption of the measurement routine to
those properties. One core issue remaining affects the fluorophores in vicinity of the to-
be-localized emitter: while the target dye is protected from high intensities preventing the
population of higher states and possibly faster photo-degradation, fluorophores outside
the center of the node are still exposed to high excitation intensities. Thus, complete
decoupling of the mechanisms (i.e. on-, off-switching and excitation) is extremely relevant.
Due to its novelty, the first experiments with MINFLUX nanoscopy had been performed
with cyanine dyes optimized for STORM microscopy, exploiting thiol-based switching
(i.e. bi-molecular reactions in oxygen depleted systems) [7-9, 66]. The unnecessarily high

number of photons per on-cylce and the coupling of the photoswitching to the excitation
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is disadvantageous and paid by a lowered localization efficiency. Thus, a search for
fluorescent switches with alternative mechanisms and specific design for the requirements
of MINFLUX becomes relevant, and thus is the aim of this work.

Consequently, a consistent characterization strategy for a systematic fluorophore screening
was established within the presented research work. In the first step, a versatile optical
microscopy setup was designed and built, enabling fluorescent microscopic measurements
with single molecule sensitivity in either confocal or wide-field mode and the fast exchange
of both configurations. The main focus of the design was the comparability of measurements
performed in the respective configurations and possible adaption for structural modifications
of the dyes. This was facilitated by two independent beam paths allowing for sequential
measurements of the same ROI in confocal and wide-field mode. To guarantee reproducible
single molecule samples, a simple immobilization method was utilized, allowing to attach
different dye bioconjugates (e.g. antibodies, nanobodies, self-labeling enzymes) to a
polymer layer via various intermediates (e.g. streptavidin, biotin, Ni?**/NTA) [49, 50].
A sparse distribution of fluorophores ensured the investigation at the single molecule
level, which enabled the observation of the emitters switching individually. By applying a
comprehensive analysis of a large set of data, a detailed characterization of the fluorophore
properties was performed with statistical relevance, including photophysical properties
like photons per on-cycle and emission rate, as well as switching related properties like
activation rate (for irreversible mechanism), on-time, duty cycle or number of on-cycles
(for reversible mechanisms). After evaluating these properties, the fluorophores were
tested in biological samples, utilizing different bioconjugates in fixed and living cells. With
the aid of the custom-built setup confocal as well as PALM/STORM data were acquired,
proving the specificity of the reactive adducts and bioconjugates. Furthermore, their
cell permeability and the applicability for live-cells measurements was proven by staining
nuclear pore complexes (NPC) and vimentin with a chloralkane ligand selective for the
self labeling enzyme HaloTag. Finally, dyes were selected on basis of the obtained results
and applied in MINFLUX nanoscopy. As NPCs are an established standardized system in
optical nanoscopy [52], proteins of the NPCs were stained in genetically modified cells via
HaloTag and anti-GFP-nanobodies. The small size (33kDa and 43 kDa respectively) of
these state-of-the-art labels, complies with the high localization precision of MINFLUX
nanoscopy. MINFLUX data were mostly obtained on a commercial MINFLUX setup
(Abberior GmbH, Goéttingen) and, for specific experiments, on a custom-built setup [71,
72]. A statistical analysis of the initial data allowed for a refinement of the measurement
routines with respect to the fluorophore properties. Subsequently, final data were acquired,

evaluated and compared to previous publications [8, 9, 52].
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CHAPTER 6. CONCLUSION AND OUTLOOK

With the aid of the established characterization strategy, two different dye classes were
investigated and implemented in MINFLUX possessing different switching mechanisms.
The first mechanism investigated, relies on reversible and stochastic switching in the
fluorophores’ ground state between a thermodynamically stable dark off-state and a short-
lived (< 10 ms) fluorescent on-state (chapter 3). Their average on-times of Tp,, < 3ms are
more than one order of magnitude shorter than the ones previously reported stochastically
switching dyes [21], fitting the fast localization speed of a single MINFLUX position
estimate (T, & 1ms). By iterative adaption of the MINFLUX routine it was possible
to localize single emitters of stained NPCs with on average T4, ~ 1.5 ms resulting in an
average localization time per photon burst of T, &~ 9ms. This is a 30-fold increase of
imaging speed compared to previous reports on MINFLUX imaging with dyes featuring
photo-induced blinking, while losing only a factor of 4 in precision [9]. The difference
in localization precision is attributed to the scanning range L, which was increased by
a factor of 2.5 in the adapted measurement routine. However, the obtained localization
precision of ¢ = 3.7nm is of the size of the state of the art labels (e.g. nanobodies,
HaloTag) employed in nanoscopy techniques. As the mechanism is controlled chemically,
tweaking the switching properties can be achieved by further changing of the side groups
or changing the pH-value (in fixed samples only). This would allow for adjusting the
switching properties to the DOL of the structure of interest or optimize the localization

efficiency further in terms of speed and success.

The second switching mechanism investigated, is based on irreversible on-switching and
subsequent off-switching by photo-degradation after obtaining the spatial information
from a single photon burst (chapter 4). The characterized photoactivatable xanthone
(PAX) dyes [34], performed cage-group free on-switching with a high activation rate. The
selected dyes reliably performed fluorescent switching for MINFLUX nanoscopy, providing
an apparent density of labeling (ADOL) of NPCs comparable to the one measured with
PALM imaging, and also in line with previous publications evaluating other established
dye mechanisms including reversible ones (e.g. cyanines) [52]. To the best of our knowledge,
this is the first quantitative analysis comparing the detection ratio of MINFLUX nanoscopy
to an established SMLM method, proving a similar localization efficiency in terms of
success. Moreover, the dyes’ irreversible switching behavior was exploited to resolve one
dimension of a single fluorescent affinity label (nanobody) unambiguously, by sequentially
localizing two PAX fluorophores attached to the N- and C-terminus of the nanobody.
The measured distance was d = 6.21 nm, well fitting the expected size of a nanobody
(from x-ray structures) plus terminal linkers of five to six amino acids. A recent study
using expansion microscopy determined a distance d =~ 6nm for a similar nanobody
construct [73], being in good agreement with our results. Resolving single nanobodies

reveals a new barrier in fluorescence microscopy, as the method now offers a resolution,
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at which the distance between the fluorophore and the structure of interest is no longer
negligible. Therefore, future research interest will lie on the identification and development
of even smaller labels or will push endogenous labeling with fluorescent proteins suitable
for MINFLUX with the aid of CRISPR/Cas more into the spotlight. Finally, the dyes’
applicability in dual color imaging was demonstrated by combining two PAX compounds
with separated emission spectra and staining the inner and outer ring of NPCs. The two
rings were identified by color separation and these results were reproduced by sequential
separation exploiting different activation rates of the dyes. The combination of dyes with
different activation rates or even orthogonal switching mechanisms promise to allow for

combining simultaneous and sequential multicolor imaging in the same spectral range.

As stated above, the localization efficiency mainly depends on the interplay of the measure-
ment scheme and the photoswitching behavior of the fluorophore. To take full consideration
of different dye characteristics, tuning of the localization schemes with respect to the dye
properties will be required, potentially resulting in different schemes adapted to each dye
and experiment. To this end, a self-adapting measurement scheme could be introduced,
automatically choosing the L, number of MINFLUX iterations and other important
measurement parameters based on the current fluorophore performance, instead of perform-
ing MINFLUX steps with a fixed L. This machine-based decision making could accelerate
single localizations for dyes with short on-times by significantly reducing the number of

exposures.

In conclusion, it has been demonstrated that both a spontaneously blinking as well as
an irreversible switching mechanism are suitable for MINFLUX imaging. In contrast
to previously employed dyes, the investigated mechanisms uncouple the control over
the single fluorophore discriminability from the localization routine, which enables the
experimenter to influence both independently with respect to the individual experiment.
Selecting photoswitching mechanisms based on their strength with respect to the individual
experiment, tweaking switching parameters and exploiting orthogonal switching opens the

door to a manifold of new applications conceivable in MINFLUX nanoscopy.
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Chapter 7

Supplementary Information

7.1 Commercial MINFLUX microscopic setup

MINFLUX imaging was performed on a commercial Abberior 3D MINFLUX microscope.
For excitation, the setup is equipped with a 560 nm and a 640 nm (CW) excitation laser
line. Moreover, for confocal imaging the setup possesses a 488 nm laser line, as well as a
405 laser line for activation. The latter can be dimmed by neutral density filters, which
was utilized for the PAX dyes. The three detection channels range from 580 — 630 nm
(Cys), 650 — 685 nm (Cys pneqr) 685 — 720nm (Cys rqr). Active stabilization of the system
is achieved with a real-time positioning system containing a infrared laser (975nm) and

wide-field camera collecting scattered infrared light from the sample plane.

Reversible On-Switching Dyes Spontanously blinking fluorophores were excited at
640nm and detected with Cys near and Cy; far channel adding up the signal. The
excitation powers ranged from 240 — 540 pW measured at the scanner entry. Different
sequences were utilized to take the characteristics of the dyes into account. The main

parameters of the respective sequence are listed in table 7.1.

Irreversible On-Switching Dyes PAX dyes were excited at 560 nm and detected in
the Cys channel. For dual color images the Cys j,cqr also recorded. Excitation power in the
last MINFLUX iteration ranged from 180 — 360 ptW at the scanner entry. For imaging an
adaption of a standard sequence was utilized listed in table 7.2. For mMaple a modified

sequence kindly provided from the EMBL Imaging Center was used.
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7.2. CusToM-BUILT MINFLUX MICROSCOPIC SETUP

Table 7.1: Main parameters of the MINFLUX imaging sequence. L is the
exposure distance of the MINFLUX localization pattern. Center frequency ratio (cfr)
is the ratio of photons between the inside and outside exposures. The dwell time (Dt)
is the minimal time of one step (all exposures of the hexagonal illumination scheme)
to surpass the photon threshold (Thr). Pattern repeat is the number of repeats of the
hexagonal illumination scheme inside one dwell time. The power factor (PF) defines the
power of the exposure by multiplying the factor with the base excitation power.

Spontanously blinking dyes - Slow Sequence
L Thr cfr Dt offset BG PF

(nm) (phot) (ms) (kHz) Pattern repeat

step 1 (gauss) | 288 30 2 1 10000 1 1
step 2 (donut) | 288 30 0.5 1 8000 1 1
step 3 (donut) | 151 30 2 1 8000 2 1
step 4 (donut) | 101 30 0.8 1 8000 4 1
step 5 (donut) | 76 30 0.8 1 8000 4 1
step 6 (donut) | 40 30 0.8 1 8000 6 1

Spontanously Blinking dyes - Fast Sequence
L Thr cfr Dt offset BG PF Pattern repeat

(nm) (phot) (ms) (kHz)
step 1 (gauss) | 288 20 1 0.4 15000 2 1
step 2 (donut) | 151 30 0.8 0.3 10000 2 1
step 3 (donut) | 76 30 0.8 0.5 30000 4

7.2 Custom-built MINFLUX microscopic setup

In the custom-built MINFLUX microscopic setup a 405 nm laser (LBX-405-100, Oxxius,
Lannion, France) is overlaid with the excitation beam (A = 561 nm, Jive Cobolt 05-01
Series, Hiibner, Kassel Germany) and focused into the sample. The MINFLUX iteration
is performed by moving two pairs of beams, interfering destructively in the focal plane
and yielding an intensity zero, over the emitter of interest. The measurement routine is
controlled via a dedicated self-written LabView software. Raw MINFLUX position data

were reevaluated using

+$FPGA s (71)

with xppga being the coordinate of the central exposure and n the number of photons at
the respective position (zg—L/2, xo+ L/2, xo). To prevent large outliers the new position
only counts valid if [n_ —ny| < 4(n_ + ny — 2ng). Otherwise the last position estimate
was kept. Pre-selected traces possessing two time-wise distinguishable events were used

for further evaluation.
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CHAPTER 7. SUPPLEMENTARY INFORMATION

Table 7.2: Main parameters of the MINFLUX imaging sequence. L is the
exposure distance of the MINFLUX localization pattern. Center frequency ratio (cfr)
is the ratio of photons between the inside and outside exposures (cfr= —1 meaning filter
off). The dwell time (Dt) is the minimal time of one step (all exposures of the hexagonal
illumination scheme) to surpass the photon threshold (Thr). Pattern repeat is the number
of repeats of the hexagonal illumination scheme inside one dwell time. The power factor
(PF) defines the power of the exposure by multiplying the factor with the base excitation
power. Additionally for mMaple the max-off time (waiting time before aborting the
sequence if the the signal went below the internal photon threshold) was set to 20 ms to
take short term blinking into account.

PAX fluorophores - Sequence
L Thr cfr Dt offset BG PF

(nm) (phot) (ms) (kHz) Pattern repeat

step 1 (gauss) | 288 30 2 1 10000 1 1
step 2 (donut) | 288 30 0.5 1 8000 1 1
step 3 (donut) | 151 30 2 1 8000 2 1
step 4 (donut) | 101 30 0.8 1 8000 4 1
step 5 (donut) | 76 30 0.8 1 8000 4 1
step 6 (donut) | 40 30 0.8 1 8000 6 1

mMaple - Sequence
L Thr cfr Dt offset BG PF Pattern repeat

(nm) (phot) (ms) (kHz)
step 1 (gauss) | 273 20 -1 2 20000 1 1
step 2 (donut) | 302 30 06 2 15000 1 5
step 3 (donut) | 101 80 0.8 2 15000 2.5 5

7.3 Inital PALM data analysis for evaluating the
apparent density of labeling

The acquired camera frames were converted to localizations with a dedicated script written
in Matlab. The script first subtracts an inhomogeneous background (by a convolution of
the camera frames with a Gaussian convolution kernel and suitable size in x and y as well
as extending over a few consecutive frames. The width of the PSF was estimated from
fitting a few selected peaks in the data (FWHM was 2.8 camera pixel). Localizations
were obtained by fitting a single Gaussian peak with the estimated FWHM to each local
maxima to the background subtracted data with a brightness above a certain threshold. In
a first post-processing step, localizations within the first 100 frames (too many molecules
were in the on-state), with a too large fit chi-square or too low fit amplitude were discarded
(~ 20% of localizations were discarded in that step). Localizations in consecutive frames
with overlapping fits were combined. A drift correction was applied that divided the
dataset in overlapping small time windows and calculated redundant cross-correlations

between the data subsets, then computing a shift between these datasets that minimizes
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7.4. LABELING PROTOCOLS

the shift in the position of the maximum of the cross-correlations, finally interpolating
linearly between the time points of the data subsets. Moreover, a density based filter
was applied, by choosing the lowest density of localizations within a 50 - 50 nm? area as
a threshold where still most localizations in between the NPCs structures can be filtered
out. The remaining localizations are used for display and for calculation of the labeling

efficiency.

7.4 Labeling Protocols

Labeling was performed according by the protocols listed below. The protocol for nanobdy
labeling of nuclear pore complexes is an adaption from the one provided by the protein
provider (NanoTag Biotechnologies) and adapted. The protocol for labeling nuclear
pore complexes of HK-2xZFN-mEGFP-Nup107 cells with anti-GFP nanobodies was first
introduced by Pleiner et al. [51]. Labeling with primary antibodies was also performed

overnight at 4°C. Moreover, the buffers used are listed in table 7.8.

Table 7.3: Protocol for live-cell labeling of vimentin and nuclear pore complex
and counter labeling with primary and secondary antibodies. For live-cell
labeling only the protocol was stopped before blocking the cells.

Steps Concentration Duration
Labeling with dye of interest in cell media (200-500) nM (24-48) h
(2x) Wash with cell media 45 min
Wash with PBS 30 s
Fix with PFA at r.t. 3% 15 min
Incubate with quenching buffer 10 min
Incubate with permeabilization buffer 0.1%-0.2% 5 min
(2x) Wash with PBS 5 min
Incubate with blocking buffer (BB) 2% 45 min
Incubate with primary antibody in BB 1:200-1:400 60 min
(2x) Wash with BB 2% 5 min
Incubate with secondary antibody or nanobody in BB 1:1000-1:4000 60 min
Wash with BB 2% 5 min
(2x) Wash with PBS 5 min
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Table 7.4: Protocol for labeling nuclear pore complexes of eGFP cells with
anti-GFP nanobodies.

Steps Concentration Duration
Fix with PFA in transport buffer (TRB) at r.t. 2.4% 30 s
(2x) Wash with TRB 5 min
Incubate with Digitonin in TRB on ice 25 pg/ml 8 min
(2x) Wash with transport blocking buffer (TBA) 1% 5 min
Incubate with anti-GFP nanobody in TBA 1:4000 60 min
(2x) Wash with TBA 1% 5 min
Fix with PFA in TBA at r.t. 3% 10 min
(2x) Wash with TBA 1% 5 min
Incubate with permeabilization buffer 0.1%-0.2% 3 min
(2x) Wash with PBS 5 min
Incubate with anti-GFP nanobody in TBA 1:4000 60 min
Wash with TBA 1% 5 min
(2x) Wash with PBS 5 min

Table 7.5: Protocol for labeling nuclear pore complexes with primary and
secondary antibodies.

Steps Concentration Duration
Fix with PFA at r.t. 3% 15s
Wash with PBS 30 s
Incubate with quenching buffer 10 min
Wash with PBS 5s
Incubate with permeabilization buffer 0.1%-0.2% 5 min
Incubate with blocking buffer (BB) 2% 45 min
Incubate with primary antibody in BB 1:200-1:400 60 min
(2x) Wash with BB 2% 5 min
Incubate with secondary antibody or nanobody in BB 1:1000-1:4000 60 min
Wash with BB 2% 5 min
(2x) Wash with PBS 5 min

Table 7.6: Protocol for labeling vimentin or tubulin with primary and secondary
antibodies.

Steps Concentration Duration
Fix with MeOH cooled to -20°C 5 min
Wash with PBS DS
Incubate with permeabilization buffer 0.1%-0.2% 5 min
Incubate with blocking buffer (BB) 2% 45 min
Incubate with primary antibody in BB 1:200-1:400 60 min
(2x) Wash with BB 2% 5 min
Incubate with secondary antibody or nanobody in BB 1:1000-4000 60 min
Wash with BB 2% 5 min
(2x) Wash with PBS 5 min
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7.4. LABELING PROTOCOLS

Table 7.7: Fixation protocol for U20S-CRISPR-NUP96-mMaple clone #16
cells.

Steps Concentration Duration
Fix with PFA at r.t. 2.4% 30 s
Incubate with permeabilization buffer (0.1-0.2)% 3 min

Fix with PFA in TBA at r.t. 2.4% 30 min
Incubate with quenching buffer 10 min
(2x) Wash with PBS 5 min
Mounting in Tris buffer (pH= 8) in 95% D,0 50 mM

Table 7.8: Buffers utilized in the context of this thesis.

Buffer /Medium Reagents
PBS Phosphate buffered saline tablets (18912-014 Gibco)
Blocking buffer BSA in PBS (2%, BP9702, Fisher Scientific)
Quenching buffer Glycine (0.1 M), Ammonuim chloride (0.1 M)
HEPES (20 mM, pH 7.5), Potassiumacetat (KAc, 110mM,
Transport buffer 32309-500G, Roth) EGTA (1mM, E3889-10G, Roth),
Sucrose (250mM, S0389-1kg, Sigma)
Transport blocking buffer Transport buffer with BSA (1%)
Permeabilization buffer Triton (0.1-0.2%, VWR) in PBS
Dulbeccos’s modified FBS (10% v/v, 10500064, ThermoFisher),

eagle medium ++ (DMEM++) penicillin-streptomycin (1%, 15140122, Gibco)
2mM GlutaMAX (35050061, ThermoFischer)
ImM sodium pyruvate (ThermoFisher 31966),
1-10% MEM (11140035, ThermoFischer)

FBS (10% v/v, 10500064, ThermoFisher),
penicillin-streptomycin (1%, 15140122, Gibco)
FluoBrite DMEM ++ GlutaMAX (2%),

(A1896701, ThermoFisher) FBS 10% v/v (10500064, ThermoFisher)

McCoy’s 5A medium ++
(2600023, Gibco)

Table 7.9: Buffers utilized in the context of this thesis.

Cell line Distributor
HK-2xZFN-mEGFP-Nup107 CLS Cell Lines Service GmbH (300676)
U20S-CRISPR-NUP96-mMaple clone #16 CLS Cell Lines Service GmbH (300461)
U20S-NUP96-Halo CLS Cell Lines Service GmbH (300448)
COS-7 CLS Cell Lines Service GmbH (665470)

. Jakobs Group, Structure &
U205-Vim-Halo Dynamics of Mitochondria, MPI Goéttingen
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7.5 Reagents and Proteins

The following tables list the proteins and additives used in this work for single molecule
characterization, cell labeling and imaging. Reagents and proteins used for single molecule
characterization are listed in table 7.10. Reagents, proteins and labels used for imaging
are listed in table 7.11

Table 7.10: Proteins and additives used for single molecule characterization
experiments.

Reagent Type Supplier Catalogue No. Concentration
PLL-PEG-biotin (PLL(20)-g[3.5]- e T
PEG(2)/PEG(3.4)- biotin(20%) Polymer-Protein Layer Suso AG Inc. 0.2mg/ml
PLL-PEG-biotin (PLL(20)-g[3.5]- ) - .
PEG(3.4)-NTA, biotin(20%) Polymer-Protein Layer Suso AG Inc. 0.2mg/ml
Streptavidin Protein Merck/Sigma Aldrich 189730 10pg/ml
NiCl2 Additive Merck/Sigma Aldrich 339350 2pg/ml
T, . Protein Expresison 1:10000/
his-HaloTag7 Protein Facility MPIMR 1:100000
AffiniPure Goat Secondary antibody  Jackson ImmunoResearch . )
Anti-Rabbit IgG (H+L) (goat, anti-rabbit) Europe Ltd 111-005-003 1:100
chloroalkane dye adduct Reactive dye prepa‘red . t-he 100 pM - 10 nM
respective projects
Biotin-SP (long spacer) AffiniPure  Secondary antibody  Jackson ImmunoResearch 315-065-045 1:100
Rabbit Anti-Mouse IgG (H+L) (rabbit, anti-mouse) Europe Ltd el ’

Table 7.11: Antibodies and nanobodies used for labeling and imaging.

Reagent Type Target Host Supplier Catalogue No. Dilution
a-Anti-Tubulin antibody Primary Antibody a-tubulin -~ Rabbit Abcam ab18251 1:200
(monoclonal)
Anti-Nup153 antibody Primary Antibody Nupl53 Mouse Abcam ab24700 1:300
’ (monoclonal)
FluoTag-X2 anti-GFP . NanoTag ; )
unconjugated clone 1H1 & 1B2 Nanobody GFP Camelid Biotechnologies NO302 1:4000
FluoTag-X2 anti-rabbit ) . i NanoTag .
unconjugated clone 10E10 Nanobody Rabbit Alpaca Biotechnologies N2402 1:2000
Invitrogen Goat X . P ’ . s i
Anti-Mouse IgG (H4L) Secondary antibody =~ Mouse Goat Thermo Fisher A32723 1:1000
NUP98 (C39A3) mAb Primary antibody Nup98 rabbit Cell Signal 2598 1:100
AffiniPure Goat . . Jackson - Ane )
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chloroalkane dye adduct Reactive dye HaloTag propar'cd m t.} 1 100 nM - 500 nM
respective project
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