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Zusammenfassung 
 
 
Die Kommunikation von Zellen mit ihrer Umgebung wird durch Rezeptorproteine 

arrangiert, die sich in der Plasmamembran befinden. Membranrezeptoren werden durch 

die Bindung von extrazellulären Liganden, Pathogenen oder Zell-Zell-Interaktionen 

aktiviert, wodurch die Bildung eines aktiven Zustands gefördert wird, der eine 

intrazelluläre Reaktion einleitet. Eine Beschreibung auf molekularer Ebene, wie sich 

Membranrezeptoren in Proteinanordnungen organisieren und wie diese 

Proteinanordnungen eine spezifische funktionelle Aufgabe ausführen, ist der 

Ausgangspunkt für das Verständnis der molekularen Mechanismen, die Gesundheit und 

Krankheit zugrunde liegen. 

 

Die Fluoreszenzmikroskopie gibt Aufschluss über die Lage von Proteinen in Zellen, und 

mit der Einführung der höchstauflösenden Mikroskopie wurde der Nachweis einzelner 

Proteingruppierungen möglich. Eine Einschränkung der meisten Methoden der 

höchstauflösenden Mikroskopie ist, dass einzelne Komponenten einer 

Proteingruppierung optisch nicht aufgelöst werden können, was an der geringen Größe 

und dichten Packung der Bestandteile im Vergleich zur erreichbaren räumlichen 

Auflösung liegt. Eine Lösung, die für Einzelmolekül-Lokalisierungsmethoden gezeigt 

wurde, besteht darin, zusätzliche experimentelle Informationen in die Analyse zu 

implementieren, also „die Auflösungsgrenze der höchstauflösenden Mikroskopie zu 

umgehen". Bei der Einzelmolekül-Bildgebung kann diese zusätzliche Information zum 

Beispiel die Kinetik von mehrfachen und wiederkehrenden Emissionsereignissen sein, 

die bei einzelnen Fluorophoren beobachtet werden, was als "Blinken" bezeichnet wird. 

Diese Ereignisse können durch die Gesetze der Massenwirkung beschrieben werden, die 

von der Konzentration und damit der Anzahl der Moleküle abhängen, die zum Ensemble 

der Emissionsereignisse z. B. innerhalb einer Protein-Nanogruppierung beitragen. 

Weitere Parameter sind die charakteristischen Zeiten, die ein Fluorophor im „An“-

Zustand verweilt, der Kehrwert der Dissoziationsratenkonstante, und die Zeit zwischen 

zwei Emissionsereignissen, der Kehrwert der Assoziationsratenkonstante. Beide 

Konzepte können auf die beiden Klassen von Fluorophor-Markierungen angewendet 

werden, die in der Einzelmolekül-Lokalisationsmikroskopie (SMLM) verwendet werden, 

d.h. photoschaltbare Markierungen und transiente Markierungen. 
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Das Ziel dieser Arbeit war die Entwicklung einer höchstauflösenden 

Fluoreszenzmikroskopiemethode zur Detektion von Proteinmonomeren und -dimeren in 

der Plasmamembran von Zellen. Als Reporter wurden photoschaltbare fluoreszierende 

Proteine verwendet, deren photoschaltbare Kinetik mit kinetischen Gleichungen 

analysiert wurde, die zuvor für die Angabe von Molekülzahlen gezeigt wurden. 

Synthetische, genetische und zelluläre Referenzproteine wurden konstruiert und dienten 

als Kalibrierungsreferenzen für monomere und dimere Proteine. Eine Methode zur 

stöchiometrischen endogenen Markierung von Proteinen wurde verwendet, um zwei 

Rezeptortyrosinkinasen, MET und EGFR, mit einem photoschaltbaren fluoreszierenden 

Protein zu markieren. Das Vorkommen von monomerem und dimerem MET-Rezeptor 

wurde auf der Plasmamembran von HEK293T-Zellen mittels quantitativer 

höchstauflösender Mikroskopie bestimmt. Der Diffusionskoeffizient und der 

Diffusionsmodus des MET-Rezeptors in lebenden HEK293T-Zellen wurden mit 

Einzelpartikelverfolgung gemessen. 

 

Im ersten Teil dieser Arbeit wurde die Kinetik des photoschaltbaren Zyklus von einzelnen 

fluoreszierenden Proteinen analysiert. Zu diesem Zweck wurden die fluoreszierenden 

Proteine mEos3.2, mEos4b, mMaple3, Dendra2 und PAmCherry ausgewählt, die in der 

Einzelmolekül-Lokalisationsmikroskopie häufig eingesetzt werden. Diese Proteine 

wurden exprimiert, gereinigt, auf eine mit Poly-L-Lysin beschichtete Glasoberfläche 

aufgebracht und Einzelmolekül-Bildstapel aufgenommen. Die Kinetik des 

Photoschaltens und die Anzahl der Photonen pro Emissionsereignis wurden extrahiert. 

Die Proteine mEos3.2, mEos4b und mMaple3 zeigten optimale Helligkeits- und 

photoschaltbare Eigenschaften für die molekulare Quantifizierung mittels quantitativer 

photoaktivierter Lokalisationsmikroskopie (qPALM). Darüber hinaus wurde die Kinetik 

der Photoschaltung von mEos3.2, Dendra2 und mMaple3 durch ein Reduktionsmittel 

oder eine Punktmutation an der Aminosäure 69 manipuliert. Als nächstes wurden 

synthetische Dimere konstruiert, indem das fluoreszierende Protein mEos3.2 an 

doppelsträngige DNA angehängt wurde, die auf beiden Seiten mit einem Tris-NTA-

Anteil konjugiert war, wodurch ein Abstand von ~10 nm entstand. Mit dem synthetischen 

Dimer konnte in vitro eine Detektionseffizienz von 78% für mEos3.2 ermittelt werden. 

Genetische Dimere wurden konstruiert, indem zwei fluoreszierende Proteine mit einem 

Peptidlinker von 21 Aminosäuren fusioniert wurden. Das genetische Dimer wurde 
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exprimiert, gereinigt, an eine Poly-L-Lysin-Glasoberfläche angeheftet und 

Einzelmolekül-Bildstapel wurden aufgenommen. Die quantitative Analyse ergab eine 

Mischung aus 82% dimerem und 18% monomerem mEos3.2, was gut mit den ~80% 

Dimeren übereinstimmt, die aus einem SDS-Gel bestimmt wurden. Als 

Kalibrierstandards für Experimente in Zellen wurden das monomere 

Plasmamembranprotein CD86 und das dimere Plasmamembranprotein CTLA-4 an 

mEos3.2 und mEos4b fusioniert und dienten als Kalibrierreferenzen in Zellen. Es wurden 

ähnliche Detektionseffizienzen von 76 % für mEos3.2 in HeLa-Zellen und 79 % für 

mEos4b in HEK293T-Zellen ermittelt. 

 

Im zweiten Teil dieser Arbeit wurde das kinetische Modell, das zur Annäherung des 

Häufigkeitshistogramms von Blinkereignissen einzelner Fluorophore verwendet wird, 

auf Oligomere höherer Ordnung erweitert. Ein Vergleich mit einem zuvor entwickelten 

Modell zeigte, dass das erweiterte Modell genauere Ergebnisse für Oligomere höherer 

Ordnung und Mischungen verschiedener Oligomere liefert. Zusätzlich wird die 

Anwesenheit von unerkannten Oligomeren berücksichtigt. Das erweiterte Modell wurde 

an simulierten Daten von synthetischen Gruppierungen von photoschaltenden 

Fluorophoren mit unterschiedlicher Stöchiometrie getestet und gab die Grundwahrheit 

genau wieder. Studien, die das bisherige Modell verwendeten, wurden im Hinblick auf 

mögliche Abweichungen und deren Auswirkungen diskutiert. Da die Detektionseffizienz 

der fluoreszierenden Proteine hoch war und hauptsächlich Monomere und Dimere 

analysiert wurden, wurden nur geringe Abweichungen erwartet und gefunden. Die 

erweiterte Theorie bietet die Grundlage, um größere Oligomere und Mischungen 

unterschiedlicher Stöchiometrie mit besserer Genauigkeit zu untersuchen. 

 

Im dritten Teil dieser Arbeit wurde eine Methode zur effizienten endogenen und 

stöchiometrischen Markierung von zellulären Proteinen mit photoschaltbaren 

fluoreszierenden Proteinen für die höchstauflösende Mikroskopie adaptiert. Aufbauend 

auf einem publizierten Protokoll wurde die CRISPR/Cas12a-unterstützte endogene 

Markierung von zwei Rezeptortyrosinkinasen, MET und EGFR, mit dem 

photoschaltbaren fluoreszierenden Protein mEos4b in HEK293T-Zellen erreicht. Der 

spezifische Einbau der DNA-Sequenz von mEos4b am C-Terminus des MET- und 

EGFR-Gens wurde durch Polymerase-Kettenreaktion und anschließende Sequenzierung 

der amplifizierten Produkte verifiziert. Die Markierungseffizienz wurde mittels Western-
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Blot-Analyse bestimmt und betrug ~81% für MET und ~25% für EGFR. Die 

Funktionalität der konstruierten Zelllinien wurde durch die Überwachung der 

nachgeschalteten Phosphorylierung der Mitogen-aktivierten Proteinkinase (MAPK) 

verifiziert. 

Die effiziente Markierung des MET-Rezeptors mit mEos4b ermöglichte die molekulare 

Quantifizierung mit Einzelmolekül-Lokalisationsmikroskopie und zeigte den oligomeren 

Zustand von MET. In Abwesenheit von Liganden wurde fast ausschließlich monomeres 

MET an der Plasmamembran von HEK293T-Zellen gefunden (~5% Dimere), während 

der Anteil an dimerem MET auf ca. 71% anstieg, wenn es mit dem physiologischen 

Liganden HGF und auf 63% mit dem bakteriellen Liganden InlB321 behandelt wurde. 

Diese Ergebnisse deuten, in Übereinstimmung mit dem kanonischen Modell, auf eine 

ligandeninduzierte Bildung von MET-Dimeren hin. 

Um die Dynamik des MET-Rezeptors in lebenden Zellen zu verfolgen, wurde eine 

Einzelpartikelverfolgung von MET-mEos4b durchgeführt. Die Einzelpartikelverfolgung 

erlaubt es, die Bewegung von individuellem MET-mEos4b an der Plasmamembran zu 

verfolgen und den Diffusionsmodus zu bestimmen, was auf Interaktionen des Rezeptors 

mit zellulären Komponenten hinweisen kann. Die individuellen Lokalisierungen von 

MET-mEos4b wurden zu Trajektorien verknüpft, aus denen die mittlere quadratische 

Verschiebung (mean square displacement, MSD) berechnet wurde. Die MSD liefert 

Informationen über die Diffusionsmodi, wie z. B. den Anteil der immobilen, 

eingeschlossenen und frei diffundierenden Rezeptoren. In Abwesenheit von Liganden 

wurden 15 % der MET-mEos4b-Rezeptoren als immobil identifiziert, wohingegen der 

immobile Anteil in mit HGF behandelten Zellen auf 72 % und in mit InlB321 behandelten 

Zellen auf 27 % anstieg. Dieser Teil der Arbeit zeigte, dass die Kombination von 

CRISPR/Cas12a-gestützter endogener Markierung und Einzelmolekül-

Lokalisierungsmikroskopie ein leistungsfähiges Werkzeug zur Untersuchung der 

molekularen Organisation und Dynamik von Membranproteinen ist. 

 

Im vierten Teil dieser Arbeit wurde die Einzelmoleküldatenanalyse durch ein 

Softwaretool beschleunigt, das eine automatisierte und unvoreingenommene Detektion 

von Einzelmolekül-Emissionsereignissen ermöglicht. Der Anteil von Monomeren und 

Dimeren von fluoreszierenden Reportern wurde durch die Implementierung eines 

neuronalen Netzwerks bestimmt (die Software wurde von Alon Saguy geschrieben; 

Gruppe von Prof. Yoav Shechtman, Technion, Israel). Der oligomere Zustand der 
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monomeren und dimeren Referenzproteine CD86 und CTLA-4 wurde erfolgreich 

bestimmt. Die automatisierte Detektion einzelner Proteingruppierungen ermöglichte die 

Analyse von MET-mEos4b in einzelnen Zellen, wodurch die Heterogenität zwischen den 

Zellen bestimmt und das Expressionsniveau des Rezeptors mit der Dimerisierung 

korreliert werden konnte. 

 

Zusammenfassend werden in dieser Arbeit Ergebnisse zu elementaren Aspekten hin zu 

einer molekularen Quantifizierung von Proteinzahlen mittels Einzelmolekül-

Lokalisationsmikroskopie berichtet, die fluoreszierende Reporter, stöchiometrische 

Markierung von zellulären Proteinen und Bildanalyse umfassen. Das Potential dieser 

Entwicklungen wurde anhand der Beobachtung der Liganden-induzierten Verschiebung 

von monomeren zu dimeren MET-Rezeptoren in einzelnen HEK293T-Zellen gezeigt.  
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Summary 
 

Communication of cells with their environment is orchestrated through receptor proteins 

located in the plasma membrane. Membrane receptors are activated by binding 

extracellular ligands, pathogens or cell-cell interactions, promoting the formation of an 

active state that initiates an intracellular response. A molecular-level description of how 

membrane receptors organize into protein assemblies, and how these protein assemblies 

execute a specific functional task, is the entry point to understand molecular mechanisms 

that underlie health and disease. 

 

Fluorescence microscopy reports on the location of proteins in cells, and with the advent 

of super-resolution microscopy, the detection of single protein clusters became possible. 

A limitation of most super-resolution microscopy methods is that individual components 

of a protein assembly cannot be resolved optically, which is because of the small size and 

dense packing of the constituents compared to the spatial resolution that can be achieved. 

One solution that was shown for single-molecule localization methods is to implement 

additional experimental information into the analysis, any by that, “bypass the resolution 

limit of super-resolution microscopy”. In single-molecule imaging, this additional 

information can for example be the kinetics of multiple and recurring emission events 

observed for single fluorophores, which is termed “blinking”. These events can be 

described by the laws of mass action, which depend on the concentration and thus the 

number of molecules that contribute to the ensemble of emission events e.g. within a 

protein nanocluster. Other parameters are the characteristic times that a fluorophore 

resides in the on-state, the inverse of the dissociation rate constant, and the time between 

two emission events, the inverse of the association rate constant. Both concepts can be 

applied to the two classes of fluorophore labels used in single-molecule localization 

microscopy (SMLM), i.e. photoswitchable labels and transient labels. 

 

The aim of this thesis was to develop a super-resolution fluorescence microscopy method 

for the detection of protein monomers and dimers in the plasma membrane of cells. 

Photoswitchable fluorescent proteins were used as reporters, and their photoswitching 

kinetics were analyzed with kinetic equations that were previously shown to report 

molecular numbers. Synthetic, genetic and cellular reference proteins were constructed 
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and served as calibration references for monomeric and dimeric proteins. A method for 

stoichiometric endogenous labeling of proteins was used to label two receptor tyrosine 

kinases, MET and EGFR, with a photoswitchable fluorescent protein. The occurrence of 

monomeric and dimeric MET receptor was determined on the plasma membrane of 

HEK293T cells using quantitative super-resolution microscopy. The diffusion coefficient 

and diffusion mode of MET receptor in live HEK293T cells were measured with single-

particle tracking. 

 

In the first part of this thesis, the kinetics of the photoswitching cycle of single fluorescent 

proteins was analyzed. For this purpose, fluorescent proteins, mEos3.2, mEos4b, 

mMaple3, Dendra2, and PAmCherry, that are being prominently used in single-molecule 

localization microscopy, were selected. These proteins were expressed, purified, 

deposited on a glass surface coated with poly-L-lysine, and single-molecule image stacks 

were recorded. The kinetics of photoswitching and the number of photons per emission 

event were extracted. The proteins mEos3.2, mEos4b and mMaple3 showed optimal 

brightness and photoswitching properties for molecular quantification using quantitative 

photoactivated localization microscopy (qPALM). In addition, the kinetics of 

photoswitching of mEos3.2, Dendra2, and mMaple3 were manipulated by a reducing 

agent or a point mutation at amino acid 69. Next, synthetic dimers were constructed by 

appending the fluorescent protein mEos3.2 to double-stranded DNA conjugated with a 

tris-NTA moiety on both sides, generating a distance of ~10 nm. Using the synthetic 

dimer, a detection efficiency of 78% for mEos3.2 could be determined in vitro. Genetic 

dimers were constructed by fusing two fluorescent proteins with a peptide linker of 21 

amino acids. The genetic dimer was expressed, purified, attached to a poly-L-lysine glass 

surface and single-molecule image stacks were recorded. Quantitative analysis revealed 

a mixture of 82% dimeric and 18% monomeric mEos3.2, which was well in line with 

~80% dimers determined from an SDS-gel. As calibration standards for experiments in 

cells, the monomeric plasma membrane protein CD86 and the dimeric plasma membrane 

protein CTLA-4 were fused to mEos3.2 and mEos4b and served as calibration references 

in cells. Similar detection efficiencies of 76% for mEos3.2 in HeLa cells and 79% for 

mEos4b in HEK293T cells were determined. 

 

In the second part of this thesis, the kinetic model that is used to approximate the 

frequency histogram of blinking events of single fluorophores was extended to higher-
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ordered oligomers. A comparison to a previously developed model showed that the 

extended model provides more accurate results for higher-order oligomers and mixtures 

of different oligomers. In addition, the presence of undetected oligomers is considered. 

The extended model was tested on simulated data of synthetic clusters of photoswitching 

fluorophores with different stoichiometry and accurately reported the ground truth. 

Studies that used the previous model were discussed in terms of possible deviations and 

their impacts. Since the detection efficiency of the fluorescent proteins was high and 

primarily monomers and dimers were analyzed, only minor deviations were expected and 

found. The extended theory provides the foundation to study larger oligomers and 

mixtures of different stoichiometry with better accuracy. 

 

In the third part of this thesis, a method for efficient endogenous and stoichiometric 

labeling of cellular proteins with photoswitchable fluorescent proteins was adapted for 

super-resolution microscopy. Building on a published protocol, CRISPR/Cas12a-assisted 

endogenous labeling of two receptor tyrosine kinases, MET and EGFR, with the 

photoswitchable fluorescent protein mEos4b was achieved in HEK293T cells. The 

specific incorporation of the DNA sequence of mEos4b at the C-terminus of the MET 

and EGFR gene was verified by polymerase chain reaction and subsequent sequencing of 

the amplified products. The labeling efficiency was determined by western blot analysis 

and found to be ~81% for MET and ~25% for EGFR. The functionality of the 

constructed cell lines was verified by monitoring the downstream phosphorylation of the 

mitogen activated protein kinase (MAPK). 

The efficient labeling of the MET receptor with mEos4b enabled molecular quantification 

with single-molecule localization microscopy and reported the oligomeric state of MET. 

In the absence of ligands, almost exclusively monomeric MET was found at the plasma 

membrane of HEK293T cells (~5% dimers), while the fraction of dimeric MET increased 

to approximately 71% when treated with the physiological ligand HGF and to 63% with 

the bacterial ligand InlB321. These results hint at a ligand-induced formation of MET 

dimers, in line with the canonical model. 

Single-particle tracking of MET-mEos4b was performed to monitor the dynamics of the 

MET receptor in living cells. Single-particle-tracking allows following the motion of 

individual MET-mEos4b at the plasma membrane and determining the diffusion mode, 

which may hint at interactions of the receptor with cellular components. The individual 

localizations of MET-mEos4b were linked to trajectories from which the mean-square 
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displacement (MSD) was calculated. The MSD provides information on diffusion modes, 

such as the fraction of immobile, confined and free diffusing receptors. In the absence of 

ligand, 15% of the MET-mEos4b receptors were identified as immobile, whereas the 

immobile fraction increased to 72% in cells treated with HGF and to 27% in cells treated 

with InlB321. This part of the thesis demonstrated that the combination of 

CRISPR/Cas12a-assisted endogenous labeling and single-molecule localization 

microscopy is a powerful tool to study the molecular organization and dynamics of 

membrane proteins. 

 

In the fourth part of this thesis, single-molecule data analysis was accelerated by a 

software tool that enables automated and unbiased detection of single-molecule emission 

events. The proportion of monomers and dimers of fluorescent reporters was determined 

by implementing a neural network (the software was written by Alon Saguy, group of 

Prof. Yoav Shechtman, Technion, Israel). The oligomeric state of the monomeric and 

dimeric reference proteins CD86 and CTLA-4 was successfully determined. The 

automated detection of single protein clusters allowed the analysis of MET-mEos4b in 

single cells, providing access to determine the heterogeneity between cells, and to 

correlate receptor expression level to dimerization. 

 

In summary, this thesis reports results on elementary aspects towards molecular 

quantification of protein numbers using single-molecule localization microscopy, 

covering fluorescent reporters, stoichiometric labeling of cellular proteins and image 

analysis. The potential of these developments was shown by monitoring the ligand-

induced shift from monomeric to dimeric MET receptors in single HEK293T cells.
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1 Introduction 
 
The molecular assembly of proteins into functional units determines their cellular 

function. Different types of homomers (oligomers) are associated with different 

biological functions according to their symmetry and probably closely related to allosteric 

regulation (Bergendahl und Marsh 2017). The knowledge about the formation of different 

oligomers can serve the development of pharmaceutical therapies, since diseases are often 

associated with dysfunctions and therefore disease-related protein associations can be 

specifically modulated (Liu et al. 2015). 

 

Membrane proteins, such as receptor tyrosine kinases, regulate the communication of 

cells with their environment and play a crucial role in various diseases (Lemmon und 

Schlessinger 2010). The interaction between these receptors usually occurs by transient 

rather than covalent binding, which is why analysis in a native environment is most 

appropriate. Fluorescence microscopy is particularly well suited to analyze the 

localization, organization and dynamics of proteins directly in cells, as the method 

benefits from the high sensitivity and specificity of fluorescence (Shashkova und Leake 

2017). In recent decades, fluorescence microscopy has greatly improved its spatial 

resolution through the development of super-resolution techniques and approaches a true 

“molecular resolution” of about 1 nm in cells (Balzarotti et al. 2017). 

In this thesis, three main topics were addressed: (i) a method to read-out the stoichiometry 

of protein assemblies by analyzing single-molecule kinetic data in super-resolution 

microscopy was developed; (ii) quantitative genomic fluorescence labeling and its 

application in super-resolution microscopy was demonstrated; (iii) the molecular 

assembly and dynamics of the receptor tyrosine kinase MET in single cells was 

investigated. 

 

1.1 Fluorescence microscopy in cell biology 
Various methods exist that can report on protein numbers and interactions in complexes, 

such as immunoprecipitation (Kaboord und Perr 2008), mass spectrometry (Olshina und 

Sharon 2016), NMR spectroscopy (Marion 2013) or fluorescence microscopy 

(Shashkova und Leake 2017). However, most of these methods require cell disruption 
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and purification of the proteins of interest, which makes the analysis of protein 

interactions in the cellular environment challenging. Due to their high sensitivity and 

specificity, fluorescence techniques are particularly suitable for the analysis of protein 

numbers and interactions directly in cells (Shashkova und Leake 2017). 

The first fluorescence microscope was constructed at the beginning of the 20th century 

by the companies Carl Zeiss and Carl Reichert (Renz 2013). The development of 

fluorescently labeled antibodies (Coons et al. 1941) and the discovery of the green 

fluorescent protein (GFP) (Prasher et al. 1992) enabled the targeted labeling and 

visualization of cellular structures. In the early 1990s, different techniques were 

suggested to observe single molecules, which turned optical detection and fluorescence 

spectroscopy on a new level (Moerner et al. 2015). Additionally, tools that aim to 

determine molecular dynamics and interactions were developed. Fluorescence recovery 

after photobleaching (FRAP) analyzes molecules in living cells and extracts ensemble 

dynamics on a timescale of seconds to minutes (Rayan et al. 2010) (Figure 1.1 A). In 

contrast, fluorescence correlation spectroscopy observes only a few molecules in a tiny 

volume on a millisecond timescale (Hess et al. 2002) (Figure 1.1 B). Single-particle 

tracking allows the observation of single molecule trajectories by connecting single 

localizations in time (Manzo und Garcia-Parajo 2015) (Figure 1.1 C). The dynamic 

information obtained from these methods allows the assignment of different biological 

states. In addition, interactions of biomolecules can be suggested. Förster-resonance 

energy transfer is used to study molecular interactions that rely in the range of 1-10 nm 

(Padilla-Parra und Tramier 2012) (Figure 1.1 D). In FRET, the energy of a donor 

molecule is transferred to an acceptor molecule. By exciting donor molecules and using 

the acceptor fluorescence as read-out, information on molecular interactions between 

donor and acceptor molecules can be indicated. Another important finding that can 

provide insight into biological function of target proteins is their stoichiometry in protein 

complexes. A frequently used quantitative tool are photobleaching experiments, which 

provide information about protein numbers in oligomers (Gordon et al. 2004) (Figure 1.1 

E). This technique is based on counting the number of bleaching steps in diffraction-

limited intensity-time traces and is limited to low density samples. At higher densities, 

super-resolution techniques are required. 
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Figure 1.1: Fluorescence microscopy tools to assess the dynamics and interactions of 

proteins. (A) Fluorescence recovery after photobleaching (FRAP): A distinct area of the cell is 

photobleached which decreases the fluorescence intensity. Due to diffusion, the fluorescence is 

recovered. The time of recovery correlates with the diffusion coefficient of the ensemble. (B) 

Fluorescence correlation spectroscopy (FCS): A tiny volume is observed in which fluctuations of 

fluorescence signals are measured. From these fluctuations, an autocorrelation function is 

generated describing the number of particles and the diffusion coefficient. (C) Single-particle 

tracking (SPT): Single molecules are localized in time and the localizations are connected to 

trajectories. The mean square displacements (MSD) for different time lags (tau) are calculated 

and the slope is proportional to the diffusion coefficient. (D) Förster resonance energy transfer 

(FRET): The donor molecule is excited and transfers the energy to the acceptor molecule. The 

acceptor is excited and emits photons of a red-shifted wavelength. (E) Photobleaching 
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experiments: The intensity of a diffraction-limited spot is observed over the time. The number of 

photobleaching steps is proportional to protein numbers. 

 

1.1.1 Quantitative super-resolution microscopy 
At the beginning of the 21st century, microscopy techniques that bypass the diffraction 

limit of light and enable nearly molecular resolution were developed. Single-molecule 

localization microscopy (SMLM) is one super-resolution microscopy technique that 

employs spatiotemporal separation of individual fluorescence emitters by stochastic 

activation, light-induced switching of fluorescence or transient binding of fluorophore 

labels. Hence, spatially separated single molecules are detected and the localization can 

be determined by approximating the signals with Gaussian functions. However, a single 

molecule can show recurrence of fluorescence, termed blinking, which complicates the 

quantification of target proteins. To overcome this overestimation, different approaches 

such as (i) averaging the number of localizations and comparing them with calibrations, 

(ii) correlation analysis of single-molecule emission events, (iii) photophysical models 

describing the kinetics of fluorescence blinking, and (iv) methods for analyzing the 

binding kinetics of DNA hybridization have been developed (Figure 1.2) (Dietz und 

Heilemann 2019). 

 



  1 Introduction 

 
5 

 
Figure 1.2: Quantification in single-molecule localization microscopy. (A) PALM image 

showing localizations emerging from one or more proteins (left) and an exemplary intensity time 

trace of a localization spot (white circle) (right). The number of fluorescence events (black, B), 

the number of blinking events (light blue, D); and the dark time (green, tdark) (E) are determined. 

(B) The number of localizations is determined for a single target protein and is compared to the 

respective sample. (C) Pair-correlation analysis determines the spatial correlation of fluorescence 

particles by a pair-correlation function and the cluster radii as well as the number of proteins per 

cluster are determined. (D) qPALM counts the number of blinking events per localization cluster 

and a blinking distribution is obtained. This distribution is approximated by functions describing 

the photophysics of oligomers. (E) qPAINT analyzes the time between successive emission 

events (tdark). tdark is anti-proportional to the number of proteins in the localization cluster, and its 

distribution is compared to dark times of calibration molecules. 

 

Quantitative microscopy requires stoichiometric and homogenous labeling of proteins 

with fluorophore labels. A defined stoichiometry is achieved by genetically encoding 

fluorescent proteins to the target protein. By transfection of plasmids, the fusion proteins 

are expressed in the cell. However, the number of plasmids transfected in cells can 
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typically vary widely, resulting in different and unnatural expression levels of the target 

protein. Thanks to advances in genome editing, CRISPR/Cas technology allows fast and 

specific labeling of endogenous proteins with fluorescent proteins (Ran et al. 2013). This 

approach is very well suited for quantification as it provides a homogenous and native 

expression with a defined one-to-one stoichiometry. Another important parameter for 

quantification is the detection efficiency. Incomplete chromophore maturation or 

misfolded fluorescent proteins can lead to an underestimation of protein numbers. This 

underestimation can be compensated by including a detection efficiency derived from 

reference proteins that form defined protein numbers in complexes. 

 

1.1.2 Calibration standards for super-resolution microscopy 

Model proteins with a well-defined stoichiometry may also serve as reference in 

quantitative microscopy. Such reference proteins require evidence that confirms their 

existence as the respective oligomer. For example, bacterial homo-oligomers such as 

FsaA, GlnA, Dps, and FtnA have been structurally characterized by X-ray 

crystallography and used as calibration standards for fluorescence microscopy (Finan et 

al. 2015). In eukaryotic cells, the nuclear pore complex was demonstrated to be useful to 

serve as calibration standard for quantification (Thevathasan et al. 2019). The generation 

of stable cell lines of Nup96 tagged with different fluorescent proteins or affinity tags 

allowed to quantify labeling efficiencies and serve as precise reference for molecular 

counting. Photoactivation efficiencies of various fluorescent proteins were also 

determined by expressing the human glycine receptor in Xenopus oocytes and analyzing 

the number of photobleaching steps (Durisic et al. 2014). 

Important for this thesis are the monomeric cluster of differentiation 86 (CD86) and 

homodimeric cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). These two 

reference proteins are membrane proteins that are involved in the regulation of T-cell 

activation and are members of the immunoglobulin (Ig) superfamily. Different methods 

such as fluorescence recovery after photobleaching, resonance energy transfer, 

crystallography, and analytical ultracentrifugation verified the monomeric existence of 

CD86 (Collins et al. 2002; Zhang et al. 2003; Bhatia et al. 2005; James et al. 2006; Dorsch 

et al. 2009; Girard et al. 2014). Two CTLA-4 proteins form a homodimer via disulfide 

bonds and bind to CD86 (Slavik et al. 1999). The existence as a homodimer has been 

indicated in resonance energy transfer and various biochemical studies (Linsley et al. 

1995; Greene et al. 1996; Bhatia et al. 2005; Darlington et al. 2005; James et al. 2006). 
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Once the properties of these reference proteins have been investigated, investigations can 

be performed on unknown samples to confirm their existence as monomer or dimer. 

However, these investigations are not limited to pure monomers or dimers, but also to 

mixtures of both oligomer types. For instance, membrane proteins such as receptor 

tyrosine kinases exist both as monomer and as dimer. 

 

1.2 Receptor tyrosine kinases 
Receptor tyrosine kinases (RTKs) are cell-surface receptors that serve as key regulators 

of critical cellular processes, such as cell survival, cell metabolism, cell migration, cell 

cycle, proliferation and differentiation (Lemmon und Schlessinger 2010). These cellular 

processes are triggered by different growth factors that bind their respective receptors.  

The structure and key regulatory role of RTKs is highly conserved between different 

organisms. In humans, 58 different RTKs exist, that are categorized into 20 subfamilies. 

Among these a common structure is preserved that is directly related to their signaling 

function (Hubbard und Till 2000). The molecular architecture comprises a ligand binding 

domain in the extracellular region, a single hydrophobic transmembrane helix, and a 

cytoplasmic region that contains the tyrosine kinase domain and juxtamembrane 

regulatory regions (Figure 1.3) (Lemmon und Schlessinger 2010). 

 

 
Figure 1.3 Structure of receptor tyrosine kinases. Receptor tyrosine kinases consist of an 

extracellular ligand-binding domain (blue), a transmembrane domain (orange), a juxtamembrane 

domain (green) and a kinase domain (red). For activation of RTKs, a ligand (brown) binds to the 

extracellular domain. 
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Receptor activation is initiated by binding of specific ligands, which commonly induces 

conformational changes in the receptor that enable dimerization and interaction of the 

tyrosine kinase domain with juxtamembrane regulatory regions (Ullrich und Schlessinger 

1990). Although ligand-induced dimerization may be the general case, previous studies 

also showed that a subset of RTKs form dimers even in the absence of ligands (Clayton 

et al. 2005; Ward et al. 2007; Dietz et al. 2013). However, in addition to dimerization, 

ligand-bound receptors leave the auto-inhibitory conformation so that key tyrosine 

residues are phosphorylated. The phosphorylated tyrosines serve as docking sites for 

intracellular adaptor and signaling proteins (Ullrich und Schlessinger 1990; Lemmon und 

Schlessinger 2010). Signaling proteins are mostly multivalent (Li et al. 2012), resulting 

in a protein assembly that amplifies the signal of individual receptor clusters. This 

initiates a cascade of signaling processes that result in transcriptional regulation of 

distinct genes and enables the cell to adapt to the microenvironment (Schlessinger 2000). 

Downregulation of signaling occurs via endocytosis of receptors (Dikic 2006) and finally 

their ubiquitinoylation and degradation in lysosomes (Critchley et al. 2018). 

Abnormal RTK activity in human cancers is mediated for example by autocrine 

activation, chromosomal translocations, RTK overexpression or gain-of-function 

mutations (Lemmon und Schlessinger 2010). This connection of RTKs to different types 

of cancer such as lung cancer (Hynes und Schlange 2006; Sharma et al. 2007) underlines 

the importance of RTK research for pharmaceutical therapy (Blume-Jensen und Hunter 

2001; Krause und van Etten 2005; Hubbard und Miller 2007). Mutations that cause 

genetic changes or abnormalities are not only associated with cancer, but also with 

diabetes, inflammation, severe bone disorders, arteriosclerosis, and angiogenesis 

(Lemmon und Schlessinger 2010). Research on RTKs and their mutations is therefore of 

great importance, and massive progress in understanding their structure and mechanisms 

involved in RTK activity was achieved (Lemmon und Schlessinger 2010). 

The epidermal growth factor receptor (EGFR), also known as ErbB1/HER1, is the best 

studied RTK and belongs to the ErbB/HER family. The ErbB/HER family includes not 

only EGFR but also ErbB2, ErbB3, and ErbB4. These family members can form different 

combinations of homo- or heterodimers (Muthuswamy et al. 1999), leading to the 

activation of several signaling pathways such as the mechanistic Target of Rapamycin 

(mToR), mitogen activated protein kinase (MAPK), p21-activated kinase (PAK), and 

signal transducer and activator of transcription (STAT) pathway (Figure 1.4). These 

pathways initiate a variety of physiological and pathological responses, including growth, 
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migration, proliferation, differentiation, and inhibition of apoptosis (Lewis et al. 1998; 

Morrison 2012). 

The EGFR gene is a protooncogene located on the short arm q22 of chromosome 7 that 

is transcribed and translated into a 1210 residue precursor protein that, after cleavage at 

the N-terminus, leads to a mature EGFR containing 1186 amino acids. The extracellular 

ligand-binding domain of EGFR, consisting of leucine-rich and cysteine-rich domains, is 

essential for the interaction with the 6 kDa natural ligand epidermal growth factor (EGF). 

The interaction of EGF with EGFR initiates receptor dimerization and 

transphosphorylation of tyrosine residues located at the C-terminus of EGFR. Signaling 

of EGFR is regulated by endocytosis via clathrin-coated pits (Roepstorff et al. 2008; 

Madshus und Stang 2009), ubiquitination and degradation in lysosomes (Citri und Yarden 

2006). 

 

 
Figure 1.4: Overview of MET and EGFR signaling pathways. Schematic illustration of EGFR 

(green) and the MET receptor (beige-brown) at the cell membrane bound to their native ligands, 

EGF (purple) and HGF (brown), respectively. Ligand binding activates several pathways such as 
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mTOR (light blue), MAPK (pink), and PAK (turquoise) leading to cell survival, proliferation, 

and migration. 

 

1.2.1 MET receptor 
The MET receptor, also known as hepatocyte growth factor receptor (HGFR), is an RTK 

that is expressed on the cell membrane of various epithelial cells in many organs including 

liver, pancreas, prostate, muscle, and kidney (Furge et al. 2000; Comoglio et al. 2018; 

Zhang et al. 2018). The MET receptor is involved in embryogenesis (Bladt et al. 1995; 

Schmidt et al. 1995; Uehara et al. 1995) and wound healing in vertebrates (Nakamura et 

al. 2000; Matsumoto und Nakamura 2001). The MET gene is an protooncogene located 

on chromosome 7q21-31 (Cooper et al. 1984; Organ und Tsao 2011) and encodes a 

protein with 1390 amino acids (Baldanzi und Graziani 2014). The MET receptor is 

formed by proteolytic processing of a precursor to a heterodimer consisting of an alpha 

(50 kDa) and a beta chain (145 kDa) linked by disulfide bonds (Trusolino und Comoglio 

2002). The mature protein comprises an N-terminal semaphorin (sema) domain, a plexin, 

semaphorin, and integrin (PSI) domain, and an immunoglobulin-like Ig-like domain in 

the extracellular region, followed by the transmembrane domain, a juxtamembrane 

domain (containing Y1003), a kinase domain (containing Y1234/5) and a multifunctional 

docking site (containing Y1349/56) (Trusolino und Comoglio 2002; Birchmeier et al. 

2003; Organ und Tsao 2011). 

Analog to other RTKs, MET serves as an interface between external ligands and 

intracellular signal transduction. In the resting state, MET is assumed to exist 

predominantly as monomer with a small fraction of pre-assembled dimers (Dietz et al. 

2013; Li et al. 2020). Upon binding of the native ligand of MET, the hepatocyte growth 

factor (HGF), the receptor dimerizes and is activated. The signal cascade is initiated by 

transphosphorylation of the tyrosine residues Y1349 and Y1356 of MET receptors by 

their kinase domains. These phosphorylated tyrosine residues serve as docking sites for 

intracellular adaptor and signaling proteins such as growth factor receptor-bound protein 

2 (Grb2), Grb2-associated-binding protein 1 (Gab1) or phosphoinositide 3-kinase (PI3K) 

(Ponzetto et al. 1994; Weidner et al. 1996; Furge et al. 2000; Birchmeier et al. 2003), 

which leads to the activation of common signaling pathways such as mToR, MAPK, and 

PAK pathways (Figure 1.4) (Birchmeier et al. 2003). These signaling pathways promote 

cellular motility, cell differentiation, proliferation, cell adhesion, cytoskeletal 

rearrangement, and cell survival (Furge et al. 2000; Birchmeier et al. 2003). 
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Ubiquitination of MET at tyrosine Y1003 leads to endocytosis and degradation of the 

receptor in lysosomes (Hammond et al. 2001).  

Despite that, signaling of MET can be initiated by binding of internalin B (InlB) of the 

pathogenic bacterium Listeria monocytogenes (Braun et al. 1998). Listeria 

monocytogenes causes listeriosis in humans by using internalin A and B to invade 

different types of host cells (Braun et al. 1998). The soluble form of InlB binds MET in 

a 2:2 stoichiometry (Ferraris et al. 2010) and has been shown to increase dimerization of 

MET (Dietz et al. 2013). 

 

1.3 Aims of this study 
The main objectives of this study were (i) the generation of monomeric and dimeric 

reference systems for quantification, (ii) the advancement of quantitative single-molecule 

localization microscopy, and (iii) the establishment of endogenous stoichiometric 

labeling.  

The first aim was to investigate the photophysical kinetics of five different 

photoactivatable and -convertible fluorescent proteins, and to explore how kinetic 

information can serve for molecular quantification. These fluorescent proteins were 

further used to construct calibration standards for quantitative super-resolution 

microscopy. Second, the theory of qPALM was refined to accurately determine 

oligomeric states in proteins and an automated tool for qPALM analysis was developed. 

Third, qPALM was applied to investigate the oligomerization of the MET receptor 

tyrosine kinase. A stable cell line of MET-mEos4b was generated with the 

CRISPR/Cas12a technique. The receptor stoichiometry was determined in resting and 

ligand-treated cells. The dynamics of MET was measured in live cells, and modes of 

diffusion were extracted. Finally, this thesis aimed at generating an automated tool for 

qPALM analysis to benefit from computational advantages such as analysis speed. 
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2 Theory 
 
This chapter covers the theory that underlies the experiments of this thesis. First, the 

general principle of fluorescence is explained. Fluorescent molecules, such as fluorescent 

proteins, are used to label and visualize target proteins. Various labeling strategies are 

presented, with a particular focus on the CRISPR/Cas approach. Subsequently, the basics 

of fluorescence microscopy such as different illumination schemes and the diffraction 

limit of light are introduced. Several strategies have been developed to bypass the 

diffraction limit of light, which are referred to as super-resolution microscopy. One of 

these strategies is single-molecule localization microscopy (SMLM), which is based on 

the temporal separation of fluorescent emitters. Temporal separation of fluorophores can 

for example be achieved using photoactivatable or photoconvertible fluorescent proteins 

and thus enable a precise determination of fluorophore localization. Photoactivated 

localization microscopy (PALM) is particularly highlighted here with a focus on 

quantification. Finally, the theoretical background on single-particle tracking is 

introduced. 

 

2.1  Absorption and fluorescence 
 
In classical electrodynamics, light is described as an electromagnetic wave. However, 

quantum physics found that light can be described as a wave and a particle, termed the 

wave-particle dualism (Einstein 1905). Light is quantized and consists of small energy 

packages, which are described by Planck's constant (ℎ) (Planck 1901) (equation 1, where 

𝑐 is the speed of light). 

 

𝐸 = ℎ ∙ 𝜈 = 	 !∙#
$

                    (1) 

 

The interaction of light with matter can be described by various phenomena such as 

reflection, scattering, refraction, and absorption. Absorption takes place when the energy 

of a photon corresponds to the energy difference between an excited and the ground state 

of a molecule or atom (equation 2). 

 

∆𝐸 = 𝐸% − 𝐸& = ℎ ∙ 𝜈               (2) 
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The Beer-Lambert law (equation 3) relates the concentration (𝑐), the path length (𝑑) and 

the molecular extinction coefficient (𝜀) of a substance to its absorption (Beer 1852). 

 

𝐴 = 	log	('!
'
) 	= 𝜀$ ∙ 𝑐 ∙ 𝑑                      (3) 

 

The molar extinction coefficient is specific for each substance and describes the 

attenuation of light at a given wavelength. The entire process of absorption and 

subsequent relaxation processes are described in the Jablonski diagram (Figure 2.1) 

(Jablonski 1933). Upon irradiation with light, a photon is absorbed, and an electron is 

excited from e.g. the highest occupied molecular orbital (HOMO) into the lowest 

unoccupied molecular orbital (LUMO). This excitation process happens without a 

displacement of the nuclei (Franck-Codon principle) (Franck und Dymond 1926; Condon 

1928). 

After excitation, internal conversion and vibrational relaxation take place, in which the 

molecule relaxes into the lowest vibrational state of the first excited state by non-radiative 

processes e.g. interaction with the environment. Subsequently, the molecule emits a 

photon, a process called fluorescence. This happens out of the first excited state (Kasha’s 

rule) (Kasha 1950), and the electron returns into the electronic ground state. The energy 

of the emitted photon is lower than the absorbed energy, leading to a red shift of the 

emission spectrum compared to the absorption spectrum (Stokes shift) (Stokes 1852). 

Electrons in the first excited state can also undergo a spin-forbidden transition into the 

triplet state (intersystem crossing). From this state the electron can either relax without 

radiation by intersystem crossing or emit a photon, a process called phosphorescence. 

While excitation happens very fast (10-15 s), internal conversion (10-12 s) and fluorescence 

(10-8 s) have longer timescales. Phosphorescence is even slower, ranging from 10-6 s to 

minutes (Lakowicz 2006). 
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Figure 2.1: Jablonski diagram. Upon absorption of a photon, an electron can be excited from 

the electronic ground state (S0) to higher electronic singlet state (e.g. S1, S2) (blue). By non-

radiative processes such as internal conversion (purple) and vibrational relaxation (grey), the 

molecules in upper electronic and vibrational states quickly reach the lowest vibrational state of 

the first excited state. To reach the electronic ground state, electrons can either relax non-

radiatively via internal conversion, emit fluorescence (green) or transit into the triplet state (T1) 

via intersystem crossing (brown) to finally reach the ground state by phosphorescence (red) or an 

additional intersystem crossing. 

 

2.2 Fluorescent probes 
Fluorescence can be used to study various characteristics of proteins by labeling them 

with fluorescent probes. Such fluorescent markers should have high brightness, a suitable 

fluorescence lifetime, high photostability, be relatively small, non-toxic to cells and easy 

to attach to biomolecules. The brightness of the fluorophore is a product of the extinction 

coefficient and the quantum yield of the fluorophore. The quantum yield of a fluorescent 

molecule is defined as the emitted photons divided by the absorbed photons. The 

fluorescence lifetime is defined by the average time the electron spends in the excited 

state before relaxing to the electronic ground state (Lakowicz 2006). 

Almost all native proteins lack a bright chromophore that allows specific detection by 

fluorescence microscopy. Hence, fluorescent probes are required that are specifically 

attached to these proteins and enable their visualization in cells (Toseland 2013). 

Different classes of fluorescent probes exist including organic fluorophores and 

fluorescent proteins. 
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2.2.1 Organic fluorophores 

Organic fluorophores are small molecules (size of ~1-2 nm) that contain a conjugated π-

electron system and exhibit a high brightness. Common classes of organic fluorophores 

include rhodamines, carbocyanines, oxazines, and carbopyronines with examples such as 

Alexa Fluor 647, ATTO 647N, Cy3, and Cy5. These organic fluorophores are attached 

to biomolecules by chemical reactions. (Heilemann et al. 2009; van de Linde et al. 2013). 

Organic fluorophores are conjugated to antibodies and serve to visualize proteins in cells 

by immunofluorescence. Furthermore, click-chemistry can be used for labeling 

(Horisawa 2014). 

 
2.2.2 Fluorescent proteins 

The discovery of fluorescent proteins enabled specific observation of proteins in cells 

(Shaner et al. 2005). Genetic engineering allowed target protein labeling with fluorescent 

proteins. Nowadays, fluorescent proteins are intensively used as fluorescent markers in 

in vivo studies to analyze the localization, composition, or dynamics of cellular structures 

(Chudakov et al. 2010). 

The first discovered and most common utilized fluorescent protein was GFP, which was 

discovered by Osamu Shimomura in 1962 (Shimomura et al. 1962). Its complementary 

DNA was first isolated by Prasher in 1992 (Prasher et al. 1992) and first used as a 

fluorescent label in 1994 (Heim et al. 1994). GFP originates from the jellyfish Aequorea 

victoria, consists of 238 amino acids and has a molecular weight of about 27 kDa (Slade 

et al. 2009). It has a self-organized chromophore consisting of the three amino acids 

Ser65, Tyr66, and Gly67, which is protected within a 𝛽-barrel structure (Yang et al. 1996) 

(Figure 2.2). Fused to a proteins of interest, GFP enabled the localization of many proteins 

in cells (Ellenberg et al. 1998; Ghaemmaghami et al. 2003; Kalir und Alon 2004; Xie et 

al. 2008). Besides GFP, many other fluorescent proteins were discovered and developed 

such as YFP (Ormö et al. 1996) and mCherry (Shaner et al. 2004) among others. 
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Figure 2.2: Crystal structure of GFP. The structure was taken from the protein data 

bank (PDB: 4KW4) (Barnard et al. 2014). 

 

Single-molecule localization microscopy requires photoactivatable (Lukyanov et al. 

2005), photoswitchable (Zhou und Lin 2013), or photoconvertible (Baker et al. 2010) 

fluorescent proteins (Figure 2.3) (Fürstenberg und Heilemann 2013). Photoactivatable 

fluorescent proteins are initially in a non-fluorescent state. When irradiated with violet 

light, decarboxylation of e.g. Glu222 leads to the photoactivated species by forming the 

conjugated 𝜋-electron system (Shcherbakova und Verkhusha 2014) (Figure 2.3 A). 

Examples for photoactivatable fluorescent proteins are PAGFP (Patterson und 

Lippincott-Schwartz 2002) and PAmCherry (Subach et al. 2009). Dronpa is one of the 

commonly used photoswitchable fluorescent proteins (Ando et al. 2004). Here, a 

reversible switch between a dark and a bright state is provoked by cis-trans isomerization 

and/or protonation by exposure to 405 nm light (Zhou und Lin 2013) (Figure 2.3 B). 

Photoconvertible fluorescent proteins possess two (or more) fluorescent states (Figure 2.3 

C). Irradiation with violet light induces an irreversible cleavage of the protein backbone, 

which leads to a prolonged 𝜋-electron system (Wachter 2017). As a result, the fluorescent 

protein changes its spectral characteristics into red-shifted absorption and emission 

spectra. Members of the Eos family are frequently used photoconvertible fluorescent 

proteins in PALM (Wiedenmann et al. 2004; McKinney et al. 2009; Zhang et al. 2012; 

Paez-Segala et al. 2015). 
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Figure 2.3 Mechanism of photoactivation, -switching and -conversion of fluorescent 

proteins. (A) Photoactivation of fluorescent proteins involves decarboxylation induced by 

irradiation with violet light. (B) Violet light triggers photoswitching of fluorescent proteins by 

cis-trans isomerization. (C) Irreversible photoconversion occurs by backbone cleavage induced 

by violet irradiation. 

 

The Eos family evolved from the tetrameric EosFP from the stony coral Lobophyllia 

hemprichii (Wiedenmann et al. 2004). Mutations of the amino acids V123T and T158H 

led to the discovery of mEos, a mostly monomeric form of EosFP (Wiedenmann et al. 

2004). The brightness was improved by further mutations (N11K; E70K; H74N; H121Y) 

and led to the development of mEos2 (McKinney et al. 2009), which still showed a slight 

tendency to form dimers and tetramers in dense samples (Hoi et al. 2010) (Figure 2.4). 

The brightness was increased even further in mEos3.2, where further mutations also led 

to increased monomeric performance (Zhang et al. 2012). The currently newest and most 

optimized version is mEos4b (M1V; K9R; F34Y; S39T; A69V; C195A), which was 

demonstrated to be suitable for correlative fluorescence and electron microscopy (Paez-

Segala et al. 2015). 
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Figure 2.4: Crystal structure of mEos2. The structure was taken from the protein data bank 

(PDB: 3S05) (Zhang et al. 2011). 

 

2.3  Fluorophore labeling strategies 
Fluorescence microscopy requires the attachment of fluorescent markers to target 

biomolecules. The labeling method for attaching a fluorescent probe to a target protein 

must be carefully considered with respect to important parameters such as specificity, 

degree of labeling, efficiency and background signal (off-target effects). However, the 

choice of the labeling technique mostly depends on the respective application. The 

following methods will be explained in the following sections: (i) immunofluorescence, 

(ii) labeling strategies with reactive groups, (iii) transfection of plasmids, and (iv) 

CRISPR/Cas. 

 

Immunofluorescence 

One strategy to label target proteins with organic fluorophores is immunofluorescence. 

In immunofluorescence, organic fluorophores are covalently bound to antibodies, which 

in turn bind specifically to their target epitopes (Figure 2.5 A) (Suzuki et al. 2007). A 

distinction between direct and indirect immunofluorescence is made (Aoki et al. 2010). 

Direct immunofluorescence uses primary antibodies that carry the organic fluorophore 

and target a protein of interest (Coons et al. 1941; Coons und KAPLAN 1950). In indirect 

immunofluorescence, fluorophore-labeled secondary antibodies bind to unlabeled 

primary antibodies (Lewis Carl et al. 1993). A major advantage of immunofluorescence 

is the high specificity of antibody-antigen interaction. Indirect immunofluorescence 

profits from additional signal strength, as multiple antibodies can bind to the primary 

antibody. In addition, indirect immunofluorescence allows a higher flexibility in 

experimental design and thus is cheaper. However, indirect immunofluorescence is 
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limited by the number of available species restricting multiplexing experiments to a 

minimum of ~4 different targets. In addition, cross-activities between different antibody 

species complicate the analysis of multiple proteins. A disadvantage of 

immunofluorescence in general is the large size of the antibody (10-15 nm), which 

introduces a spatial displacement of the fluorophore from the target (Huang et al. 2010). 

 

Labeling strategies with reactive groups 

A direct labeling of the target protein with organic fluorophores is achieved by chemical 

modification of lysines or N-terminal amino groups with an organic fluorophore coupled 

to an N-hydroxysuccinimide (NHS) ester (Figure 2.5 B). The ester modification is highly 

reactive and forms a peptide bond to the respective amino group (Koniev und Wagner 

2015). A major advantage is the direct coupling to the target protein, which creates almost 

no label displacement and thus is suited for very precise spatial determinations. In 

addition, the target protein is often labeled with multiple fluorophores, since lysines are 

abundant amino acids, creating a strong signal. However, this is a major disadvantage in 

quantification as no defined labeling stoichiometry is obtained. Maleimide-coupled 

fluorophores bind to cysteines and represent an alternative, with cysteines occurring less 

frequently compared to lysines (Toseland 2013). This labeling strategy is favored for 

proteins possessing cysteines, but cysteines can also be inserted by e.g. amber mutations 

(Heil et al. 2018). Amber mutations are point mutations that lead to a stop codon. By 

feeding cells with special tRNAs that code for the stop codon, synthetically modified 

amino acids can be incorporated into the protein sequence and enable specific labeling. 

 

 
Figure 2.5: Labeling schemes of target proteins with organic fluorophores. (A) Direct or 

indirect immunofluorescence stains the target protein with fluorophore-labeled antibodies. (B) 
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The target protein or binding partner (purple) contains an amino group (NH2) with which it can 

be coupled to fluorophores (yellow) containing an NHS-ester modification. 

 

Genetic engineering 

Fluorescent proteins are attached directly to a target protein, usually in the N- or C-

terminal region. The proteins are genetically encoded as fusion proteins, whereby the 

protein of interest is co-expressed with the desired fluorescent protein. This facilitates a 

one-to-one stoichiometry of the label and the target molecule, which is a major advantage 

over other labeling techniques, especially for quantitative microscopy. 

One way to insert the DNA sequence of the fusion protein into mammalian cells is by 

transfection of plasmids containing the engineered DNA sequence (Figure 2.6 A). 

Numerous cloning strategies have been developed to produce artificial plasmids, such as 

cloning with standard restriction enzymes or cloning using Gibson assembly (Gibson et 

al. 2009; Bertero et al. 2017; Ortega et al. 2019). However, transfection efficiency can 

vary greatly between cells, resulting in different expression levels of the target protein. 

This is a major disadvantage, since overexpression of proteins has been shown to 

influence protein organization and function in a cell (Lisenbee et al. 2003; Doyon et al. 

2011; Gibson et al. 2013). 

In contrast, genomic engineering techniques such as CRISPR/Cas (Figure 2.6 B) ensure 

an endogenous expression level of the target protein (Ran et al. 2013; Fueller et al. 2020). 

The DNA sequence of the fluorescent protein can be inserted directly in the genomic 

DNA at the N- or C-terminus. Protein expression is regulated by the native promotor. 

Each of the cells contain the same genomic information, which leads to a homogenous 

and endogenous protein density. 

 

 
Figure 2.6: Labeling schemes of target proteins with fluorescent proteins. (A) Fusion proteins 

consisting of the target protein (e.g. RTK, green) and a fluorescent protein (FP, orange, PDB: 
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3S05) can be introduced into cells by transfection of plasmids to study the target protein. (B) 

CRISPR/Cas enables the genomic labeling of target proteins with a FP (orange) and introduction 

of a resistance marker for selection (blue). In C-terminal tagging, the DNA of the tag is typically 

inserted directly before the stop-codon (grey). (C) The Cas enzyme forms a complex with the 

crRNA and anneals to the corresponding target sequence on the genomic DNA. The PAM 

sequence consists of about 3-4 base pairs and serves as recognition sequence for the Cas enzyme 

to cut the genomic DNA. 

 
2.3.1 CRISPR/Cas system 

CRISPR/Cas is a molecular biology tool which enables the knockdown of certain proteins 

as well as their specific labeling with fluorescent proteins (Pickar-Oliver und Gersbach 

2019; Banan 2020). The method originated from the discovery of clustered regularly 

interspaced short palindromic repeat (CRISPR) sequences that are part of the adaptive 

immune system in bacteria. CRISPR/Cas was established between 1987 and 2012 due to 

contributions of many scientists (Ishino et al. 1987; Mojica et al. 2000; Mojica et al. 2005; 

Pourcel et al. 2005; Bolotin et al. 2005; Makarova et al. 2006; Barrangou et al. 2007; 

Brouns et al. 2008; Marraffini und Sontheimer 2008; Hale et al. 2009; Garneau et al. 

2010; Deltcheva et al. 2011; Sapranauskas et al. 2011; Gasiunas et al. 2012; Jinek et al. 

2012). Jennifer Doudna and Emmanuelle Charpentier were awarded the Nobel Prize in 

Chemistry 2020 for their discovery that CRISPR/Cas can be programmed to manipulate 

genomic DNA.  

For genome editing via CRISPR/Cas, the Cas enzyme and a targeting sequence, the 

CRISPR RNA (crRNA) are needed (Figure 2.6 C). The Cas enzyme is a nuclease that 

works like a genetic scissor. In order to enable a specific cut of the DNA, the Cas enzyme 

binds to a crRNA, which offers a specific sequence complementary to the site at which 

the double-strand break is to be produced. Additionally, a protospacer adjacent motif 

(PAM) sequence is required on the target DNA, which acts as a recognition sequence for 

the Cas enzyme. The PAM sequence is a DNA sequence consisting of 2-6 base pairs, 

which has to be located directly next to the homologous crRNA for the Cas enzyme to 

specifically cut the genomic DNA. After the double-strand break is introduced, the DNA 

is repaired by non-homologous end-joining (NHEJ) or homology-directed repair (HDR). 

NHEJ can lead to a knockdown of the protein, for example due to raster shifts or earlier 

stop codons. In order to insert a gene sequence through HDR, a homologous template 

DNA is additionally required. The homologous template DNA has a complementary 
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DNA sequence to the genetic sequence of interest and can therefore be incorporated into 

the genome after the double-strand break occurred (Pickar-Oliver und Gersbach 2019). 

In summary, CRISPR/Cas requires only a few steps to obtain genetically modified cells. 

The most widespread and frequently used Cas enzyme is Cas9. Besides Cas9, there are 

several other Cas enzymes (Pickar-Oliver und Gersbach 2019), such as the Cas12 enzyme 

(Zetsche et al. 2015). Cas12, also known as Cpf1, is a single RNA-guided endonuclease 

that lacks the trans-activating crRNA and is part of the class 2 CRISPR/Cas system 

(Zetsche et al. 2015). In contrast to Cas9, the application of the Cas12 enzyme leads to 

single strand breaks that results in sticky ends instead of blunt ends. Advantages of Cas12 

are a higher specificity in vivo (Kleinstiver et al. 2016; Kim et al. 2017) and cutting the 

genomic DNA at a distinct distance from the recognition sequence (Zetsche et al. 2015; 

Moreno-Mateos et al. 2017), thus yielding higher tagging efficiencies. 

 

2.3.2 CRISPR/Cas12a-assisted genomic labeling 

A drawback of the CRISPR/Cas genomic engineering described above is the time-

consuming synthesis of a homologous template. A time efficient approach of the CRISPR 

technique, namely polymerase chain reaction (PCR) tagging, uses engineered plasmids 

to generate the homologous templates (PCR cassettes) (Fueller et al. 2020) (Figure 2.7). 

PCR tagging uses Cas12a to label the C-terminus of proteins through e.g. fluorescent 

proteins. Specially designed primers anneal on engineered plasmids to generate the 

homologous template DNA in a single PCR reaction. After the PCR reaction, the PCR 

product is purified and transfected into mammalian cells together with a plasmid 

containing the Cas12a enzyme. Antibiotic resistances on the PCR cassette specifically 

select those cells which were successfully transfected with the PCR cassette. Thus, in 

only a few steps, cell lines can be generated that carry the desired tag fused to the target 

protein. For example, fluorescent proteins can be attached to target proteins to investigate 

their specific localization in the cell by fluorescence microscopy. 
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Figure 2.7: CRIPSR/Cas12a-assisted PCR tagging for genome labeling. CRISPR/Cas12a-

assisted PCR tagging requires the Cas12a expression vector and a PCR cassette that are 

transfected into the cells of interest. The wild-type gene is cut by Cas12a and the PCR cassette is 

inserted into the genome resulting in the expression of a fusion protein consisting of the target 

protein (green) and e.g. a fluorescent protein (orange, PDB: 3S05). 

 

2.4  Fluorescence microscopy 
Fluorescence microscopy has revolutionized cell biology by providing insights into the 

function of biomolecules in cells at sub-cellular levels (Combs 2010). The method offers 

a high sensitivity by detecting specific biomolecules as single particles in exceptionally 

small quantities. To enable specific detection of biomolecules, fluorescent probes 

(chapter 2.2) are attached to the biomolecule of interest. By specific excitation and 

emission of the fluorescent probe, diverse processes including location, association, and 

dynamics of proteins in living cells can be analyzed. In addition, several structures and 

proteins can be analyzed simultaneously by using fluorophores that differ in their 

emission spectrum. 

Fluorescence microscopes are equipped with a light source to excite the fluorophores. 

This light source can be, for example, excitation lasers for fluorophores. The laser beam 

enables the illumination of the sample and is guided into the objective, which additionally 

collects the emission light. Different illumination schemes are used to excite and detect 

fluorescent molecules in biological samples. 
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2.4.1 Illumination schemes in fluorescence microscopy 

Fluorescence microscopy can be realized in widefield or confocal illumination. In 

widefield microscopy, the whole sample is illuminated, while in confocal microscopy, a 

small area is illuminated and the sample is scanned (St Croix et al. 2005). In the following, 

only widefield microscopy is considered, since only this technique was used in this work. 

In widefield microscopy, the laser beam is focused on the back focal plane of the objective 

(Figure 2.8 A), leading to a homogeneous illumination of the sample (Lakowicz 2006). 

In thick samples, this leads to background fluorescence from out-of-focus image planes. 

To minimize background signals from areas outside the focal plane, highly inclined and 

laminated optical sheet microscopy (HILO) illumination can be used (Figure 2.8 B) 

(Tokunaga et al. 2008). In this case, the light beam is focused aside the center of the back 

focal plane. As a result, the sample is excited with a slightly tilted light sheet of µm 

thickness. This illumination scheme is especially useful to observe e.g. processes inside 

the cytoplasm or the nucleus, since a higher contrast than in widefield microscopy is 

achieved. 

When monitoring biological structures near the glass surface, total internal reflection 

fluorescence (TIRF) illumination can be beneficial (Ambrose 1956; Axelrod et al. 1984; 

Axelrod 2001) (Figure 2.8 C). This is achieved by a shift of the excitation light on the 

back focal plane to one side, which leads to inclination. The shift is increased until the 

critical angle (𝜃#()*) is exceeded (Figure 2.8 C). The critical angle 𝜃#()* can be determined 

from Snell’s law by including the refractive indices (𝑛) of both media (e.g. glass, 𝑛 =

1.51 and water, 𝑛 = 1.33) and in biological samples typically is about 62° (equations 4 

and 5). 

 
+,-	(0")
+,-	(0#)

= 2#
2"

                 (4) 

 

𝜃#()* = 𝑠𝑖𝑛3%(2"
2#
)                (5) 

 

Total internal reflection generates an evanescent light field close to the surface that decays 

exponentially and has a penetration depth of about 200 nm (Martin-Fernandez et al. 

2013). This leads to a better signal-to-background ratio because of reduced background 

fluorescence but limits observations to regions close to the glass surface. 
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Figure 2.8: Illumination schemes of widefield, HILO, and TIRF. (A) Widefield illumination: 

The excitation beam is focused on the back focal plane (dotted line) and leads to a wide and 

homogenous illumination of the sample. (B) HILO illumination: The excitation beam is slightly 

shifted to one side of the back focal plane of the objective generating a light sheet that passes 

through the sample and thus reduces background fluorescence. (C) TIRF illumination: The 

excitation light hits the glass surface at an angle larger than the critical angle (𝜃!"#$) leading to 

total internal reflection and generating an evanescent field at the surface. This leads to an 

excitation of molecules that are located near the glass surface. 

 

2.4.2 Diffraction limit 

The highest spatial resolution that can be achieved is an important experimental parameter 

in light microscopy. In light microscopy, spatial resolution is defined by the minimum 

distance that two objects must have in order to be perceived as separate structures. 

According to the physics of diffraction, the spatial resolution is limited due to diffraction.  

By observing optical gratings, Ernst Abbe was the first to describe the underlying theory 

(Abbe 1873). The theory demonstrates that the resolution (𝑑4)2) depends on the 

wavelength (𝜆) and the numerical aperture (𝑁𝐴 = 𝑛 ∙ sin	(𝛼), 𝑛: the refractive index of 

the medium) of the objective (equation 6). 

 

𝑑4)2 =
$

5∙67
              (6) 

 

The fluorescence emission of a single fluorophore appears as an intensity distribution 

which is termed point spread function (PSF) and is mathematically described by the 

Bessel (1,1) function (Airy 1835). In 1896, Rayleigh postulated another definition of the 
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resolution limit building on the discrimination of the point spread function (PSF) of two 

neighboring objects (Rayleigh 1896). The Rayleigh criterion states that if the maximum 

of one PSF coincides with the first minimum of another PSF, the two underlying objects 

can just about be distinguished. The minimal lateral distance (𝑑4)2) in Rayleigh criterion 

is described by the wavelength of the light (𝜆) divided by the numerical aperture (equation 

7). 

 

𝑑4)2 = 0.61	 $
67

                (7) 

 

Since fluorophores typically emit light at a wavelength between 400-600 nm, the spatial 

resolution of fluorescence microscopy is limited to ~200-300 nm (Sauer und Heilemann 

2017). The size of biomolecules, such as proteins is typically around a few nanometers. 

Therefore, the discovery of super-resolution techniques was a breakthrough in 

fluorescence microscopy enabling the localization of molecules with near-molecular 

resolution (Huang et al. 2010; Sauer und Heilemann 2017). 

 

2.5  Super-resolution microscopy 
Super-resolution microscopy bypasses the diffraction limit of light microscopy and 

different strategies were developed in the end of the 20th century / early 21th century 

amongst others by Eric Betzig, Stefan W. Hell and William E. Moerner (Möckl et al. 

2014). Two general concepts, a deterministic and a stochastic approach, are distinguished. 

The deterministic approach includes stimulated-emission depletion (STED), which uses 

a donut-shaped laser beam deactivating fluorophores overlaid with a Gaussian beam for 

excitation in a confocal geometry (Blom und Widengren 2017). Based on STED and 

stochastic emission, maximally informative luminescence excitation (MINFLUX) was 

invented which improves the resolution to ~1-2 nm (Balzarotti et al. 2017). Single-

molecule localization microscopy (SMLM) is a stochastic approach that is based on the 

detection of a subset of single emitters (Huang et al. 2010; Sauer und Heilemann 2017). 

 

2.5.1 Single-molecule localization microscopy 

SMLM is an approach in which PSFs of spatially nearby fluorophores are separated in 

time by stochastic activation, switching or transient binding. The localization of single 

molecules by approximating their center of their PSFs achieves nanometer precision. 
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Determining the center of the PSF for all fluorescent signals of an imaging experiment 

allows the reconstruction of a super-resolved image (Figure 2.9) (Sauer und Heilemann 

2017). 

 

 
Figure 2.9: Principle of single-molecule localization microscopy. (A) Schematic illustration of 

a diffraction-limited image. (B) SMLM is achieved by e.g. photoswitching the fluorophores. (C) 

The detection of only a subset of fluorescent emitters in each frame allows the elimination of 

overlapping PSFs. (D) The position of each emitter is determined by approximating the intensity 

profile with a Gaussian function. (E) The localization list contains information of the fluorescence 

signals such as the position, the time and intensity. (F) Reconstruction of a super-resolved image 

from all localizations. 

 

The precision with which the position of a molecule can be determined depends on the 

number of detected photons (Nphotons), the standard deviation of the widefield PSF (𝜎89:), 

the background noise (𝑏) and the pixel size (𝑎) according to equation 8 (Mortensen et al. 

2010): 
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The localization precision can also be determined experimentally with the help of a 

nearest neighbor based analysis (NeNA) (Endesfelder et al. 2014). This strategy 
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calculates the distance between fluorescence signals of the same emitter in consecutive 

frames. The localization precision is obtained by approximating the distance distribution 

(𝑝(𝑑)) with the respective amplitude (𝐴2), the standard deviation (𝜔), and a maximum 

distance (𝑑#) of the Gaussian distribution (equation 9): 
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"3" O + 𝐴G ∙ 𝑑        (9) 

 

With SMLM, localization precisions in the range of 5-20 nm are achieved (Sauer und 

Heilemann 2017; Schnitzbauer et al. 2017). 

 

SMLM includes microscopy techniques such as stochastic optical reconstruction 

microscopy (STORM) (Rust et al. 2006), direct STORM (dSTORM) (Heilemann et al. 

2008), photoactivated localization microscopy (PALM) (Betzig et al. 2006), points 

accumulation for imaging in nanoscale topography (PAINT) (Sharonov und Hochstrasser 

2006), and DNA-PAINT (Jungmann et al. 2010) (Figure 2.10). 

The temporal separation of fluorescence signals in dSTORM is based on reversible 

photoswitching of organic fluorophores (Figure 2.10 A). The photoswitching is enabled 

by buffers containing reducing thiols, such as b-mercaptoethylamine (MEA), generating 

long-lived dark states in fluorohpores. Only a small subset of molecules fluoresces at each 

time point. Since organic fluorophores are bright and many photons per fluorophore are 

obtained, a high resolution of ~10 nm can be achieved (Sauer und Heilemann 2017).  

DNA-PAINT uses reversible binding of fluorophore-labeled oligonucleotides (imager 

strands) to complementary target strands (docking strands), which are coupled to the 

structure of interest (Figure 2.10 B). Since only a subset of the imager strands is bound 

to the docking strands and thus excited and detected, the individual localizations are 

temporally separated. Due to the large pool of imager strands, the individual binding sites 

can be localized multiple times, resulting in a high spatial resolution (~5 nm) 

(Schnitzbauer et al. 2017). 

The labeling of target proteins for dSTORM and DNA-PAINT experiments typically 

involves antibodies. This complicates the observation of proteins in live cell experiments, 

since antibodies are not able to cross the plasma membrane. Live cell SMLM is facilitated 

with PALM, which uses photoactivated, photoswitchable or photoconvertible fluorescent 

proteins that are genetically fused to the target protein. These proteins are stochastically 
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photoactivated by violet light to enable small emitter densities (Figure 2.10 C) (Betzig et 

al. 2006). 

 

 
Figure 2.10: Overview of common SMLM techniques. (A) In dSTORM experiments, 

fluorophore-labeled antibodies that switch between a fluorescent (“ON”) and a dark (“OFF”) state 

are used. (B) Illustration of DNA-labeled antibodies for DNA-PAINT experiments. Fluorescence-

labeled DNA strands are solely detected when bound to the complementary, stationary DNA 

strands attached to the antibodies. (C) In PALM, a photoactivated fluorescent protein is 

photoactivated by violet light from an inactive (“OFF”) state into a fluorescent (“ON”) state. 

 

2.5.2 Photoactivated localization microscopy 

Photoactivated localization microscopy is a SMLM technique that takes advantage of the 

photoactivation or photoconversion process of fluorophores (Betzig et al. 2006). At the 

beginning of a PALM experiment, all fluorophores are either non-fluorescent or emit at 

a different wavelength. Irradiation with violet or ultraviolet light (~380 - 405 nm) 

stochastically converts the fluorescent protein into an active, fluorescent state. A low 

emitter density is ensured by using low illumination intensity (405 nm) activating only a 

small subset of the fluorophores and continuous photobleaching. A localization precision 

of ~10 nm can be achieved with PALM microscopy (Shroff et al. 2013). 

Fluorescent proteins are genetically fused with the protein of interest by e.g. genomic 

editing, which allows stoichiometric labeling of intracellular proteins without the need 

for cell membrane permeabilization. Therefore, cellular structures remain mostly 

unaffected, so that a native environment is guaranteed. Additionally, stoichiometric 

labeling facilitates quantitative SMLM and reports on the nano-organization of proteins 

and complexes in cells, which is one of the most challenging tasks in super-resolution 

microscopy (Dietz und Heilemann 2019). 
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2.6  Quantitative SMLM 
The quantitative analysis of the organization of proteins into functional units is a key 

point in understanding the underlying principles and processes of cell biology. SMLM 

can report on protein numbers in complex oligomers by resolving nano-scale protein 

clusters in cells. However, quantitative approaches pose a major challenge, since protein 

numbers are overestimated by repeated periods of fluorescence emission and 

underestimated by a fraction of inactive fluorophores (Lee et al. 2012). Recently, SMLM 

methods were extended to quantification of target structures by analyzing kinetic and 

statistical processes (Dietz und Heilemann 2019). 

One way to achieve molecular quantification is to analyze the average number of 

fluorescence emission events per single emitter, which can serve as calibration for 

quantification of protein assemblies (Puchner et al. 2013; Nan et al. 2013; Finan et al. 

2015) (Figure 1.2 A,B). An alternative strategy is pursued in pair-correlation analysis, 

which in addition to protein numbers reports on cluster size and cluster densities 

(Sengupta et al. 2011) (Figure 1.2 C). The method explores the probability of finding a 

second fluorescent signal in a defined distance from an initial fluorescence event. Pair-

correlation functions describe the correlation between the distances of these emission 

events. This method was applied to different proteins such as VSVG, Lyn, and LAT 

(Sengupta et al. 2011; Sherman et al. 2011). 

An approach based on the intrinsic kinetics of repetitive binding events of DNA strands 

is quantitative DNA-PAINT (qPAINT) (Figure 1.2 A,E). The binding frequency of DNA 

strands is proportional to the number of binding sites and hence may report on target 

stoichiometry. A constant imager strand concentration allows predictions on different koff 

rates of reference and target structures for quantification. For example, qPAINT was 

applied to quantify Nup98 protein clusters in the nuclear pore complex (Jungmann et al. 

2016), ryanodine receptors in calcium release sites of cardiomyocytes (Jayasinghe et al. 

2018), and the number of AMPA receptors in synapses of dendrites (Böger et al. 2019). 

A correction for undetected molecules or rather docking sites is missing in both, pair-

correlation and qPAINT analysis, leading to imprecise protein numbers, which most 

likely are underestimated. 

A quantitative analysis based on PALM (qPALM) investigates the distribution of number 

of blinking (recurrence of fluorescence) events and includes a term for inactive molecules 

(Figure 1.2 A,D). This facilitated the reliable determination of protein numbers in 
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reference proteins (Fricke et al. 2015; Hummer et al. 2016). qPALM is based on a 4-state 

stochastic model that describes the photophysics of photoactivatable and 

photoconvertible fluorescent proteins (Figure 2.11 A) (Annibale et al. 2010). After 

activation, the fluorescent protein switches into a reversible dark state or photobleaches 

irreversibly. The probability of the fluorescent protein being photobleached is defined as 

the bleaching probability 𝑝. The number of transitions into the dark state and back to its 

fluorescent state is referred to as the number of blinking events 𝑛 (Figure 2.11 B). 

The knowledge of the photophysical model led to the discovery that the number of 

blinking events follows a geometric distribution (Lee et al. 2012). In addition, a further 

study implemented a 𝑞-value into the stochastic model, which corrects for inactive 

fluorophores (Hummer et al. 2016). This allowed the description of the distribution of the 

number of blinking events for oligomers of different orders (𝑚) (Figure 2.11 C). The 

blinking properties of monomers (𝑚 = 0) and dimers (𝑚 = 1) can be thus described by 

the following geometric distributions (equations 10-12): 

 

𝑝4(𝑛) = ∑ 𝑝HI%(1 − 𝑝)23H𝑞43H(1 − 𝑞)HJ,-	(4,2)
HL& S𝑚𝑘 U S

𝑛
𝑘U        (10) 

𝑝&(𝑛) = 𝑝 ∙ (1 − 𝑝)2              (11) 

𝑝%(𝑛) = 𝑝(1 − 𝑝)23%[𝑛𝑝(1 − 𝑞) + 𝑞(1 − 𝑝)]          (12) 

 

 
Figure 2.11: Counting of photoconvertible fluorescent proteins with qPALM. (A) 4-state 

stochastic model of photoconvertible fluorescent proteins, which describes the kinetics of 

photoconvertible fluorescent proteins (PDB: 3S05). The fluorescent protein is switched by violet 

light into a different fluorescent state from which it can reversibly switch into a dark state or 

photobleach irreversibly. (B) Intensity-time trace of a fluorescent protein showing three blinking 

events. (C) Histogram of the number of blinking events for a monomeric fluorescent protein. 

Monomer (dark blue), dimer (green), trimer (light blue) and tetramer (orange) functions are 

shown. 
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2.7 Single-particle tracking 
Understanding the dynamics of biomolecules in cellular processes is of fundamental 

interest to investigate and uncover functional mechanisms in cell biology. Single-particle 

tracking reports on such dynamics of biomolecules by following the movement of single, 

fluorescently labeled molecules. The dynamics of individual particles are described by 

the diffusion coefficient 𝐷. The diffusion coefficient increases with rising temperature 𝑇 

and decreases with a high viscosity of the medium 𝜂 and the hydrodynamic radius of the 

particle 𝑅M. This relationship is described by the Stokes-Einstein equation (equation 13) 

(Miller 1924). 

 

𝐷 = H4N
>AOP5

               (13) 

 

In single-particle tracking, the motion of single particles is followed over time. 

Temporally and spatially nearby localizations are then linked to trajectories (Figure 2.12 

A). The trajectories are analyzed by calculating mean square displacements (MSD) for 

different time intervals ∆t (equation 14). The MSD plot reports in addition to the velocity 

of the particles on the type of motion (Figure 2.12 B) (Michalet 2010; Renner et al. 2017). 

 

𝑀𝑆𝐷(∆𝑡) = 〈(𝑥)I∆* − 𝑥))5 + (𝑦)I∆* − 𝑦))5〉          (14) 

 

𝑥) and 𝑦) depict the coordinates of the particle and 𝑥)I∆*, 𝑦)I∆* represent the coordinates 

of the same particle after a time interval ∆𝑡. The slope of the MSD curve of a freely 

diffusing particle is proportional to the diffusion coefficient 𝐷 (equation 15, two 

dimensions). 

 

𝑀𝑆𝐷(∆𝑡) = 4𝐷∆𝑡              (15) 

 

The curvature of the MSD plot reports on directed diffusion, free diffusion, confined 

diffusion or immobile particles (Figure 2.12 B). The slope of immobile particles is 

typically close to zero and directed motion, e.g. transport mechanisms, show an 

increasing slope with increasing time intervals ∆𝑡. A linear plot is observed for freely 

diffusing particles exhibiting Brownian motion. Confined particles, e.g. membrane 
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proteins interacting with cellular structures such as the cytoskeleton, typically show a 

saturation curve (Figure 2.12 B) (Michalet 2010; Rossier et al. 2012; Manzo und Garcia-

Parajo 2015). 

 

 

 
Figure 2.12: Different diffusion types show distinct behaviors in the MSD plot. (A) 

Localizations (grey) of a single fluorophore (orange) are determined over time and connected to 

trajectories. By analyzing the distances between those localizations at varying time intervals (∆t) 

allows the calculation of the mean square displacements. (B) The MSD is plotted against the time 

interval ∆𝑡 for different types of motion. An increasing slope is characteristic for directed motion 

(purple). Freely diffusing particles exhibiting Brownian motion show a constant slope in the MSD 

plot (green). A saturation curve is observed for confined diffusing particles (orange) and immobile 

particles show a slope near zero (blue).  

 

In order to distinguish different diffusion types, the mean square displacements are 

calculated for all trajectories. A diffusion coefficient is assigned to each trajectory 

according to the slope of the first four MSD values. A trajectory possessing a diffusion 

coefficient lower than a threshold is assigned as immobile particle. This threshold, the 

minimal measurable diffusion coefficient (𝐷4)2), is calculated with the exposure time 

(𝑡R(C4S) and the y-intercept of the MSD plot (𝑀𝑆𝐷(0)), which represents the dynamic 

localization precision (equation 16): 
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The MSD plot of confined diffusing particles is described by equation 17, displaying a 

confinement radius (𝑟#<2R) and its diffusion coefficient (𝐷#<2R). 

 

𝑀𝑆𝐷(∆𝑡) = 	 U
G
𝑟#<2R5 ∙ (1 − 𝑒

,∆)∙971(*;
<1(*;
"

)            (17) 

 

Low emitter densities are required for single-particle tracking to precisely determine the 

localization of the fluorophore and at the same time to allow an exact assignment of the 

localizations to the individual fluorophores. Single-particle tracking PALM (sptPALM) 

regulates the emitter density by adjusting the laser power of violet light (Manley et al. 

2008). A big advantage of this technique is that the target protein is directly expressed 

with the fluorescent protein enabling the analysis of intracellular proteins without 

disturbing the cellular membrane. An alternative approach, limited to the observation of 

membrane proteins, is universal PAINT (uPAINT) (Giannone et al. 2010). In uPAINT, 

ligands are labeled with organic fluorophores and bind to their target proteins, for instance 

receptors (see chapter 2.3, figure 2.5 B). By adjusting the ligand concentration, 

trajectories of individual ligand-receptor complexes are obtained. A big advantage is the 

high brightness and photostability of organic fluorophores allowing the observation of 

longer trajectories compared to sptPALM. The combination of uPAINT and sptPALM is 

very powerful because fluorescent proteins and red organic fluorophores are spectrally 

separated, allowing two-color SPT experiments of two target proteins.
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3 Materials & Methods 
 

 

The following chapter describes the materials and methods that were used to generate the 

results presented in chapter 4. In addition, analysis parameters are described. 

 

3.1 Generation of plasmids 

Cloning with standard restriction enzymes was used to generate pRsetA plasmids 

containing mEos3.2, mEos4b or mMaple3. The DNA sequence of different fluorescent 

proteins were amplified with the respective primers (Table 3.1) by PCR (Bio-Rad C1000 

TouchTM Thermal Cycler, Bio-Rad laboratories, Hercules, CA, USA) and incubated with 

the appropriate restriction enzymes for about 1 hour. Vectors were incubated with the 

restriction enzymes and dephosphorylated by a thermosensitive alkaline phosphatase 

(FastAP, Thermo Fisher Scientific GmbH, MA, USA). The vector and the amplified 

insert were applied on an agarose gel, bands were extracted and purified with a PCR 

purification kit (Thermo Fisher Scientific GmbH). Vector and insert were ligated in ratios 

of 1:1 to 1:5 (vector:insert) with T4 DNA ligase (Thermo Fisher Scientific GmbH) and 

electroporated (see section 3.2) in E.coli Top10 cells. Single clones were grown overnight 

in LB medium containing a suitable antibiotic at 37° C and 200 rpm and their plasmid 

DNA was purified by the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific 

GmbH). Finally, the DNA was sequenced (Eurofins genomics, Ebersberg, Germany). 

Plasmids generated are summarized in table 3.2. Plasmids of Dendra2 and PAmCherry 

were produced by former lab members. 

 
Table 3.1: List of primers for cloning 

Primer name Primer sequence 

mEos3.2inpRSET_fwres 
 

GAA GGATCC ATGAGTGCGATTAAGCCAGAC 

mEos3.2inpRSET_revres GAA GAATTC TTA TCTTCGTCTGGCATTGTCAG 
fw_Insert_LinkmEos3.2 TCTGGATTGCCTGACAATGCCAGACGAAGA 

ggaggtggaccggtgccccagtgggagggat 
rev_Insert_LinkmEos3.2 TTAGCAGCCGGATCAAGCTTCGAATTCTTA 

TCTTCGTCTGGCATTGTCAGGCAATCCAGA 
fw_pRset_Dimer GGATTGCCTGACAATGCCAGACGAAGATAAGAATTC

GAAGCTTGATCCGGCTGCTAACAA 
rev_pRset_Dimer atccctcccactggggcaccggtccacctcc 

TCTTCGTCTGGCATTGTCAGGCAATCCAGA 
BamHI_mEos4b_fw GGA GGATCC gtgagtgcgattaagccagacatg 
EcoRI_mEos4b_rev GGA GAATTC tcatcgtctggcattgtcaggc 
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fw_mMaple3_BamHI_2 ATA GGATCC atgtctggtggcggc 
rev_mMaple3_EcoRI_2 GAC GAATTC ttatttgtacagctcatccatg 

mEos3.2_fwHOT gctgcgctgctggcaaccccggtcgctact 
ATGAGTGCGATTAAGCCAGACATGAAGATC 

mEos3.2_revHOT Cacactggatcagttatctatgcggccgcttta 
TCTTCGTCTGGCATTGTCAGGCAATCCAGA 

CD86_fwHOT TCTGGATTGCCTGACAATGCCAGACGAAGATAA 
agcggccgcatagataactgatccagtgtg 

CD86_revHOT GATCTTCATGTCTGGCTTAATCGCACTCAT 
agtagcgaccggggttgccagcagcgcagc 

mEos4b_fwHOT gctgcgctgctggcaaccccggtcgctact 
gtgagtgcgattaagccagacatgaggatc 

mEos4b_revHOT cacactggatcagttatctatgcggccgct tcatcgtctggcattgtcaggcaatccaga 
CD86_Eos4b_fwHOT tctggattgcctgacaatgccagacgatga 

agcggccgcatagataactgatccagtgtg 
CD86_Eos4b_revHOT gatcctcatgtctggcttaatcgcactcac 

agtagcgaccggggttgccagcagcgcagc 
 

The plasmids encoding dimeric mEos3.2, CD86-mEos3.2, CD86-mEos4b, CTLA4-

mEos3.2, and CTLA-4-mEos4b were generated in hot fusion reactions as described 

previously (Fu et al. 2014). Primers (table 3.1) were designed that contained about 30 

bases overlap and were used in a PCR reaction to amplify both the vector and the insert 

DNA sequence. The amplified DNA sequences were applied on an agarose gel, extracted 

and purified with the PCR purification kit. The DNA fragments were used in a hot fusion 

reaction (50 °C for 1 h, cooling in 0.1° C steps per second to 20 °C, hold at 10° C) 

containing the preassembly buffer (0.5 M TRIS HCl pH 7.5, 50 mM MgCl2, 1 mM of 

each dNTP, 50 mM DTT, 25% PEG 8000), 0.0075 u/µL T5 exonuclease (New England 

Biolabs GmbH, MA, USA) and 0.05 u/µL Phusion polymerase (Thermo Fisher Scientific 

GmbH). Finally, the product of the hot fusion reaction was electroporated (see section 

3.2) into E.coli Top10 cells and the plasmid DNA of single clones was purified and 

verified by sequencing. 

 
Table 3.2: List of generated plasmids 

Insert Vector Cloning method  

mEos3.2 pRsetA Restriction enzyme  
mEos3.2 dimer pRsetA Hot fusion reaction  

mEos4b pRsetA Restriction enzyme  
mMaple3 pRsetA Restriction enzyme  

mEos3.2 pIRESpuro2-

CD86 

Hot fusion reaction  
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mEos3.2 pIRESpuro2-

CTLA4 

Hot fusion reaction  

mEos4b pIRESpuro2-

CD86 

Hot fusion reaction  

mEos4b pIRESpuro2-

CTLA4 

Hot fusion reaction  

 

3.2 Electroporation 

Electroporation was performed by using the BTX Harvard Apparatus Gemini System 

(Thermo Fisher Scientific GmbH). Approximately 2-3 µL of plasmid was added to 80 µL 

of electrocompetent E.coli Top10 cells.  The electroporation cuvettes were precooled on 

ice and the pulse program (25µF and 200 Ω) of standard E.coli cells was used. After 

electroporation, cells were incubated in prewarmed SOC medium at 37° C and 200 rpm 

for about 1 hour. Finally, cells were transferred on agar plates containing the appropriate 

anitiobtic. 

 

3.3 Protein expression and purification in E.coli 

Plasmids encoding mEos3.2, dimeric mEos3.2, mEos4b, and mMaple3 were 

electroporated in E.coli BL21-DE3 cells. The next day, single clones of the electroporated 

cells grown on a fresh agar plate were picked and used to inoculate 10 mL of LB medium. 

After about 16 h, the preculture was transferred into 800 mL LB medium with the 

appropriate antibiotic and grown to an OD600 of about 0.4. Protein expression was induced 

by adding 1 mM isopropyl-ß-D-thiogalactopyranosid (IPTG, Cayman chemical 

company, MI, USA) to the cells for 2-16 h at 20°C and 200 rpm. Cells were harvested by 

centrifugation at 4,000 x g for 10 min (Megafuge 1.0, Heraeus, Hanau, Germany). The 

cell pellet was directly used or stored at -20 °C. Next, the cells were lysed in about 4 mL 

lysis buffer (50 mM NaH2PO4 (Sigma-Aldrich, MO, USA), 300 mM NaCl (Sigma-

Aldrich), 10 mM imidazole (Sigma-Aldrich)) containing 1 mM lysozyme (Sigma-

Aldrich) and half of a cOmplete Mini EDTA-free protease inhibitor tablet (Roche, Basel, 

Switzerland). Cell lysis was supported by 4 x 1 min cycles of sonification (Sonifier 250, 

Branson Ultrasonics, CT, USA). The solubilized cells were then centrifuged two times at 

16,900 x g for 15 min (Centrifuge 5418 R, Eppendorf, Hamburg, Germany) and the 

supernatant containing the respective His-tagged protein was applied onto an equilibrated 

Ni-NTA (Qiagen, Venlo, Netherlands) column. The column was washed with lysis buffer 
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containing 20 mM imidazole and the protein was eluted with lysis buffer containing 250 

mM imidazole. PD10 desalting size-exclusion columns (Bio-Rad, CA, USA) were used 

to exchange the buffer to phosphate buffered saline (1xDPBS, Gibco by Thermo Fisher 

Scientific). The purified protein was concentrated and applied on a SDS-PAGE gel (4-

20% gradient SDS gels, BioRad Laboratories, Hercules, USA) to verify the correct size 

of the protein. 

 

3.4 Generation of a 30-base pair DNA-linker for dimerization of His-tagged mEos3.2 

The generation of a 30-base pair DNA-linker was performed by Karl Gatterdam in the 

lab of Prof. Robert Tampé (Experimental details are published in (Baldering et al. 2019b). 

 

3.5 Cell lines 

Cell lines were cultivated in Dulbecco’s modified Eagle medium (DMEM) (Gibco, 

LifeTechnologies) supplemented with 1% GlutaMAX (Gibco, Life Technologies) and 

10% fetal bovine serum (Gibco, Life Technologies) in an CO2 incubator (Model C 150; 

Binder GmbH, Tuttlingen, Germany) at 37 °C and 5% CO2. Cells were passaged every 

third or fourth day via trypsinization. Cell lines that were used in this thesis are listed in 

table 3.3.  

 
Table 3.3: List of cell lines 

Cell line Description/Company 

HeLa cells Institut für angewandte Zellkultur, Munich, Germany 

HEK293T A kind gift of Prof. Hartmut Niemann (University of Bielefeld) 

MET C6 A stable MET-mEos4b cell line generated by CRISPR/Cas12a-

assisted PCR tagging 

EGFR F8 A stable EGFR-mEos4b cell line generated by CRISPR/Cas12a-

assisted PCR tagging 

 

3.6 Generation of PCR cassettes for CRISPR/Cas12a-assisted PCR tagging 

The CRISPR/Cas12a system was used for endogenous tagging of MET and EGFR. The 

generation of the respective PCR cassettes was performed as previously described (Füller 

et al 2020). Briefly, primer M1 and M2 (table 3.4) were designed with the help of a web 

interface (www.pcr-tagging.com) and used to produce the PCR cassettes. The PCR 

fragments were applied on an agarose gel and the bands corresponding to the PCR 

cassettes were extracted, purified and further used to transfect HEK293T cells. 
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Table 3.4: List of primers for CRISPR/Cas12a-assisted PCR tagging. DNA bases with stars 

(*) indicate phosphorothioate bond modifications. 

Primer 

name 

Sequence  

M1_MET T*G*T*G*T*CGCTCCGTATCCTTCTCTGTTGTCATCAGAAGATAAC
GCTGATGATGAGGTGGACACACGACCAGCCTCCTTCTGGGAGACA

TCATCAGGTGGAGGAGGTAGTG 

 

M2_MET C*A*G*T*G*AAAAAACCATTGGACAAAGTGTGGACTGTTGCTTTG
ACATAGTACTAGCAAAAAAAACTAGCACTATGATGTCTCCATCTA

CACTTAGTAGAAATTAGCT AGCTGCATCGGTACC 

 

M1_EGFR G*C*C*A*A*GCCAAATGGCATCTTTAAGGGCTCCACAGCTGAAAA
TGCAGAATACCTAAGGGTCGCGCCACAAAGCAGTGAATTTATTGG

AGCATCAGGTGGAGGAGGTAGTG 

 

M2_EGFR T*G*G*T*C*CTGGGTATCGAAAGAGTCTGGATTTTTAGGGCTCATA
CTATCCTCCGTGGAAAAAACCTCCGTGGTCATGCTCCAAATCTACA

CTTAGTAGAAATTAGCTA GCTGCATCGGTACC 

 

 

3.7 Transfection 

Cells were seeded on 6-well or 24-well plates at densities of 20 − 30 ∙ 10U cells/well or 

4 ∙ 10U cells/well, respectively. After about 24 h, cells were transfected with the desired 

plasmids or/and DNA fragments by the use of Lipofectamine 3000 (Thermo Fisher 

Scientific) according to the manufacturer instructions. 

 

3.8 Generation of stable cell lines 

Transfected cells were incubated in a CO2 incubator (Model C 150; Binder GmbH, 

Tuttlingen, Germany) at 37 °C and 5% CO2 for approximately 72 h. Cells were transferred 

into 6-well plates and puromycin was added at a concentration of about 1.5 µg/mL to 

select the positive CRISPR/Cas12a-edited cells via antibiotic resistance. Cells were 

further cultivated for approximately 1-2 weeks to reach a density that was suitable for 

transferring the cells into a t75 flask (Greiner Bio-One international GmbH). 96-well 

plates (Thermo Fisher Scientific) containing 1 cell/well were produced by limited 

dilution. After about one to two weeks, single wells were analyzed with regard to the 

number of single clones and wells containing cells from solely one clone were transferred 

into one well in a 24 well-plate. Cells were further cultivated for genome isolation, 

western blotting and analysis through fluorescence microscopy. 
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3.9 Isolation and analysis of genomic DNA 

The Genomic DNA Purification Kit (Thermo Fisher Scientific GmbH) was used for 

genome isolation. After determining the concentration of the genomic DNA, a PCR was 

performed with primers (table 3.5) annealing in- and outside of the PCR cassette. PCR 

fragments were applied on an agarose gel and purified by the PCR purification kit. 

Positive clones were verified by sequence analysis. 

 
Table 3.5: List of primers for genome analysis 

Primer name Sequence  

gMET_ORF_fw GAGCTGATGACAAGAGGAGC  
mEos4b_rev CCCTTCTCCTTAGCTTTGTAAG  
mEos4b_fw GAAAATGTATGTGCGTGATGG  

gMET_UTR_rev CTGCTTCAATTTCCCATATGAAA  

gEGFR_ORF_fw CATTCACAGGGTTCAGAACCCAG  
gEGFR_UTR_rev GATCCCCAATCAATAAAAATCCTCAC  

 

3.10 Western blot 

About 1 ∙ 10> cells were seeded on 10 cm dishes and cultivated for 24-72 h. Cell medium 

was changed to serum-free medium approximately 12-16 h prior to stimulating the cells 

with 1 nM human HGF (PeproTech GmbH, Hamburg, Germany), 1 nM InlB321-ATTO 

647N, 16 nM EGF (Sigma-Aldrich) or 16 nM EGF-CF640 for 10 min at 37 °C. Cells 

were harvested with 200 µL of lysis buffer (50 mM TRIS (Sigma-Aldrich), 150 mM NaCl 

(Sigma-Aldrich), 1% Triton X-100 (Sigma-Aldrich), 1 mM Na3VO4 (Sigma-Aldrich), 

1mM EDTA (Sigma-Aldrich), 1mM NaF (Sigma-Aldrich), and one-fourth of a cOmplete 

Mini EDTA-free protease inhibitor tablet (Roche)) and by scraping the cells from the 

dish. After incubating the cells in a thermo shaker (Thermo-Shaker, Universal 

Labortechnik GmbH & Co. KG, Leipzig, Germany) at 750 rpm, 4 °C for 5 min, cells 

were centrifuged at 12,000 x g, 4 °C for 20 min (Centrifuge 5418 R, Eppendorf). The 

supernatant was supplemented with 5x SDS-loading dye (250 mM TRIS HCl (pH 6.8), 

8% (w/v) SDS (Sigma-Aldrich), 0.1% bromphenol blue (Sigma-Aldrich), 40% (v/v) 

glycerol (Roth)) and 100 mM dithiothreitol (DTT, Sigma-Aldrich) and applied on a 4-

20% gradient SDS gel (BioRad Laboratories). SDS-PAGE was performed at 200 V for 

30-90 min. Protein bands were blotted on a membrane with the iBlot Gel Transfer System 

(Thermo Fisher Scientific) as described by the manufacturer. Then, the membrane was 



  3 Materials & Methods 

 
41 

blocked with 5% (w/v) nonfat dry milk (Cell Signaling Technology, MA, USA) in TRIS-

buffered saline containing 0.1% of Triton X-100 (TBST) at room temperature for 1 hour. 

After washing the membrane three times with 10 mL TBST, the membrane was incubated 

with a primary antibody (MET antibody, #4560; phospho-MET antibody (tyr1234/1235), 

#3077; phospho-MAPK antibody, #9101S; Cell SignalingTechnology, MA, USA, 

1:1000) at 4 °C overnight. Then, three washing steps with 10 mL TBST were performed 

and the secondary HRP-tagged antibody (goat anti-rabbit IgG, Jackson ImmunoResearch, 

PA, USA, 1:20,000) was added at room temperature for 3 hours. The membrane was 

again washed three times with 10 mL TBST and once with 10 mL TBS at room 

temperature for 5-15 min. Finally, the desired bands were detected with a Fusion FX Edge 

imager (Vilber Lourmat, Collégien, France) by using 1 mL of SuperSignal West Femto 

Maximum Sensitivity Substrate solution (Thermo Fisher Scientific). The intensity of the 

protein bands was analyzed with Fiji (Schindelin et al. 2012). 

 

3.11 Preparation of functionalized glass slides for SMLM 

Round cover glasses (diameter 25 mm, VWR International, Radnor, USA) or square 

cover glasses (35 × 64 mm, # 1.5, Thermo Fisher Scientific) were incubated in 

isopropanol (VWR Chemicals) for 20 min and plasmacleaned with oxygen or nitrogen 

for 15 min (Diener Electronic GmbH, Ebhausen, Germany). After that, cover glasses were 

coated with 100 µg/mL poly-L-lysine (Sigma-Aldrich) or 0.8 mg/mL PLL-PEG-RGD 

(for details see (Harwardt et al. 2020)) in PBS for 1.5-2 hours and washed with distilled 

water. Cover glasses were dried with nitrogen, and used immediately or stored under 

argon atmosphere at -20 °C. 

 

3.12 Fluorescence microscopes 

Two fluorescence microscopes were used in this thesis. Quantitative PALM experiments 

were primarily performed on a home-built setup (Figure 3.1). The setup is equipped with 

an inverted microscope (IX-71, Olympus), a 405 nm laser (LBX-405-50-CSB-PP, 

Oxxius, Germany), a 568 nm laser (Sapphire 568 LP, Coherent, Germany), and a 643 nm 

laser (iBEAM smart, Toptica, Germany). The 568 and 643 nm lasers are combined with 

dichroic mirrors and pass an acousto-optic tunable filter (AOTF, AAOptics) for filtering 

and intensity adjustment. The laser power of the 405 nm laser is adjusted by a neutral 

density filter wheel (Thorlabs) and aligned with the other laser lines. All laser lines are 

expanded and focused on the back focal plane of the objective by a telescope. Different 
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illumination schemes can be selected by adjusting the position of a movable mirror. A 

dichroic mirror (HC Quad 410/504/582/669, AHF, Germany) directs the excitation light 

through a 100x oil immersion objective (PLAPO 100x TIRFM, NA ≥ 1.45, Olympus, 

Germany) onto the sample. To minimize axial drift, the microscope is equipped with a 

nosepiece. The fluorescence light of the sample is collected by the same objective and 

passes the dichroic mirror. An Optosplit II (Cairn Research, United Kingdom) enables 

two channel imaging. The emission light is filtered by appropriate bandpass filters 

(BrightLine HC 590/20 or ET 700/75, AHF Analysentechnik, Germany) and detected by 

an EMCCD camera (iXon Ultra X-10971, Andor Technology, UK) with an image pixel 

size of 157 nm. 

A commercial N-STORM microscope (Nikon, Germany) was used for some qPALM 

experiments as well as the sptPALM and uPAINT experiments. This microscope is 

equipped with 405, 561 and 647 nm lasers, an 100x objective (Apo TIRF oil, 1.49 NA) 

and was operated in TIRF mode. The emission light is collected by an EMCCD camera 

(DU-897U-CS0-BV, Andor Technology, UK) with an image pixel size of 158 nm. 

 

 
Figure 3.1: Home-built microscope setup. Lasers (568nm, 643 nm) are aligned and coupled 

into an acousto optical tunable filter (AOTF) and aligned with a 405 nm laser. A telescope 

consisting of two lenses expands the laser beams and focuses the beam on the back focal plane of 

the objective. A movable TIRF mirror enables to switch between widefield and TIRF illumination 

schemes. Fluorescence is collected by the same objective. The emission fluorescence (orange) 
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passes an optosplit, which allows for two channel imaging and filtering of distinct wavelengths. 

Finally, the emitted photons are detected by an EMCCD camera. 

 

3.13 Sample preparation for qPALM measurements in vitro 

flexiPERM chambers (Sarstedt) were placed on square cover glasses functionalized with 

poly-L-lysine (Sigma-Aldrich). The purified fluorescent proteins were immobilized at 

varying concentrations from 500 pM to 2 nM and incubated for 30 min at room 

temperature. The chambers were washed three times with sterile-filtered PBS and 

fluorescent proteins were imaged in sterile-filtered PBS or sterile-filtered PBS 

supplemented with 100 mM MEA at pH ~7.8. 

 

3.14 Sample preparation for qPALM measurements in cellulo 

flexiPERM chambers (Sarstedt, Germany) were placed on square cover glasses 

functionalized with PLL-PEG-RGD. Cells of stable cell lines (MET C6; EGFR F8) or 

transfected cells in 6-well plates were detached with PBS by careful resuspension and 

transferred into flexiPERM chambers at densities of ~2 ∙ 10U cells/well. After about 16 

h incubation at 37 °C with 5% CO2, cells were treated with ligands or directly fixed. For 

ligand treatment, cells were incubated in serum-free DMEM for about 4 hours, incubated 

5 min at 4° C and then ligands (HGF, 1 nM; InlB321-ATTO 647N, 1 or 5 nM; EGF, 16 

nM) were added in serum-free DMEM for 10 min at 4° C. After that, cells were washed 

with 400 mM saccharose in PBS and then directly fixed with 4% formaldehyde 

(Thermofisher Scientific, Germany), 0.2% glutaraldehyde (Merck, Germany) and 400 

mM saccharose in PBS for a minimum of 15 min at 4° C. Cells were then washed three 

times with sterile-filtered PBS and imaged in sterile-filtered PBS. 

 

3.15 qPALM imaging 

The home-built microscope was used with laser powers of 0-30 mW/cm2 (405 nm), 0.21 

kW/cm2 (568 nm), and 4.6 W/cm2 (643 nm) and videos were recorded with TIR 

illumination. SMLM videos had a length of 10,000 – 80,000 frames with an exposure 

time of 100 ms. For amplification of the signal, an EM gain of 200 and a preamplifier 

gain of 1 was used. 

The commercial microscope (N-STORM, Nikon) was used with laser powers of 0-38 

mW/cm2 (405 nm) and 0.2 kW/cm2 (568 nm) and videos were recorded with TIR 

illumination. SMLM videos had a length of 18,000 – 54,000 frames with an exposure 
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time of 100 ms. For amplification of the signal, an EM gain of 200 and a preamplifier 

gain of 1 was used. Image acquisition was controlled by µ-Manager (version 1.4.20) 

(Edelstein et al. 2014) and NIS-Elements. 

 

3.16 qPALM analysis 

Fluorescence signals in the SMLM videos were localized using an open source software, 

rapidSTORM (v.3.3) (Wolter et al. 2010), with a pixel size of 157 nm, a PSF FWHM of 

360 nm and an intensity threshold of 63 photons (intensity threshold in rapidSTORM: 

1021). A super-resolved image was generated by adjusting the intensity cutoff to a 

maximum of 3.28 k ADC. The Kalman filtering tool was used to combine fluorescence 

events that occurred in consecutive frames into a single localization. A post-processing 

software, LocAlization Microscopy Analyzer (LAMA) (Malkusch and Heilemann 2016), 

was then used to analyze the number of tracked localizations within each localization 

cluster. The individual localization clusters are selected in Fiji and the respective numbers 

of blinking events are extracted. The relative frequency of the number of blinking events 

of at least 500 cluster of three independent experiments was then plotted and fitted by 

hypergeometric functions with the respective parameters (equations 10-12) with 

OriginPro 2017G (v9.40, OriginLab). For the results in chapters 4.2 and 4.3, a qSMLM 

software (Baldering et al. 2019a) was used for analysis of the data. At least 10 cells were 

analyzed for each imaging condition. 

 

3.17 Sample preparation for sptPALM and uPAINT measurements 

Cells were seeded on round cover glasses coated with PLL-PEG-RGD at a density of ~25 

∙ 10U cells/well. After approximately 16-24 h, the cover glasses were transferred into 

home-built holders. The cells were washed once with serum-free imaging medium 

containing DMEM with 1% GlutaMAX and 50 mM HEPES buffer (pH 7.2–7.5; Gibco, 

Life Technologies). HGF or InlB321-ATTO 647N was added to the cells at concentrations 

of 1 nM, respectively. 

 

3.18 sptPALM and uPAINT imaging 

Single-particle tracking was performed using the commercial N-STORM microscope 

with laser powers of 0-38 mW/cm2 (405 nm) and 0.2 kW/cm2 (561 nm), and 0.2 kW/cm2 

(647 nm) and in TIR mode. Image acquisition was controlled by µ-Manager (version 
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1.4.20) (Edelstein et al. 2014) and NIS-Elements using an exposure time of 20 ms and an 

EM gain of 300. Videos had a length of 1,000 frames. 

 

3.19 sptPALM and uPAINT analysis 

SMLM videos were analyzed with PALM-Tracer (Bordeaux Imaging Center), a plugin 

for MetaMorph (Molecular Devices, USA). Analysis parameters and a detailed procedure 

is described in Harwardt et al. 2017. Briefly, PALM-Tracer localizes single molecules by 

centroid fitting, connects localizations that are less than 790 nm apart (5 pixels), and 

yields a diffusion coefficient from the MSD plot of each trajectory. Diffusion coefficients 

were determined from fitting the first four points of the MSD plot. Mean diffusion 

coefficients were calculated in OriginPro 2017G by averaging over at least 20 cells per 

imaging condition. In addition, each trajectory was assigned to immobile, confined or 

free motion as described previously (Rossier et al. 2012). The minimal measurable 

diffusion coefficient 𝐷4)2 was calculated by equation 16 with 𝑀𝑆𝐷(0) as dynamic 

localization uncertainty (Michalet 2010) and used for all imaging conditions. 

 

Every trajectory that exhibits a diffusion coefficient smaller than the 𝐷4)2 value is 

assigned as immobile. Confined and free particles were further differentiated according 

to Rossier et al. 2012. The relative frequency of each motion type was plotted in a bar 

diagram with the standard error of the mean. 

 

3.20 Stochastic simulation of photophysics tool (ssp) 

The stochastic simulation of photophysics tool (ssp) is an open source software, freely 

available for download on GitHub (https://github.com/SMLMS), and was programmed 

by Sebastian Malkusch. The software uses Monte-Carlo simulations to simulate the 

number of blinking events for different types of oligomer with a defined bleaching and 

detection probability. The blinking kinetics is based on the four state model of fluorescent 

proteins described previously (Annibale et al. 2010). First, the ssp tool defines whether a 

molecule is detected or not by referring to the detection probability 𝑑. If the molecule is 

detected, it counts all transitions into the dark state until it reaches the bleached state 

based on the bleaching probability 𝑝. In the case of monomers only, it directly outputs 

the number of blinking events per particle. For higher ordered oligomers, the blinking 

events are summed up for all particles representing this oligomer. Finally, a probability 

mass function (PMF) is generated from the blinking events of simulated oligomers, which 
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can then be fitted by the open source qSMLM software also available on GitHub 

(https://github.com/SMLMS). 
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4 Results & Discussion 
 
One benefit of fluorescence microscopy is the opportunity to quantify protein molecules 

directly in cells. In single-molecule fluorescence microscopy, several approaches were 

developed in the past. Various approaches have been suggested for the quantitative 

analysis of single-molecule data (Gordon et al. 2004; Sugiyama et al. 2005; Mutch et al. 

2007). At low protein densities, photobleaching experiments yield the number of 

bleaching steps and report on the number of molecules in protein assemblies (Leake et al. 

2006; Ulbrich und Isacoff 2007; Penna et al. 2008; Ji et al. 2008; Liesche et al. 2015). If 

the single-molecule emitters are closer than the diffraction limit, photobleaching analysis 

may lead to inaccurate results (Teramura et al. 2006). Here, the quantitative analysis of 

single-molecule localization data offers a solution. One branch of techniques analyses the 

kinetics of single-molecule “blinking” (Sengupta et al. 2011; Lee et al. 2012; Puchner et 

al. 2013; Hummer et al. 2016; Nasu et al. 2016; Jungmann et al. 2016; Zanacchi et al. 

2017). The distribution of the number of blinking events of single fluorophores is related 

to molecule numbers through kinetic equations and can inform on oligomeric states of 

fluorophore-labeled proteins. If fluorescent proteins are used, we term this method 

quantitative PALM (qPALM) (Fricke et al. 2015; Hummer et al. 2016; Karathanasis et 

al. 2017). 

This chapter summarizes the development in theory and practical application of qPALM. 

In the first section, various fluorescent proteins are characterized with respect to their 

blinking properties and bleaching probability. The general applicability of qPALM for 

the determination of dimer fractions is demonstrated in vitro using synthetic and genetic 

dimers. Furthermore, the applicability of qPALM is demonstrated by the analysis of 

reference proteins in cellulo. The second section shows advancements in the theory of 

qPALM by implementing (i) a detection efficiency that allows the accurate analysis of 

higher-ordered oligomers and (ii) a correction term for undetected oligomers. In the third 

section, a novel method for chromosomal protein tagging is reported. qPALM is applied 

to a stable cell line expressing MET-mEos4b. The cell line was generated by 

CRISPR/Cas12a-assisted PCR tagging, and the benefits of PCR tagging in combination 

with SMLM are further demonstrated by tracking the MET receptor in living cells. 

Finally, an automated analysis tool is demonstrated that outperforms manual analysis of 

qPALM in terms of analysis speed and accuracy. 
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4.1 Calibration references for quantitative PALM 
The determination of oligomers by qPALM requires the knowledge of two parameters, 

the bleaching probability 𝑝 and a correction for undetected molecules 𝑞. While the 

bleaching probability describes the blinking kinetics of fluorophores and thus corrects for 

overcounting, the 𝑞-value takes undetected molecules into account and hence corrects for 

undercounting. In this section, various fluorescent proteins are evaluated with respect to 

their bleaching probabilities. Furthermore, synthetic and genetic dimers were generated 

as reference structures for qPALM in vitro. For cells, reference protein structures, CD86-

mEos3.2, CD86-mEos4b, CTLA-4-mEos3.2, and CTLA-4-mEos4b, were generated and 

measured in HeLa or HEK293T cells. The 𝑝- and 𝑞-value were determined from the 

respective measurements. Furthermore, simulations were performed to estimate the 

accuracy of qPALM to determine higher-ordered oligomers and mixtures of monomers 

and dimers. Finally, the measured 𝑝- and 𝑞-values are discussed and compared with 

previous studies. 

 

4.1.1 Blinking characteristics of photoactivatable and -convertible fluorescent 

proteins 

Fluorescent proteins often show reappearance of fluorescence emission, which is termed 

“blinking”. The photophysical cycle is described by a four-state kinetic model (Annibale 

et al. 2010) (Figure 4.1.1 A). Once a fluorescent protein is activated by violet light (Figure 

4.1.1 B), it enters a detectable fluorescent state and emits photons. From this state, the 

fluorescent protein can reversibly transit into a dark state (koff/kon) or photobleach 

irreversibly (kbleach) (Figure 4.1.1 A). These photokinetics are taken into account by the 

𝑝-value, which describes the probability of a fluorescent protein being directly 

photobleached after initial activation (Hummer et al. 2016). In practice, the number of 

blinking events 𝑛 is extracted from intensity-time traces of single-molecule detection 

events, and equals the number of emission events minus one, and hence the number of 

“reappearances of fluorescence” (Figure 4.1.1 C). The relative frequency distribution of 

the number of blinking events can finally be approximated by probability mass functions 

and reports on molecule numbers (Hummer et al. 2016). 
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Figure 4.1.1: The workflow of qPALM. (A) 4-state stochastic model for describing the 

photokinetics of photoactivatable or -convertible fluorescent proteins. The fluorophore is 

activated or switched by violet light into the fluorescent state 2 from which it can reversibly switch 

into an off state or photobleach irreversibly. (B) Illustration of the backbone cleavage of mEos2 

by violet irradiation extending the chromophore (orange) and leading to absorption at higher 

wavelengths. The 3-dimensional representation of the amino acid sequence was generated using 

PyMOL and the crystal structure of mEos2 (PDB: 3S05). (C) Super-resolved PALM image of 

single mEos3.2 molecules on a glass surface (left). Zoom-ins show the number of blinking events. 

Intensity-time traces are schematized (middle). The blinking distribution reports molecule 

numbers of single protein spots (right). Adapted from Baldering et al (2019b). Copyright CC BY-

NC-SA 3.0. 

 

A selection of monomeric fluorescent proteins was adsorbed on a glass surface and 

imaged with qPALM. The number of blinking events was determined and plotted in 

histograms (Figure 4.1.2). The bleaching probabilities (𝑝-values) of four fluorescent 

proteins were determined. For mEos3.2, a high number of blinking events were found 

resulting in a small 𝑝-value of 0.32. A similar 𝑝-value was obtained for mMaple3 (𝑝 =

0.28). Dendra2 showed fewer blinking events and therefore a higher 𝑝-value (𝑝 = 0.54). 

The highest 𝑝-value was determined for PAmCherry2 (𝑝 = 0.77), with the majority of 

fluorophores being directly photobleached after initial activation. 
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Figure 4.1.2: Blinking properties of four fluorescent proteins determined by qPALM. 

Histograms of the relative frequencies of the number of blinking events were fitted with equation 

11 to obtain the 𝑝-values for mEos3.2 (A), mMaple3 (B), Dendra2 (C), and PAmCherry2 (D). 

Crystal structures of mEos2 (PDB: 3S05, A), Dendra2 (PDB:2VZX, C), and PAmCherry1 (PDB: 

3KCT, D) are shown. Adapted from (Baldering et al 2019b). Copyright CC BY-NC-SA 3.0. 

 

Next, 𝑝-values of fluorescent protein variants from the Eos family were measured and 

analyzed. The fluorescent protein mEos4b is the most recently developed variant of the 

Eos family and was developed to be suitable in combination with electron microscopy 

(Paez-Segala et al. 2015). The qPALM analysis of mEos4b revealed a 𝑝-value of 0.34, 

which is very similar to the 𝑝-value of mEos3.2 (𝑝 = 0.32) (Figure 4.1.2 A, 4.1.3 A). In 

addition, the dependency of the 𝑝-value on the microscope setup was assessed. qPALM 

imaging on a commercial microscope (N-STORM) with similar laser intensities revealed 

a 𝑝-value of 0.30, which differs by 7% from the 𝑝-value on the home-built microscope 

(Figure 4.1.3 B) (see section 3.14 for a detailed description of the microscope setups). 

 

 
Figure 4.1.3: Blinking properties of mEos4b and mEos3.2. Histograms of the relative 

frequencies of the number of blinking events for different variants of the Eos family fitted by 

equation 11 to obtain the 𝑝-value for mEos4b (A) and mEos3.2 measured on a N-STORM 

microscope (B). Adapted from Baldering et al (2019b). Copyright CC BY-NC-SA 3.0. 

 

It was shown that blinking is responsive to the redox properties of the imaging buffer 

(Endesfelder et al. 2011). Hence, supplementing the imaging buffer with thiols was 

evaluated for the influence on the number of blinking events of fluorescent proteins 

mEos3.2 and mMaple3. While the number of blinking events has increased for mEos3.2 

(𝑝 = 0.17), it decreased for mMaple3 (𝑝 = 0.55) (Figure 4.1.4). 
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Figure 4.1.4: Effect of reducing thiols on the blinking properties of mEos3.2 and mMaple3. 

Histograms of the relative frequencies of the number of blinking events for mEos3.2 (A) and 

mMaple3 (B) fitted by equation 11 to obtain the 𝑝-values in PBS supplemented with 100 mM 

MEA. Measurements in pure PBS buffer are shown in dashed lines as reference. Adapted from 

Baldering et al (2019b). Copyright CC BY-NC-SA 3.0. 

 

It was shown that several amino acids in the vicinity of the chromophore of fluorescent 

proteins can influence the photophysical properties (Turkowyd et al. 2017). It is thus 

likely that blinking properties will also be affected. The amino acid 69 (in Dendra2, 

threonine) promotes primed conversion, an alternative process of photoconversion of 

fluorescent proteins without the need of violet light (Turkowyd et al. 2017). Thus, the 

blinking properties in response to modifications in this amino acid were of interest. The 

common amino acid for mEos3.2 is alanine and for Dendra2 is threonine. Mutants of 

mEos3.2 and Dendra2 were generated in the lab of Ulrike Endesfelder (MPI for 

Terrestrial Microbiology, Marburg) and the 𝑝-values were measured. The amino acid 69 

turned out to affect the blinking properties of mEos3.2 and Dendra2. Dendra2T69A 

showed higher number of blinking events (𝑝 = 0.33) similar to wildtype mEos3.2, 

whereas the mutant mEos3.2A69T exhibited fewer blinking cycles (𝑝 = 0.55) (Figure 

4.1.5). The 𝑝-values of Dendra2T69A and mEos3.2 as well as Dendra2 and 

mEos3.2A69T differed only slightly (∆𝑝 < 0.02). 

 

 
Figure 4.1.5: Blinking properties of mEos3.2A69T and Dendra2T69A. Histograms of the 

relative frequencies of the number of blinking events are shown for (A) mEos3.2 (left), 



4 Results & Discussion 

   
52 

mEos3.2A69T (right) and (B) Dendra2 (left) and Dendra2T69A (right). The determined 𝑝-values 

are displayed in the respective histograms. 

 

An additional parameter for qPALM is the mean photon yield of a fluorescent protein. 

Comparing the photon yield of mEos3.2, mMaple3, Dendra2, and PAmCherry2 (Figure 

4.1.6), highest photon yield was observed for mEos3.2 (mean photon counts ~1100), 

while the photon yields of the other fluorescent proteins were halved (mean photon counts 

~600). 

 

 
Figure 4.1.6: Photon counts of different fluorescent proteins and with different buffer 

conditions. Histogram of the photon count distribution of mEos3.2 (A), mMaple3 (B), Dendra2 

(C), and PAmCherry2 (D). Adapted from Baldering et al (2019b). Copyright CC BY-NC-SA 3.0. 
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In summary, these results show that different fluorescent proteins cover a range of 𝑝-

values. In addition, 𝑝-values were consistent for different variants of the Eos family and 

if measured with different microscopes. At the same time, the blinking properties are 

influenced in the presence of reducing agents or specific mutations in the region of the 

chromophore. 

 

4.1.2 Synthetic and genetic dimers as quantification rulers for qPALM experiments 

The determination of protein numbers in assemblies requires calibrations with proteins at 

defined stoichiometries. In addition, proteins do not always fold correctly resulting in 

aggregates or inactive molecules, which makes quantification challenging. Fluorescent 

proteins might be misfolded or contain an unmatured chromophore and thus be non-

fluorescent. This fraction of inactive fluorescent proteins leads to undercounting in e.g. 

dimers, the assembly of two proteins. Hence, a correction term is required that is 

determined from calibration proteins that form e.g. exclusively dimers. In addition to the 

bleaching probability, the 𝑞-value is of high importance for the proper analysis of qPALM 

data as it corrects for inactive fluorescent proteins and was first described in Hummer et 

al. (2016). To determine this value for mEos3.2, synthetic and genetic dimers were 

constructed (Figure 4.1.7 A). The synthetic dimer was generated by the linkage of two 

His-tagged mEos3.2 molecules to a DNA linker that contained tris-NTA moieties on both 

sides. The generation of this DNA linker was verified in an agarose gel (Figure 

App.4.1.1). The synthetic dimer contained two mEos3.2 molecules and was purified by 

size-exclusion chromatography (Figure App.4.1.1). The generation, gel analysis and 

purification of the synthetic dimer was performed by Karl Gatterdam (AK Tampé). 

qPALM imaging on a single-molecule surface revealed a higher number of blinking 

events compared to monomeric mEos3.2 (Figure 4.1.7 B and Figure 4.1.2 A). The 

histogram was fitted by equation 12 with a fixed 𝑝-value of 𝑝 = 0.32, yielding a 𝑞-value 

of 0.36	 ± 0.03. In order to confirm the determined 𝑞-value with a second calibration 

reference, a genetic dimer was cloned consisting of two mEos3.2 molecules connected 

by a short peptide linker (Figure 4.1.7 A, bottom). The genetic dimer was expressed in 

E.coli, purified by a Ni-NTA column and applied onto an SDS-PAGE gel. The purified 

protein contained about 20% of monomers and 80% of dimer, according to the SDS-

PAGE gel (Figure 4.1.7 C). This ratio was then compared to the results of the qPALM 

measurement. The histogram of the number of blinking events of the genetic dimer was 

fitted with 𝑝 = 0.32 and 𝑞 = 0.36 using a fit model accounting for a mixture of 
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monomers and dimers. 82	 ± 5% dimers and 18	 ± 5% monomers were determined from 

the qPALM data (Figure 4.1.7 C). The monomer and dimer fractions estimated from the 

SDS gel and the qPALM experiments are very similar and confirm the plausibility of the 

𝑞-value determined from the synthetic dimer. In addition, it shows that estimations of 

monomer/dimer ratios with qPALM are possible. 

 

 
Figure 4.1.7: Synthetic and genetic dimers as quantification rulers for the determination of 

the 𝒒-value in qPALM experiments. (A) Schematic illustration of the synthetic and genetic 

dimer. The synthetic dimer connects two His-tagged mEos3.2 molecules (orange, crystal structure 

of mEos2, PDB: 3S05) via a 30-base pair DNA linker consisting of two tris-NTA moieties (green) 

on both sites. The genetic dimer was designed as two mEos3.2 proteins with a short peptide linker 

in between. (B) Histogram of the relative frequency of the number of blinking events of the 

synthetic dimer was approximated by equation 12. Inset: The size-exclusion chromatogram shows 

the purified fraction (marked in black). (C) Histogram of the relative frequency of the number of 

blinking events of the genetic dimer approximated by a linear combination of monomer and dimer 

functions with 𝑝 = 0.32 and 𝑞 = 0.36 (orange solid line). The approximation for monomeric 

mEos3.2 is depicted as orange dotted line. An SDS gel of the purified genetic dimer is shown 

containing dimeric and monomeric mEos3.2. Adapted from Baldering et al (2019b). Copyright 

CC BY-NC-SA 3.0. 

 

4.1.3 In cellulo calibration rulers for the determination of qPALM parameters 

Next, evaluation of the variability of the qPALM parameters 𝑝 and 𝑞 were addressed in 

cellulo. For that purpose, fusion proteins of cellular reference proteins with mEos3.2 and 

mEos4b were cloned and transfected into HeLa and HEK293T cells (Figure 4.1.8 and 

4.1.8). The protein CD86 was shown to be mainly monomeric (Bhatia et al. 2005; James 

et al. 2006; Dorsch et al. 2009; Girard et al. 2014) and was thus used for the determination 

of the 𝑝-value. CTLA-4 was reported to organize into dimers (Linsley et al. 1995; Greene 

et al. 1996; James et al. 2006), and was used to determine the 𝑞-value. qPALM videos 

were recorded (N=10) and clusters were analyzed for the number of blinking events. For 



  4 Results & Discussion 

 
55 

CD86-mEos3.2, the histogram was approximated by equation 11 and a 𝑝-value of 0.27	 ±

0.01 was obtained (Figure 4.1.8 A), which deviates from the 𝑝-value determined in vitro 

(𝑝 = 0.32) by 16%. This 𝑝-value was used to approximate the blinking number 

distribution of CTLA-4-mEos3.2 by equation 12. A 𝑞-value of 0.39	 ± 0.01 was 

determined (Figure 4.1.8 B), which is similar to the 𝑞-value determined from the synthetic 

dimer. The blinking histograms of CTLA-4-mEos3.2 were measured and analyzed by 

Christos Karathanasis. The same procedure was performed with CD86-mEos4b and 

CTLA-4-mEos4b (Figure 4.1.9). With CD86-mEos4b the same 𝑝-value was determined 

as for CD86-mEos3.2 (𝑝 = 0.27). The approximation of the CTLA-4-mEos4b histogram 

yielded a 𝑞-value of 0.35, which differs slightly from the 𝑞-value of CTLA-4-mEos3.2. 

The qPALM measurements of CD86-mEos4b and CTLA-4-mEos4b were partially 

performed and fully analyzed by Christos Karathanasis. 

In summary, for mEos3.2, the bleaching probability 𝑝 differs by 16%, and the 𝑞-value 

differs by 8% between in vitro and in cellulo experiments. Moreover, the two parameters 

for mEos4b are similar to the parameters obtained for mEos3.2. 

 

 
Figure 4.1.8: CD86-mEos3.2 and CTLA-4-mEos3.2 serve as in cellulo calibration rulers for 

qPALM. PALM images of CD86-mEos3.2 (A) and CTLA-4-mEos3.2 (B) transfected into HeLa 

cells (left site). Zoom-ins of representative areas are shown in the middle panel. Histograms of 

the relative frequency of the number of blinking events are shown on the right side. CD86-

mEos3.2 data was approximated by the monomeric function (equation 11) and CTLA-4-mEos3.2 
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was approximated by the dimer function with 𝑝 = 0.27 (equation 12). The 𝑞-value was 

determined with the approximation of equation 12 to the blinking histogram. Adapted from 

Baldering et al (2019b). Copyright CC BY-NC-SA 3.0. 

 

 
Figure 4.1.9: CD86-mEos4b and CTLA-4-mEos4b serve as in cellulo calibration rulers for 

qPALM. PALM images of CD86-mEos4b (A) and CTLA-4-mEos4b (B) transfected into 

HEK293T cells (left site). Histograms of the relative frequency of the number of blinking events 

are shown on the right side. CD86-mEos4b data was approximated by the monomeric function 

(equation 11) and CTLA-4-mEos4b was approximated by the dimer function with 𝑝 = 0.27 

(equation 12). The 𝑞-value was determined with the approximation of equation 12 to the blinking 

histogram. Adapted from Baldering et al (2020). Copyright CC BY 4.0. 

 

4.1.4 Simulations of higher-ordered oligomers and mixtures of monomers and 

dimers 

In order to investigate the performance of qPALM on higher-order oligomers, clusters of 

the monomeric mEos3.2 blinking number were randomly grouped to generate simulated 

dimers, trimers, and tetramers. The sum of the number of blinking events of the combined 

clusters was used as synthetic spots. This produced histograms of synthetic oligomers that 

were approximated with linear combinations of equation 10 with 𝑝 = 0.32, 𝑞 = 0, and 

the oligomer complexity 𝑚 (𝑚 = 0; 1 for dimers, 𝑚 = 0; 1; 2 for trimers and 𝑚 =
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0; 1; 2; 3 for tetramers. The weights of the individual terms for each oligomer reflect the 

fraction of monomers, dimers, trimers, or tetramers. In the case of synthetic generated 

dimers, about 98% dimers were found (Figure 4.1.10 A, left). In addition, mixtures of 

monomers and dimers were analyzed in which the analysis accords well with the ground 

truth (Figure 4.1.10 B). However, in synthetic trimers and tetramers, the trimer and 

tetramer fraction deviated by about 10-15% from the ground truth (100% 

trimers/tetramers) (Figure 4.1.10 A, middle and right). This divergence has been 

examined in more detail in section 4.2. 

 

 
Figure 4.1.10: Simulations of higher-ordered oligomers and mixtures of monomers and 

dimers. (A) Generation of dimers (left), trimers (middle) and tetramers (right) from monomeric 

mEos3.2 blinking numbers. The histograms were approximated with a linear combination of 

monomer and dimer function, monomer, dimer, and trimer function, or monomer, dimer, trimer, 

and tetramer function, respectively. (B) Synthetic combinations of monomers and dimers in 

different percentages as ground truth (input values). The histograms were approximated with a 

linear combination of monomer and dimer fit functions revealing the monomer/dimer ratios as 

output. Adapted from Baldering et al (2019b). Copyright CC BY-NC-SA 3.0. 

 

4.1.5 Discussion 

Quantitative analysis of protein stoichiometries by single-molecule localization 

microscopy provide important information about biological systems but are challenging 

due to aspects such as over- and undercounting. qPALM corrects for both over- and 

undercounting by implementing two main parameters (Fricke et al. 2015; Hummer et al. 
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2016): the bleaching probability (𝑝-value) describes the photokinetics of a fluorescent 

protein, and the 𝑞-value considers undetected molecules. Here, the two critical 

parameters, 𝑝 and 𝑞, were characterized in vitro and in cellulo.  

 

Blinking properties of different fluorescent proteins 

𝑝-values of different fluorescent proteins were measured. mEos3.2 (𝑝 = 0.32) and 

mMaple3 (𝑝 = 0.28) showed a higher number of blinking events compared to Dendra2 

(𝑝 = 0.54) and PAmCherry2 (𝑝 = 0.77) (Figure 4.1.2). The 𝑝-values for mMaple3 and 

PAmCherry2 are comparable with previous studies that showed mean number of blinking 

events of 3.4 for mMaple and 1.0 for PAmCherry (Durisic et al. 2014). The mean number 

of blinking events for Dendra2 (2.7) compared to mEos3.2 (2.4) reported in Durisic et al. 

(2014) differ from the results presented here. Possible explanations could be experimental 

parameters such as different excitation wavelength and emission filter, which lead to 

different photon yields of the individual fluorophores. Hence, lower photon yields may 

not exceed the photon thresholds and are not considered in the analysis. 

It is tempting to assume that PAmCherry is optimal for qPALM experiments, since almost 

no overcounting is observed, because the majority of PAmCherry showed a single 

emission event. In addition, efforts were made to minimize overcounting of mEos2 by 

introducing a dark time (td) (Annibale et al. 2011). However, a dark time may lead to 

dimeric fluorescent proteins analyzed as a single protein. Furthermore, the differentiation 

between signal of fluorophores and background signal is more difficult at lower emission 

events. Therefore, small 𝑝-values are beneficial for qPALM because a better distinction 

between fluorophore signal and background signal is possible. Possible candidates for 

qPALM therefore comprise mEos3.2 and mMaple3. 

Next, different variants of the Eos family were analyzed. The 𝑝-value of mEos4b (𝑝 =

0.34) is similar to the 𝑝-value of mEos3.2 (Figure 4.1.2 A, 4.1.3 A) and a previously 

reported 𝑝-value for mEos2 (𝑝 = 0.29) (Fricke et al. 2015; Hummer et al. 2016). This is 

to be expected, since these variants only differ in a few amino acids. For example, 

mEos3.2 was derived from mEos2 with mutations in the amino acids I102N, H158E, and 

Y189A (Zhang et al. 2012). These amino acids do not belong to the chromophore or point 

outwards from the 𝛽-barrel structure and should therefore not influence the blinking 

kinetics. The variant mEos4b comprises more mutations (M1MV, K9R, F34Y, S39T, 

A69V, C195A), in which the mutation of amino acid 69 could influence the photophysics 

of the chromophore (Paez-Segala et al. 2015). However, alanine and valine are similar 
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amino acids which both represent hydrophobic side chains. Therefore, no difference in 

blinking properties is expected for mEos4b in addition to mEos3.2 and mEos2. These 

considerations are supported by single-molecule data that demonstrates similar 𝑝-values 

for mEos2, mEos3.2, and mEos4b. 

 

Reducing thiols and mutations in residue 69 influence the blinking properties of mEos3.2, 

mMaple3 and Dendra2 

The combination of PALM with dSTORM can enable multicolor experiments. However, 

dSTORM requires reducing agents such as MEA at concentrations of 10-100 mM to 

modulate photoswitching of organic fluorophores. Therefore, it is interesting to analyze 

the influence of such buffers on the blinking properties of mEos3.2 and mMaple3. In the 

presence of 100 mM MEA, a lower 𝑝-value was determined for mEos3.2 (𝑝 = 0.17), 

which is consistent with more blinking events in the presence of MEA observed in a 

previous study for mEos2 (Endesfelder et al. 2011). In contrast, a higher 𝑝-value was 

determined for mMaple3 (𝑝 = 0.55), which corresponds to fewer blinking cycles. This 

difference can be explained by different amino acid sequences that influence the 

constitution of the chromophore (Subach und Verkhusha 2012), thus leading to e.g. 

stabilized forms of the dark and fluorescent states. In particular, the residue 69 could be 

of importance, which differs in mEos3.2 (alanine) and mMaple3 (threonine) and which 

is assumed to have a catalytic function in the formation of the red chromophore 

(Stepanenko et al. 2013). Furthermore, this residue is in close proximity to the amino 

acids His62-Tyr63-Gly64, which constitute the chromophore, and residue 69 could 

possibly influence the stability of the chromophore (Pletneva et al. 2016; Bourgeois 

2017). 

Residue 69 is also responsible for primed conversion with excitation wavelengths of 

488/720 nm  (Turkowyd et al. 2017). Mutants of mEos3.2 and Dendra2, mEos3.2A69T 

and Dendra2T69A, were analyzed to investigate the influence of residue 69 especially in 

combination with their ability to perform primed conversion. The 𝑝-values interchanged 

between mutants and wildtype proteins (Figure 4.1.5), which implies that amino acid 69 

may have a major influence on the blinking properties of fluorescent proteins. The amino 

acid alanine lead to higher blinking events (𝑝 = ~0.32) but is unable to perform primed 

conversion. In comparison, threonine resulted in fewer blinking cycles (𝑝 = ~0.54) and 

allowed primed conversion (Turkowyd et al. 2017). However, further experiments, e.g. 
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on kinetic crystallography, could be useful to decipher the complete mechanism of 

blinking, the associated dark states, and rate constants (Bourgeois 2017). 

 

Applications of qPALM for quantitative imaging in cells 

In addition to high numbers of blinking events, a high photon budget is an advantage for 

SMLM, because the localization precision is improved. The photon yield of the different 

fluorescent proteins was investigated, showing that mEos3.2 emits substantially more 

photons than mMaple3, Dendra2 and PAmCherry2. The large difference can be in parts 

explained by the emission filter set (590	± 10 nm), which is optimal for the emission 

spectra of the Eos family (peak at ~580 nm). Consistently, other studies also showed that 

mEos3.2 has a higher photon yield compared to the other fluorophores, such as mMaple 

(Wang et al. 2014). 

The fluorescent protein mEos3.2 showed the highest photon number and thus was used 

to generate different types of dimers to determine the 𝑞-value of this fluorescent protein 

in vitro. The 𝑞-value, which estimates the fraction of undetected molecules, was 

determined to 0.36 with the synthetic mEos3.2 dimer (Figure 4.1.7). This 𝑞-value reflects 

a detection efficiency that is slightly higher compared to detection efficiencies published 

in other studies for the Eos family (40-60%, (Puchner et al. 2013; Durisic et al. 2014)). 

However, a higher detection efficiency of ~80% was published for eGFP (Ulbrich und 

Isacoff 2007). Hence, the detection efficiency is in the range of published values. 

Nevertheless, the detection efficiency could be influenced by various parameters such as 

the linker length between fusion proteins or the nano-environment and thus vary between 

different fusion proteins. 

Fusion proteins of reference proteins with known stoichiometry were generated to 

determine the 𝑝- and 𝑞-values of mEos3.2 in cellulo (Figure 4.1.8). The analysis of CD86-

mEos3.2 revealed a 𝑝-value of 0.27, which is similar to the 𝑝-value (0.28) observed for 

CD86-mEos2 in HeLa cells (Fricke et al. 2015; Hummer et al. 2016). The 𝑝-values were 

measured for mEos3.2 and mEos4b in vitro and were slightly higher compared to the 𝑝-

values in cellulo. This difference can be explained by a different environment of the 

fluorescent protein inside a cell compared to a homogenous buffer in single-molecule 

experiments on glass. The 𝑝-value obtained for CD86-mEos3.2 enabled the determination 

of the 𝑞-value of 0.39 from dimeric CTLA-4-mEos3.2. A lower 𝑞-value of 0.30 was 

observed for CTLA-4-mEos2 (Fricke et al. 2015; Hummer et al. 2016). This difference 

can be explained by different maturation efficiencies of mEos2 and mEos3.2. A smaller 
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difference was found between the 𝑞-value of mEos3.2 in vitro (𝑞 = 0.36) and in cellulo 

(𝑞 = 0.39). The higher 𝑞-value in cells can be explained by a higher amount of inaccurate 

folding of the fusion protein, since the fluorescent protein alone should fold faster and 

more efficiently. A lower detection efficiency was also observed for mEos3.2 in 

photobleaching experiments (photoactivation efficiency of 41%) (Durisic et al. 2014), 

which provides additional evidence for inefficient folding of fusion proteins. Similar 𝑝- 

and 𝑞-values of CD86-mEos2 and CTLA-4-mEos2 were also determined in HEK293 and 

MEF cells (Krüger et al. 2017; Karathanasis et al. 2020) and thus demonstrate the 

robustness of this approach. Additionally, the 𝑝- and 𝑞-values of CD86-mEos4b and 

CTLA-4-mEos4b (𝑝 = 0.27, 𝑞 = 0.35) are very similar to that of CD86-mEos3.2 and 

CTLA-4-mEos3.2. However, for precise determinations of oligomeric fractions, the 𝑝- 

and 𝑞-values should be analyzed in the respective cell line. 

 

In summary, different fluorescent proteins and variants of the Eos family were analyzed 

regarding their blinking kinetics. Blinking kinetics were investigated with two different 

microscopes and in two buffer conditions. Synthetic and genetic dimers were generated 

in vitro and enabled the determination of the 𝑞-value for mEos3.2. The two parameters, 

𝑝 and 𝑞, were further investigated in cellulo and small deviations were found in 

comparison to the in vitro measurements. As an overview, all 𝑝- and 𝑞-values are listed 

in table 4.1.1. Simulations of higher-ordered oligomers were generated from monomeric 

mEos3.2 data, exploring the applicability to determine monomer/dimer mixtures and 

higher-ordered oligomers. 

 

Table 4.1.1: 𝒑- and 𝒒-values of various fluorescent proteins in vitro and in cellulo. 

Condition 𝒑-value 𝒒-value Fraction of 

monomer/dimer 

mEos3.2 0.32 - - 

mEos4b 0.34 - - 

mMaple3 0.28 - - 

Dendra2 0.54 - - 

PAmCherry 0.77 - - 

Synthetic dimer 

mEos3.2 

0.32 0.36 - 
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Genetic dimer 

mEos3.2 

0.32 0.36 18% monomer, 82% 

dimer 

CD86-mEos3.2 0.27 - - 

CD86-mEos4b 0.27 - - 

CTLA-4-mEos3.2 0.27 0.39 - 

CTLA-4-mEos4b 0.27 0.35 - 
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4.2 Extending the theory of qPALM 
The detection efficiency is an important parameter when analyzing the oligomeric state 

of proteins. A fraction of fluorophores can be inactive due to a defective fluorophore and 

lead to counting errors. Especially when analyzing higher-ordered oligomers, accurate 

knowledge of the detection efficiency is required. The initial model of qPALM (Hummer 

et al. 2016) introduced 𝑞 as the fraction of inactive fluorophores. The analysis of 

simulations for higher-ordered oligomers (Figure 4.1.10 A) indicated that this model 

leads to inaccuracies with higher-ordered oligomers. The theory of qPALM was studied 

and inaccuracies with the application of the q-value at higher-ordered oligomers were 

found. In this section, a revised model is presented that directly reports a detection 

probability (Model 2, Figure 4.2.1). Furthermore, the relation of the 𝑞-value and the 

detection efficiency is investigated. Undetected oligomers lead to small variations in the 

analysis of mixtures of different oligomers. These variations are quantified here, and it is 

shown that the detection efficiency is useful to correct for undetected oligomers. The 

revised model enables the exact determination of mixtures of complex oligomers in 

simulated qPALM data generated from monomeric mEos3.2 data. Finally, the influence 

of the assignment of the 𝑞-value and the influence of undetected oligomers on previous 

studies is discussed. 

 

 
Figure 4.2.1: Model comparison for qSMLM analysis. The two models are compared on the 

example of monomers and dimers. Fluorescent molecules are shown in orange and undetected 

molecules as black circles. (A) Schematic illustration of the 𝑞-value in model 1, which describes 

the fraction of dimers with one inactive fluorophore (Hummer et al. 2016). (B) Schematic 

illustration of the detection efficiency 𝑑 implemented in model 2. The probabilities for the 

detection of dimers with different numbers of active and inactive chromophores are given. 

Here, 𝑣 is the fraction of visible oligomers while non-𝑣 represents the fraction of invisible 

oligomers. Adapted from Baldering et al (2019a). Copyright CC BY 4.0. 
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4.2.1 A comparison of two models that describe simulated qPALM data 

To evaluate possible variations of the two models, Monte-Carlo simulations were 

performed with a home-written software (stochastic simulation of photophysics tool, ssp, 

created by Sebastian Malkusch) (for details see section 3.22). Simulations were 

performed by assuming the 4-state stochastic model for fluorescent proteins (Figure 4.1.1 

A) with a defined bleaching probability (𝑝 = 0.3) and a probability for detecting a 

molecule of 𝑑 = 0.57. These values were chosen based on previously experimentally 

determined parameters (see section 4.1 for details; Figure 4.1.3). For each simulation, a 

defined number of oligomers (N), the order of each oligomer type (𝑚 + 1) and its 

fraction (𝑦4) was specified. First, an ideal trimer was simulated and the relative 

frequency of number of blinking events were depicted in a histogram. The overlay of 

model 1 and model 2 (with fixed parameters of 𝑝 = 0.3; 𝑞 = 0.43 for model 1 and 𝑑 =

0.57 for model 2) showed that the histogram of the simulated trimer was well described 

by model 2, whereas model 1 showed deviations (Figure 4.2.2 A). The different ability 

to describe the simulated qPALM data are highlighted by the residuals shown in Figure 

4.2.2 B. In contrast, model 2 showed almost no deviations (Figure 4.2.2 B) and the 

residuals were normally distributed around zero (Figure 4.2.2 C). 

 

 
Figure 4.2.2: A comparison of model 1 in describing the blinking data of a simulated trimer. 

(A) Histogram of the relative frequency of the number of blinking events for a simulated trimer. 

Model 1 is shown as orange dashed line and model 2 is shown as green solid line. Input parameters 

for both models are depicted in the graph. (B) Residuals of model 1 and 2 showing the deviations 

to the simulated data. (C) Lag plot of the residuals of model 1 and 2. Residuals of the number of 

blinking events 𝑛 are plotted against the residuals of 𝑛 + 1 for both models to evaluate systematic 

deviations of the model from the data. Adapted from Baldering et al (2019a). Copyright CC BY 

4.0. 
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Systematic deviations of model 1 were also observed for higher-ordered oligomers, e.g. 

tetramers, hexamers and nonamers (Figure 4.2.3). Consequently, the 𝑞-value does not 

sufficiently reflect the fraction of undetected molecules. 

 

 
Figure 4.2.3: A comparison of model 1 in describing the blinking data of higher-ordered 

oligomers. Histogram of the relative frequency of the number of blinking events for simulated 

qPALM data of a tetramer (A), hexamer (B), and nonamer (C). Model 1 is shown as orange 

dashed line and model 2 is shown as green solid line. Parameters 𝑝 = 0.3, 𝑞 = 0.43, and 𝑑 =

0.57 were used for model 1 and 2, respectively. Adapted from Baldering et al (2019a). Copyright 

CC BY 4.0. 

 

4.2.2 Relation between the 𝒒-value (model 1) and the detection efficiency (model 2) 

In a dimer, the 𝑞-value and the detection efficiency 𝑑 can be substituted by each other. In 

model 1 (Figure 4.2.1 A), the 𝑞-value directly reflects the fraction of dimers consisting 

of only one active fluorophore. Hence, the 𝑞-value and the detection probability are 

related as (equation 18, 19; figure 4.2.1): 

 

𝑞 = 	 5∙D∙(%3D)
5∙D∙(%3D)ID"

                        (18) 

𝑑|4L% =
535W
53W

                         (19) 

 

qPALM data of trimers and higher-ordered oligomers were simulated with 𝑝 = 0.3 and 

𝑑 = 0.57, and approximated by model 1 and 2 to determine the 𝑞- and 𝑑-values (Table 

4.2.1). The obtained 𝑞-values were transformed into detection efficiencies by equation 19 
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to determine the variations of the calculated detection efficiency to the ground truth of 

𝑑 = 0.57. 

 
Table 4.2.1: Detection efficiencies obtained by model 1 and 2 for oligomers of different 

order. qPALM data were simulated and the histograms of the relative frequency of the number 

of blinking events were approximated by model 1 and 2 to obtain the 𝑞- and 𝑑-values. The 𝑞-

values were transformed into detection efficiencies by equation 19. The ground truth detection 

efficiency is 𝑑 = 0.57. 

Oligomer Model 1 (q) Model 1 (d) Model 2 (d) 

Dimer 0.599	 ± 0.030 0.572	 ± 0.030 0.572	 ± 0.030 

Trimer 0.582	 ± 0.025 0.590	 ± 0.025 0.568	 ± 0.024 

Tetramer 0.553	 ± 0.019 0.617	 ± 0.018 0.572	 ± 0.016 

Hexamer 0.508	 ± 0.014 0.659	 ± 0.013 0.576	 ± 0.012 

Nonamer 0.482	 ± 0.012 0.682	 ± 0.010 0.572	 ± 0.010 

 

Model 1 and 2 described the qPALM data with small residuals (Figure 4.2.4 A; figure 

App.4.2.2). However, when calculating the detection efficiencies from the 𝑞-values, 

deviations were observed that increase with the order of the oligomeric state (Figure 4.2.4 

B, table 4.2.1). This shows that the relation of 𝑞 and 𝑑 (equation 19) only holds for dimers. 

Thus, the 𝑞-value cannot be assigned as a characteristic value of a fluorescent protein and 

must be determined separately for different oligomers; 𝑞-values determined from dimers 

cannot be used for higher oligomers. In contrast, the detection efficiency of model 2 is a 

characteristic value of a fluorescent protein and hence once determined can also be used 

for higher-ordered oligomers. 
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Figure 4.2.4: Comparison of determined detection efficiencies from model 1 and 2 for 

different oligomeric states. (A) Simulated qPALM data of trimers approximated by model 1 

(orange dashed line) and 2 (green solid line) with 𝑝 = 0.3 and 𝑞 and 𝑑 were determined from the 

approximation. For comparison, the 𝑞-value was transformed into a detection efficiency by 

equation 19. (top) The residuals of model 1 and 2 are shown in their respective color (bottom). 

(B) Deviation of the detection efficiency from the ground truth (𝑑 = 0.57) for different orders of 

oligomeric states. Deviations of model 1 are shown in orange, deviations of model 2 are depicted 

as green squares. Adapted from Baldering et al (2019a). Copyright CC BY 4.0. 

 

4.2.3 Consideration of undetected oligomers in qPALM experiments 

Oligomers consisting exclusively of fluorescent proteins that are inactive and therefore 

not detected are not considered by the blinking analysis. In mixtures of different orders 

of oligomers, the undetected fractions differ and lead to deviations. The fraction of 

monomeric fluorophores that are not considered in the blinking analysis is described by 

(1 − 𝑑), whereas the fraction of higher-ordered oligomers is represented by (1 − 𝑑)4I% 

as all fluorophores in the oligomer must be inactive for the whole oligomer to be not 

detected. The detection efficiency allows to correct for this and to obtain the true 

fractions. 

The deviations in the determined oligomeric fractions was quantified in a mixture of 

monomers and dimers, each represented at the same proportions. The histogram of the 

relative frequency of the number of blinking events was overlaid with model 2 with 

different fractions of monomer and dimer functions. A fraction of 42% monomers (𝑥& =

0.42) matches the data better compared to 𝑥& = 0.5 (Figure 4.2.5 A), which verifies that 

the analysis of the blinking histogram underestimates the fraction of monomers. 

Quantification across different linear combinations of monomers and dimers showed a 
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maximal deviation at equal fractions of monomers and dimers (Figure 4.2.5 B). In 

addition, the deviation of monomer and dimer fractions was investigated at different 

assumed detection efficiencies. The investigation showed that small detection efficiencies 

lead to larger deviations (Figure 4.2.5 C). Knowing the exact detection efficiency allows 

the correction for these deviations (equation 20): 

 

𝑦4 = X>
8-
(>) [∑

XA
8-
A

Y
ZL& ]3%                       (20) 

 

The corrected fractions (𝑦4) are obtained from the apparent fractions (𝑥4) by taking into 

account the probability of detecting an oligomer with 𝑚 + 1 co-localized fluorescent 

proteins (𝑃D
(4)) and the term [∑ XA

8-
A

Y
ZL& ]3% for normalization of the fractions by considering 

undetected oligomers. This allows accurate determination of different types of oligomers 

from PALM data and extends the existing method towards oligomers that are not 

detected. Sebastian Malkusch, Jakob Bullerjahn and Gerhard Hummer were mainly 

responsible for the generalization, for example of corrections such as equation 20. 

 

 
Figure 4.2.5: Deviations in the analysis of qPALM data due to undetected oligomers. (A) 

Histogram of the relative frequency of the number of blinking events for simulated qPALM data 

of monomers and dimers at equal fractions. Two functions of model 2 with different linear 

combination factors (𝑥%) are shown as orange dashed line (𝑥% = 0.5) and green solid line (𝑥% =

0.42). Residuals of both functions are shown at the bottom in the respective color. (B) Deviation 

of the obtained monomer fraction from the ground truth for different linear combination factors. 

(C) Maximal deviations (𝑥% = 0.5) of obtained monomer fractions to the ground truth monomer 
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fraction for different detection efficiencies. Adapted from Baldering et al (2019a). Copyright CC 

BY 4.0. 

 

4.2.4 Accurate determination of mixtures of higher oligomers 

In some biological samples, the protein of interest might be populating three different 

types of oligomeric states. Hence, an accurate determination of the respective fractions is 

necessary. Mixtures of oligomers with a complexity of up to trimers were simulated. The 

histogram was well approximated by a combination of monomer, dimer, and trimer 

functions and apparent fractions (𝑥&, 𝑥%, 𝑥5) were obtained from the approximation 

(Figure 4.2.6). 

 

 
Figure 4.2.6: Accurate determination of multiple oligomers with complexity 𝒎 ≤ 𝟐. 

Histogram of the relative frequency of the number of blinking events for simulated qPALM data 

of monomers, dimers, and trimers. Monomer, dimer and trimer fractions are 20%, 20%, and 60%, 

respectively. Apparent fractions obtained by fitting are given for monomers (𝑥% = 0.138), dimers 

(𝑥% = 0.192), and trimers (𝑥% = 0.670). Residuals are shown at the bottom. Adapted from 

Baldering et al (2019a). Copyright CC BY 4.0. 

 

These apparent fractions showed expected deviations from the ground truth due to 

undetected oligomers (Figure 4.2.6). By applying model 2, fractions were obtained that 

match the ground truth values very well (Table 4.2.2). The deviations for the determined 

monomers to the ground truth decreased from up to 31% for the uncorrected fractions to 

4% for the corrected fraction. This demonstrates the higher accuracy of the revised model 

by including a correction term that allows the consideration of undetected oligomers. 
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Table 4.2.2: Accurate determination of mixtures of oligomers from qPALM data with model 

2. Simulations of monomers, dimers, and trimers were performed with the ground truth fractions. 

Apparent fractions were obtained from approximating the histogram of the number of blinking 

events with monomer, dimer, and trimer functions weighted by the respective fractions. Corrected 

fractions of monomers, dimer, and trimers were determined with equation 20. 

 

Oligomer 

fraction 

Ground truth fraction Apparent 

fraction 

Corrected 

fraction 

Monomer 0.2 0.138	 ± 0.06 0.192	 ± 0.08 

Dimer 0.2 0.192	 ± 0.13 0.218	 ± 0.13 

Trimer 0.6 0.670	 ± 0.07 0.590	 ± 0.06 

 

4.2.5 Simulated qPALM data of oligomers using mEos3.2 blinking statistics 

Since model 2 was able to describe the simulations very well, the next step was to 

generate artificial oligomers from mEos3.2 qPALM data (Figure 4.2.7). Higher-ordered 

oligomers were produced by grouping two, three, or four single mEos3.2 molecules and 

summing up the blinking events into histograms (Figure 4.2.7 A). These histograms were 

very well approximated with 𝑝 = 0.32 and 𝑑 = 1. Next, dimers and trimers were 

simulated by considering a detection efficiency of 𝑑 = 0.57, which is close to real 

experimental data and reflects the detection efficiency of mEos3.2 determined from 

dimeric mEos3.2 (Figure 4.2.7 B, C). The fractions of ideal dimers/trimers and defective 

dimers/trimers were calculated, normalized after completely active oligomers, and finally 

used to generate the histogram of blinking events. The detection efficiency was calculated 

from the approximation and a small error of 0.02 was found compared to the ground truth. 

Finally, an equal mixture of monomers and dimers was generated from the mEos3.2 

qPALM data (Figure 4.2.7 D). The fractions of active fluorophores in the respective 

oligomers were calculated according to the detection efficiency and used for the blinking 

histogram analysis. The apparent fractions were determined by approximation, and the 

correction analysis yielded fractions of monomers and dimers that almost perfectly 

matched the ground truth (Figure 4.2.7 E). 
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Figure 4.2.7: Simulations of oligomers from single-molecule PALM data of mEos3.2. (A) 

qPALM data of oligomers was simulated by grouping single-molecule localizations of mEos3.2 

into dimers (green), trimers (orange), and tetramers (purple). The histograms of the relative 

frequency of the number of blinking events were generated and approximated with the function 

of monomers (blue), dimers (green), trimers (orange), and tetramers (purple) with 𝑝 = 0.32 and 

𝑑 = 1. (B, C) Histograms of blinking events from artificial dimers (B) and trimers (C) assuming 

a detection efficiency of 𝑑 = 0.57. The respective fractions depicted in the figure are normalized 

values that reflect the input of the simulation. The histograms were approximated by a dimer 

(green) or trimer (orange) function, respectively, with 𝑝 = 0.32 and 𝑑 being determined from the 

approximation. (D) Histograms of blinking events from a 1:1 mixture of monomers and artificial 

dimers assuming a detection efficiency of 𝑑 = 0.57. Total oligomers having one or two active 
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fluorophores were calculated and used for generating the blinking event distribution. A linear 

combination of monomer and dimer fit functions was used with 𝑝 = 0.32, 𝑑 = 0.57 and the 

apparent fractions were determined. (E) Apparent fractions from (D) were corrected with equation 

20 and corrected monomer and dimer fractions were obtained. The dotted black line indicates the 

ground truth. Adapted from Baldering et al (2019a). Copyright CC BY 4.0. 

 

4.2.6 Discussion 
This chapter demonstrates that detection efficiency is a key parameter in the analysis of 

protein oligomeric states with qPALM. Other methods such as qPAINT (Jungmann et al. 

2016) or the pair-correlation analysis (Sengupta et al. 2011) do not yet consider the 

detection efficiency, which leads to an underestimation of the oligomeric state. In 

contrast, qPALM accounts for inactive fluorophores in oligomers, but the originally 

introduced 𝑞-value is limited to report the inactive fluorescent proteins in a dimer. The 

revised model presented here introduces a new parameter, the detection efficiency 𝑑, 

which accounts for all inactive fluorescent proteins and allows the accurate description 

of higher-ordered oligomers. In addition, a modified analysis is reported which corrects 

for oligomers that remain undetected. 

 

Influence of the new findings of qPALM theory on experimental data 

In previous studies, the original analysis model (Hummer et al. 2016) was used, which 

underestimated undetected monomers. However, this effect is small for monomer/dimer 

mixtures at high detection efficiencies. For example, the monomer and dimer fractions of 

the Toll-like receptor 4 (TLR4) were investigated (Krüger et al. 2017) and dimerization 

of TLR4 was increased from 48% dimers to 73/74% dimers by stimulating the cells with 

lipopolysaccharides, LPSEC and LPSSM. The fraction of monomers may have been 

slightly underestimated to about 1-5%, which does not affect the results significantly as 

a detection efficiency of about 0.8 was determined and applied (Figure 4.2.5 C). Another 

study reported on photobleaching experiments of TLR4-GFP in which lower fractions of 

dimers (12.5%, 52% stimulated with LPS) were reported (Yang et al. 2014). This would 

coincide with the fact that the monomer fractions in Krüger et al 2017 were slightly 

underestimated although the effect is marginal. Monomer and dimer fractions were also 

studied in this thesis (Section 4.1.2; 4.1.3). Using the original model, a higher fraction of 

monomers in the range of 1-5% is expected than was determined from the qPALM 

experiments (Figure 4.1.7 C). Indeed, the monomer fraction changed from 18% to 21% 
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after the correction for undetected oligomers was applied for the qPALM analysis of the 

genetic dimer. This slightly higher fraction of monomers fits better to the estimates from 

the SDS gel of the genetic dimer, although the intensity analysis of the gel is not that 

accurate. In summary, this shows that the deviations are small and should not affect the 

main conclusions reported. 

In Karathanasis et al. (2020), the oligomeric state of the tumor necrosis factor (TNF) 

receptor was analyzed (Karathanasis et al. 2020) using the original model (Hummer et al. 

2016). This study reported an arrangement of TNF receptors into trimers and nonamers 

upon stimulation with the natural ligand TNF𝛼. The 𝑞-value was used for the 

approximation for a mixture of trimers and nonamers. Undetected oligomers were not 

considered. Considering these deviations, a slightly lower fraction of trimers and 

nonamers, and a higher fraction of monomers is expected when using the revised model 

for qPALM analysis. However, these variations should only affect the fractions of 

oligomers and not the model complexity and thus not the existence of the different types 

of oligomers. 

The limitations of qPALM are mainly related to the time separation of single blinking 

events. Low intensity of violet light would decrease the probability of activation, hence 

decreasing the number of overlapping signals. However, at a distinct order of oligomers, 

the simultaneous emission of single fluorophores in an oligomer would lead to an 

underestimation. This limit has to be estimated practically with calibration proteins of 

higher order. 

In summary, the revised model is more suitable in describing the blinking data of higher-

ordered oligomers such as trimers, tetramers, hexamers, and nonamers than the 

previously used model. Furthermore, undetected oligomers can be considered by the 

detection efficiency which, if corrected for, led to very precise determinations of 

oligomeric fractions in simulations. The deviations between model 1 and 2 are small if 

oligomers of lower orders are analyzed and a high detection efficiency is used. Therefore, 

the obtained oligomer fractions in previous studies should be sparsely affected (Krüger 

et al. 2017; Baldering et al. 2019b; Karathanasis et al. 2020). Nevertheless, the use of the 

revised model is recommended in future studies to obtain precise oligomer fractions. 
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4.3 CRISPR/Cas12a-assisted endogenous tagging of membrane 

receptors for super-resolution microscopy 
Single-molecule localization microscopy enables the specific detection of target proteins 

at near-molecular resolution. In combination with stoichiometric protein labeling and 

quantitative single-molecule analysis, the molecular assembly of proteins becomes 

accessible. Fluorescent proteins are very well suited for quantitative approaches as they 

label the target protein stoichiometrically, and several methods exist for generating fusion 

proteins of fluorescent proteins. One method is the generation of plasmids that code for 

the DNA of the fusion protein and that can be transfected into e.g. mammalian cells. 

However, this method can lead to unphysiological expression levels of the target protein 

which might alter reaction kinetics and the organization of a protein in a cell (Lisenbee et 

al. 2003; Doyon et al. 2011; Gibson et al. 2013). At the same time, large variations in 

expression level between cells occur, because of a different uptake of a plasmid. 

Additionally, knockdowns are required because otherwise the wildtype protein may 

interact with the fusion protein, which might complicate analysis. If the protein is not 

naturally expressed in a cell, it might not behave as in its native environment because key 

interacting proteins are missing, or the environment such as the composition of the 

membrane is different. Therefore, tools are necessary to directly engineer the genomic 

DNA of a target protein in a cell and to allow endogenous expression while maintaining 

a native environment.  

Since 1993, the CRISPR/Cas technology has been developed (Mojica et al. 2005; Pourcel 

et al. 2005; Bolotin et al. 2005; Makarova et al. 2006; Barrangou et al. 2007; Brouns et 

al. 2008; Marraffini und Sontheimer 2008; Hale et al. 2009; Garneau et al. 2010; 

Deltcheva et al. 2011; Sapranauskas et al. 2011; Gasiunas et al. 2012; Jinek et al. 2012), 

which allows genetic engineering of target proteins in various cell lines (Le Cong et al. 

2013; Mali et al. 2013). CRISPR/Cas allows to specifically cut and modify DNA using 

the Cas enzyme and crRNA. The combination of CRISPR/Cas9 with PALM was 

demonstrated to be very useful and effective for different applications (Ratz et al. 2015; 

Cho et al. 2016; Hansen et al. 2017; Khan et al. 2017; Khan et al. 2019). However, small 

labeling efficiencies were obtained or the production of appropriate inserts for generating 

stable cell lines was time intense. Recently, CRISPR/Cas12a-assisted PCR tagging has 

proven to be suitable for rapid generation of homology templates (PCR cassette) and is 

very effective and efficient due to the use of Cas12a as cutting enzyme (Figure 4.3.1). 

This section shows the simplicity and high efficiency of PCR tagging in combination with 
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PALM (Baldering et al. 2020). Two receptor tyrosine kinases, MET and EGFR, were 

labeled with the fluorescent protein mEos4b using this novel labeling technology and the 

specific integration was verified by PCR and western blots. Furthermore, the native 

activity of the stable cell lines upon ligand stimulation was confirmed. For the MET 

receptor, almost complete labeling was achieved in HEK293T cells (approximately 81%), 

while the fraction of labeled EGFR in HEK293T cells was lower (approximately 25%). 

Due to its high labeling efficiency, the oligomeric state of MET was analyzed using the 

revised qPALM model (Section 4.2). The membrane dynamics of MET were assessed in 

live-cell experiments. 

 

4.3.1 Generation of stable cell lines via CRISPR/Cas12a-assisted genome editing 

(PCR tagging) 

PCR tagging is a genome editing tool that has proven time efficient and high labeling 

efficiencies (Fueller et al. 2020). In a first step, primers for EGFR and the MET receptor, 

which were necessary for the production of the PCR cassettes, were designed with the 

help of a web interface, www.pcr-tagging.com. The PCR cassettes were prepared in a 

PCR (see section 3.8 for details), applied to an agarose gel and the size of the PCR 

cassettes was verified (Figure 4.3.1 B). After purification, the PCR cassettes and a Cas12a 

helper plasmid were cotransfected into HEK293T cells (Figure 4.3.1 C). 
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Figure 4.3.1: Generation of PCR cassettes for CRISPR/Cas12a-assisted genome editing. (A) 

Schematic illustration of the PCR reaction to produce the PCR cassette (yellow: fluorescent 

protein; green: puromycin; pink: crRNA). (B) Agarose gel showing the amplified PCR cassettes 

of MET and EGFR with expected sizes of 2502 and 2551 bp. (C) Schematic illustration of genome 

editing via CRISPR/Cas12a. The PCR cassette and the Cas12a helper plasmid are cotransfected 

into HEK293T cells. Cas12a (blue) is expressed, forms a complex with the crRNA (pink) and 

specifically cuts the DNA near the protospacer adjacent motif (PAM) sequence (red) in the 

genome. During homology directed repair, the PCR cassette is inserted into the genome. 

 

Stable cell lines were generated by puromycin selection and subsequent isolation of 

individual cells by dilution and further analyzed by fluorescence microscopy. 

Approximately two thirds of the clones (10 out of 16) showed a clear fluorescence signal 

that was significantly different from that of the wildtype unlabeled cells (Figure 4.3.2). 

The fluorescence signal showed distinct punctiform membrane localizations thus 

suggesting the expression and localization of the mEos4b-tagged receptors in the plasma 

membrane. 
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Figure 4.3.2: Fluorescence images of wildtype and CRISPR/Cas12a-modified HEK293T 

cells. (A) Diffraction-limited fluorescence image of wildtype HEK293T cells showing only 

unspecific background fluorescence. The brightfield image is shown on the upper right. (B) 

Diffraction-limited fluorescence image of a HEK293T cell expressing EGFR-mEos4b. The 

brightfield image is shown on the upper right. (C) Zoom-in of (B). (D) Diffraction-limited 

fluorescence image of a HEK293T cell expressing MET-mEos4b. The brightfield image is shown 

on the upper right. The scale bars are 10 µm. (E,F) Zoom-ins of (D). Scale bars are 10 µm (A,B,D) 

and 1 µm (C,E,F). Parts adapted from Baldering et al (2020). Copyright CC BY 4.0. 

 

Two fluorescent clones of EGFR and MET were randomly selected, and their genome 

was analyzed by PCR (Figure 4.3.3). Primers annealing inside and outside of the PCR 

cassette were used to confirm both edges of the genomic insertion (Figure 4.3.3A). Two 

sequences were generated which showed the expected sizes of about 1,000 and 2,300 bp, 

respectively (Figure 4.3.3 B, C). While MET C2 and EGFR D6 showed only one positive 

PCR fragment, MET C6 and EGFR F8 were positive in both PCRs. The respective DNA 

fragments were extracted, purified and the correct DNA sequence was confirmed by DNA 

sequencing. 
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Figure 4.3.3: PCR of the edited part of the genome sequence in CRISPR/Cas12a-edited 

stable cell lines. (A) Schematic illustration of the genomic insertion of the PCR cassette. Primers 

1-4 show the sites of generation of PCR fragments for verifying the insertion of the PCR cassette. 

(B) PCR with primers 1 and 2 were designed to verify the left insertion site of the PCR cassette. 

Two cell lines of MET (C2; C6) and EGFR (D6; F8) were analyzed. Bands at approximately 

1,000 bp show the desired fragment. (C) PCR with primers 3 and 4 were designed to verify the 

right insertion site of the PCR cassette. Two stable cell lines of MET (C2; C6) and EGFR (D6; 

F8) were analyzed. Bands at approximately 2,300 bp show the desired fragment. Parts adapted 

from Baldering et al (2020). Copyright CC BY 4.0. 

 

The cell lines MET C6 and EGFR F8 were further analyzed by western blots to confirm 

the correct expression of these fusion proteins and to estimate the fraction of wildtype 

versus genetically modified receptors (Figure 4.3.4 A). The western blot of MET C6 

showed a distinct shift of the MET protein band of about 30 kDa from 140 kDa (wildtype 

MET) to 170 kDa (MET-mEos4b) (Figure 4.3.4 B). In addition, the band intensity at 170 

kDa was strongly increased compared to the band at 140 kDa. An estimate of the fraction 

of genetically modified receptors by comparing the intensities of both bands revealed that 

about 81% of MET are labeled with mEos4b and 19% are wildtype receptors. The stable 

cell line of EGFR-mEos4b (EGFR F8) also showed a clear shift in protein size, but with 

a weaker intensity (Figure 4.3.4 C). The analysis of band intensities estimated that 

roughly 25% of EGFR are labeled with mEos4b. The main fraction of EGFR (75%) 

showed the size of the wildtype receptor. 
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Figure 4.3.4: Western blots of MET-mEos4b and EGFR-mEos4b. (A) Schematic illustration 

of the protein structure of the wildtype and genetically modified receptor tyrosine kinases (RTKs). 

The RTK is shown in orange and the genetic modification, here mEos4b, is depicted in green 

(crystal structure of mEos2; PDB: 3S05). (B) Western blot of HEK293T wildtype and genetically 

modified cells (MET C6). An antibody against the MET receptor was used. The bands of full-

length MET and MET fusion proteins are labeled in orange and green, respectively. (C) Western 

blot of HEK293T wildtype and genetically modified cells (EGFR F8). An antibody against the 

EGF receptor was used. Bands of full-length EGFR and EGFR fusion proteins are marked. Parts 

adapted from Baldering et al (2020). Copyright CC BY 4.0. 

 

The stable cell lines were functionally analyzed to confirm the activity of both receptors. 

In a first step, the phosphorylation of the receptors was investigated. The MET C6 cell 

line showed a clear response to HGF and InlB321-ATTO 647N similar to the wildtype 

HEK293T cells, while without the addition of HGF no or only very weak bands of 

phosphorylated MET were detected (Figure 4.3.5 A). Phosphorylated MET was found in 

MET C6 cells at protein sizes of 140 and 170 kDa, corresponding to both wildtype MET 

and MET-mEos4b. The comparison of these band intensities showed a similar amount of 

phosphorylated MET-mEos4b (83%) compared to phosphorylated wildtype MET (Figure 

4.3.4 B, figure 4.3.5 A). 

Without EGF treatment, no phosphorylation of EGF receptors was detected. 

Phosphorylation of EGFR was detected in both wildtype and genetically modified cells 

upon ligand stimulation with EGF or EGF-CF640 (Figure 4.3.5 B). However, antibody 

staining resulted in blurred bands, which precluded a clear distinction between labeled 

and unlabeled EGFR. 
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Since phosphorylation of the receptors alone may not be sufficient to initiate signal 

transduction (Liang et al. 2018), western blots were performed to analyze 

phosphorylation of MAPK to prove downstream signaling. Ligand stimulation of 

wildtype HEK293T cells with HGF and EGF led to phosphorylation of MAPK, whereas 

without ligand treatment only weak bands were detected (Figure 4.3.5 C). Similarly, the 

MET C6 cell line showed strong phosphorylation upon treatment with HGF and InlB321-

ATTO 647N. Treatment with EGF and EGF-CF640 also led to phosphorylation of MAPK 

in EGFR F8 cells. However, since the main fraction of EGFR is wildtype in the EGFR 

F8 cells, no clear statement can be drawn on whether the EGFR-mEos4b fusion is fully 

active. 

 

 
Figure 4.3.5: Western blots of receptor and MAPK phosphorylation to verify native signal 

transduction of MET-mEos4b and EGFR-mEos4b. (A) Western blot of wildtype and 

genetically modified HEK293T cells (MET C6). An antibody against phosphorylated MET 

receptors was used. Cells were stimulated by different ligands (HGF, EGF, and InlB321-ATTO 

647N). Colored arrows mark the bands of full-length proteins. (B) Western blot of wildtype and 

genetically modified HEK293T cells (EGFR F8). An antibody against phosphorylated EGFR was 
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used. Cells were stimulated by different ligands (HGF, EGF, and EGF-CF640). Colored arrows 

mark the bands of full-length proteins. (C) Western blot of wildtype and genetically modified 

HEK293T cells (MET C6; EGFR F8). An antibody against phosphorylated MAPK was used. 

Cells were stimulated by different ligands (HGF, InlB321-ATTO 647N, EGF, and EGF-CF640). 

Colored arrows mark the bands of full-length proteins. The marker bands allow the size of the 

respective protein to be estimated. Parts adapted from Baldering et al (2020). Copyright CC BY 

4.0. 

 

These experiments prove that the MET C6 cell line is functional and contains a 

stoichiometric fluorescent protein label of MET. This allows studying the MET receptor 

in its native environment as it contains nearly completely labeled receptors that are 

phosphorylated upon ligand stimulation and most likely initiate native signal 

transduction. In contrast, the EGFR cell line showed incomplete labeling of the receptor 

and therefore activity was difficult to prove as the main fraction of EGFR was wildtype. 

In summary, CRISPR/Cas12a-assisted protein tagging is a powerful tool for PALM. 

 

4.3.2 Analysis of the oligomerization state of the MET receptor 

Unperturbed quantification of protein oligomerization requires a native expression level, 

homogenous expression, and a stoichiometric and efficient labeling. Furthermore, a high 

localization precision is necessary for resolving single receptors or receptor clusters. In 

order to demonstrate that these requirements are met with the cell line MET C6, the 

localization precision of MET-mEos4b was determined. A NeNa value of 10	 ± 	3 nm 

was obtained from ten cells and confirmed a near-molecular resolution. Furthermore, cell-

to-cell heterogeneity was analyzed by determining the number of receptor sites 

(unresolved “spots” of MET) per µm2. From ten cells, an average of 0.63	 ± 0.32 receptor 

clusters/µm2 were obtained, thus confirming both native and homogeneous expression of 

MET-mEos4b between individual cells. Therefore, MET C6 cells provide a prime 

platform to analyze the MET receptor in its native environment. 

PCR tagging of the MET receptor resulted in stoichiometric labeling of MET with a high 

labeling efficiency, which facilitates quantitative analysis of the oligomeric state of MET. 

qPALM was selected for quantification, which has been further improved both practically 

and theoretically in this thesis (Sections 4.1 and 4.2). Two parameters are essential for 

this analysis, the bleaching probability (𝑝), which describes the blinking characteristics 

of the fluorophore, and the detection efficiency (𝑑). In section 4.1.3, the parameters 𝑝 and 
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𝑑 were determined in HEK293T cells with CD86-mEos4b and CTLA-4-mEos4b. 

Therefore, these two parameters of the fusion proteins (𝑝 = 0.27; 𝑑 = 0.79) were used 

to quantify MET-mEos4b in HEK293T cells. Since MET-mEos4b has a labeling 

efficiency of about 81%, a corrected detection efficiency of 𝑑 = 0.64 was used in 

qSMLM analysis. 

qPALM measurements of MET C6 cells were performed in the absence and presence of 

HGF (Figure 4.3.6 A, B). From the PALM images, single-molecule clusters were selected 

from which the number of blinking events was extracted (for details see section 3.18). 

The determination of the blinking events of single receptor clusters of all conditions 

presented in this section was performed by Christos Karathanasis. The relative frequency 

of the number of blinking events was calculated and the histogram was analyzed by 

approximating the histogram with a qSMLM software written by Sebastian Malkusch 

(see section 3.18) (Baldering et al. 2019a) (Figure 4.3.6 C, D). In the resting state, MET-

mEos4b appeared mainly as monomer (95	 ± 1% monomers), while ligand stimulation 

with the native ligand HGF resulted in 71	 ± 3% dimers (Figure 4.3.6 E, F). This shows 

a clear shift towards dimeric receptors in HGF-stimulated HEK293T cells. 

 

 
Figure 4.3.6: qPALM of MET-mEos4b in resting and HGF-stimulated HEK293T cells. 

PALM image of MET-mEos4b in a resting cell (A) and HGF-stimulated cell (B). Zoom-ins are 

shown in the red box. A brightfield image is shown on the bottom left. Scale bars are 2 and 1 µm, 

respectively. (C, D) Histograms of the relative frequency of the number of blinking events for 

resting (C) and HGF-stimulated (D) cells. The orange fit estimates the fraction of monomers and 
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dimers. A p-value of 0.27 and a detection efficiency of 64% were used (left). Schematic 

illustration of the monomer-dimer ratios for resting (C) and HGF-stimulated (D) cells (right). The 

crystal structure of mEos2 is shown in green (PDB:3S05). Adapted from Baldering et al (2020). 

Copyright CC BY 4.0. 

 

The dimerization of MET-mEos4b cells treated with the bacterial ligand InlB321-ATTO 

647N was measured (Figure 4.3.7 A). Two analysis of MET-mEos4b were performed 

with respect to the colocalization of MET-mEos4b with the bacterial ligand. First, the 

analysis of all clusters independent of colocalization to InlB321-ATTO 647N yielded 

63	 ± 2% dimers (Figure 4.3.7 B, D). The dimer fraction increased only slightly to 68 ±

4% when only colocalized clusters were analyzed (Yellow arrows in figure 4.3.7 A, 

figure 4.3.7 C, E). 

In summary, both ligands, HGF and InlB321-ATTO 647N, led to an increased formation 

of MET dimers and thus confirm the ligand-dependent dimerization of this receptor 

tyrosine kinase. This demonstrates PCR tagging in combination with qPALM as a 

powerful tool to determine protein numbers in nanoscale clusters at endogenous 

expression levels. 

 

 
Figure 4.3.7: Quantitative PALM of InlB321-ATTO 647N-stimulated MET-mEos4b cells. (A) 

PALM image of MET-mEos4b (cyan) overlaid with the diffraction-limited signal of InlB321-
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ATTO 647N (purple). A brightfield image is shown on the bottom left. The zoom-in shows 

colocalized spots (yellow arrows) of MET-mEos4b and InlB321-ATTO 647N. (B, C) Histograms 

of the relative frequency of the number of blinking events for all receptors in InlB321-ATTO 647N-

activated cells (B) and for only colocalized receptors (C). The orange fit estimates the fraction of 

monomers and dimers. A p-value of 0.27 and a detection efficiency of 64% were used. (D, E) 

Schematic illustration of the monomer-dimer ratios for all receptors (D) and for only colocalized 

receptors (E) obtained from the qPALM analysis. InlB321 is illustrated in brown and ATTO 647N 

is shown in red. The crystal structure of mEos2 is shown in green (PDB:3S05). Scale bars are 2 

µm (top) and 1 µm (bottom). Adapted from Baldering et al (2020). Copyright CC BY 4.0. 

 

4.3.3 Analysis of the dynamics of the MET receptor 

Receptor tyrosine kinases are assumed to slow down and immobilize after ligand-

stimulation, because of their interaction with membrane and adaptor proteins that finally 

lead to the endocytosis of the receptors (Clarke und Martin-Fernandez 2019). Using the 

MET-mEos4b cell line, single-particle tracking PALM (sptPALM) (Manley et al. 2008) 

of MET-mEos4b with and without the stimulation of HGF and InlB321-ATTO 647N was 

conducted at ambient temperature with an exposure time of 20 ms (for more details see 

section 3.19-21). Trajectories were recorded in resting cells, which mostly showed freely 

diffusing proteins (Figure 4.3.8 A). In contrast, free diffusion in HGF-stimulated cells 

was reduced and immobile spots became visible (Figure 4.3.8 B). Next, an MSD-based 

analysis was performed to distinguish immobile, confined, and freely diffusing proteins 

following a published procedure (Rossier et al. 2012). This analysis was performed by 

Marie-Lena Harwardt. The smallest detectable diffusion coefficient was calculated to 

0.008 µm2/s based on the dynamic localization precision (see chapter 2.7 and section 

3.21). The immobile fraction in resting cells was 15	 ± 2% and increased to 72	 ± 3% 

and 27	 ± 3% by stimulating the cells with HGF and InlB321-ATTO 647N, respectively 

(Figure 4.3.8 C). While free diffusion decreased substantially in HGF-stimulated cells, 

treatment with InlB321-ATTO 647N showed a similar fraction of freely diffusing MET-

mEos4b as in resting cells. The fraction of confined MET-mEos4b was clearly reduced 

in both HGF- and InlB321-ATTO 647N-stimulated cells. The MSD analysis also enabled 

to determine the diffusion coefficient of the individual diffusion states. For both ligand-

stimulated conditions, the diffusion coefficient of freely and confined diffusing particles 

were reduced, which was more pronounced for HGF. The diffusion coefficient of freely 

diffusing proteins decreased from 0.25	 ± 0.02 µm2/s in the resting state to 0.17	 ± 0.07 

µm2/s in HGF-stimulated cells. The confined diffusion coefficient was even more reduced 
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from 0.16	 ± 0.02 µm2/s in resting cells to 0.05	 ± 0.02 µm2/s in HGF-stimulated cells. 

This demonstrates a slowdown and immobilization of the MET receptor upon ligand 

stimulation with HGF and InlB321. 

 

 
Figure 4.3.8: Single-particle-tracking of MET-mEos4b in resting and ligand-stimulated 

cells. (A, B) Trajectories of MET-mEos4b in resting (A) and HGF-stimulated (B) cells. Zoom-

ins are shown in the bottom right. Brightfield images are shown in the top right. Scale bar is 5 

µm. (C) Pie charts of the relative frequency of the diffusion states for resting and ligand-

stimulated MET-mEos4b cells. Immobile as well as confined and freely diffusing receptors are 

depicted in the respective color. The mean diffusion coefficients of the individual diffusion states 

for resting and ligand-stimulated cells are represented in the box plot. The error is given as the 

standard error of the mean (-HGF, 32 cells; +HGF 33 cells; +InlB321 36 cells). Adapted from 

Baldering et al (2020). Copyright CC BY 4.0. 

 

Next, uPAINT (Giannone et al. 2010) measurements were performed using InlB321-

ATTO 647N which allows tracking of ligand-bound receptors. The MSD analysis was 

performed by Marie-Lena Harwardt. The anaylsis revealed the different diffusion states 

and their diffusion coefficients (Figure 4.3.9). The diffusion properties of the ligand-

bound MET receptor were compared with those of MET-mEos4b (sptPALM) in different 

cells, but both treated with the bacterial ligand. The immobile fraction was increased 

substantially from 27	 ± 3% to 44	 ± 3% in the uPAINT measurements and the confined 

state was clearly reduced (sptPALM: 29	 ± 4%; uPAINT: 9	 ± 2%). Diffusion 
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coefficients decreased from 0.22	 ± 	0.03 µm2/s (free) and 0.12	 ± 0.03 µm2/s (confined) 

in sptPALM experiments to 0.12	 ± 0.02 µm2/s (free) and 0.05	 ± 0.02 µm2/s (confined) 

in uPAINT measurements. 

 

 
Figure 4.3.9: Comparison of the MSD analysis of sptPALM of MET-mEos4b and uPAINT 

measurements of InlB321-ATTO 647N. Pie charts of the relative frequency of diffusion states 

for sptPALM (mEos4b) and uPAINT experiments (ATTO 647N) of the MET C6 cell line. 

Immobile, confined, and free diffusing receptors are depicted in the respective color. The mean 

diffusion coefficients of the individual diffusion states for sptPALM and uPAINT experiments 

are represented as box plot. The error is given as the standard error of the mean (36 cells, mEos4b; 

34 cells, ATTO 647N). Adapted from Baldering et al (2020). Copyright CC BY 4.0. 

 
Live-cell experiments of MET receptor in the presence and absence of ligands 

demonstrated a slowdown and immobilization of MET receptors after ligand treatment 

of HEK293T cells. 

 

4.3.4 Discussion 

Single-molecule localization microscopy techniques report on protein stoichiometry, 

spatial relations and molecular dynamics. To achieve this, stoichiometric and efficient 

labelling together with endogenous expression of the target protein in its native 
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environment is necessary. This avoids externally added fluorophores, which may lead to 

high background signal or unspecific binding. Genetic engineering techniques such as 

CRISPR/Cas fulfill these criteria but especially achieving a high labeling efficiency in 

genetic engineering has not been trivial since many cells contain multiple sets of 

chromosomes that often are not targeted equally. Recent approaches of CRISPR/Cas9 in 

combination with PALM reported a labeling efficiency of tubulin-mEos3.2 below 20%, 

estimated from the band intensities of western blots of wildtype and fusion proteins (Khan 

et al. 2017). Additionally, a codon-optimized version of mEos4b was reported to show 

an improved expression at the TubA1B locus (Khan et al. 2019) but still the labeling 

efficiency would not be ideal for qPALM experiments. However, there are also several 

examples in which high labeling efficiencies were achieved with genetic tagging by using 

CRISPR/Cas9. These high labeling efficiencies enabled multiple applications for 

analyzing proteins in their native environment. For example, Hansen et al. (2017) showed 

homozygous labeling of the CCCTC-binding factor (CTCF) with CRISPR/Cas9 in mouse 

embryonic stem (mES) cells, which allowed them to demonstrate that CTCF binds 

chromatin much more dynamically than cohesion (Hansen et al. 2017). In another study, 

labeling of RNA polyermase II with Dendra2 reported that RNA polymerase II clusters 

are short-lived in living cells (Cho et al. 2016). 

 

Generation of a stable MET-mEos4b HEK293T cell line by PCR tagging 

Here, CRISPR/Cas12a-assisted genome editing (PCR tagging) was used to label two 

receptor tyrosine kinases, the MET receptor and EGFR, endogenously with the 

fluorescent protein mEos4b. The EGFRmEos4b cell line showed only sparse labeling of 

endogenous receptors with mEos4b. One reason for the low labeling efficiency of about 

20% could be the labeling of only one chromosome, which might also be less frequently 

transcribed. Three copies of chromosome 7 (containing the EGFR and MET gene) were 

reported for HEK293T cells (Stepanenko et al. 2015). The analysis of more clones may 

provide a higher labeling efficiency suitable for further SMLM experiments. In contrast, 

PCR tagging has been shown to be very simple and time efficient in generating a stable 

MET-mEos4b HEK293T cell line enabling both stoichiometric and highly efficient 

labelling by maintaining an endogenous expression of the target protein. Here, two 

chromosomes containing the MET gene might be tagged with mEos4b and might be more 

frequently transcribed as the labeling efficiency is about 80%. In addition, the high 

labeling efficiency, the functionality of the MET-mEos4b receptors could be 
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demonstrated by western blots, showing the phosphorylation of receptors and signaling 

proteins after ligand stimulation with HGF and InlB321. This allowed qPALM and 

sptPALM experiments on MET-mEos4b to study the oligomerization and membrane 

dynamics of the MET receptor (Figure 4.3.10). 

 

 
Figure 4.3.10: Possible applications of PCR tagging in combination with SMLM. (1) For 

PCR tagging, Cas12a helper plasmid is co-transfected with the PCR cassette into the target cell 

line. (2) The Cas12a enzyme cuts the genomic DNA at the desired locus. (3) Homology directed 

repair leads to the insertion of the PCR cassette into the genome. (4) Schematic illustration of the 

PCR-tagged gene. (5) The target protein (here, MET, orange) is expressed with its tag (here, 

mEos4b; crystal structure of mEos2, PDB: 3S05; green). (6) The PCR-tagged cell line can be 

studied using quantitative PALM to distinguish monomers from dimers, exemplarily shown for 

the MET receptor (orange) with HGF (brown). (7) Single-particle tracking PALM is another 

application of PCR tagging and allows to characterize the dynamics of target proteins and 

distinguish different diffusion states. Adapted from Baldering et al (2020). Copyright CC BY 4.0. 

 
Analysis of the oligomerization state of MET-mEos4b with addition of various ligands 

Since the MET receptor was labeled almost stoichiometrically with mEos4b, this allowed 

quantitative investigations. qPALM experiments of MET-mEos4b revealed a significant 

increase in dimerization upon stimulation with 1 nM of its physiological ligand HGF 

(Figure 4.3.6). Furthermore, activation of MET-mEos4b with a higher concentration (5 
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nM) of the bacterial ligand InlB321-ATTO 647N showed similar fractions of dimers 

(Figure 4.3.7). The addition of InlB321-ATTO 647N allowed not only to analyze all MET 

receptors, but also to select those receptors that colocalized with the InlB321-ATTO 647N 

fluorescence signal. The difference of the fraction of dimers between these conditions 

was small indicating that InlB321-ATTO 647N was added at an almost saturating 

concentration, which is in the same range of a previously published Kd-value (5 nM) 

(Dietz et al. 2013). Furthermore, HGF has a stronger binding affinity in the picomolar 

range (20-40 pM) (Higuchi und Nakamura 1991; Lokker et al. 1992), which is consistent 

with the lower concentration of HGF (1nM) used to observe an equal amount of MET 

dimers as for InlB321-ATTO 647N. In photobleaching experiments of InlB321-ATTO 

647N, a lower fraction of dimers was observed in the ligand-bound state (Dietz et al. 

2013), however, at lower concentrations of InlB321-ATTO 647N and using a construct 

with a degree of labeling of 0.5.  

Recently, FRET studies also indicated a high fraction of MET dimers in response to HGF 

(Li et al. 2020). Li et al. (2020) found strong donor fluorescence of Cy3 without 

stimulation, which indicates that MET receptors exist mainly as monomers. A substantial 

increase of acceptor fluorescence indicated the presence of MET dimers in HGF-

stimulated cells, in accordance with the results of the qPALM experiments of MET-

mEos4b. In contrast to Li et al. (2020), this work here presents relative proportions of 

oligomers and not only provides evidence of an interaction between individual MET 

receptors in HGF-stimulated cells. Another study reported the downregulation of MET 

receptors through antibody-mediated receptor clustering (Li et al. 2019). Li et al. (2019) 

show clustering of MET but do not demonstrate relative fractions of oligomers. However, 

in accordance with these studies (Dietz et al. 2013; Li et al. 2019; Li et al. 2020), a ligand-

dependent dimerization of MET is demonstrated. The ligand-dependent dimerization was 

also found for other receptor tyrosine kinases, e.g. EGFR (Lemmon und Schlessinger 

2010; Freed et al. 2017), which indicates a general characteristic for receptor tyrosine 

kinases. In sum, PCR tagging in combination with qPALM is a powerful tool to determine 

protein numbers in nanoscale clusters of target proteins at endogenous expression levels. 

 

Analysis of the dynamics of MET-mEos4b with addition of various ligands 

Besides the ligand-dependent dimerization of receptor tyrosine kinases, receptor 

slowdown and immobilization are expected after ligand binding (Chung 2017; Clarke und 

Martin-Fernandez 2019). In this work, live-cell single-particle tracking experiments of 
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MET-mEos4b were conducted and showed a substantial increase in the immobile fraction 

after ligand stimulation. The effect was more pronounced by adding 1 nM HGF to the 

cells than for 1 nM InlB321 (Figure 4.3.8). This is in accordance with the higher affinity 

of HGF to MET compared to InlB321 (Higuchi und Nakamura 1991; Lokker et al. 1992; 

Dietz et al. 2013). In addition to an increase in the immobile fraction, the diffusion 

coefficients of free and confined states were also reduced to varying degrees by ligand 

stimulation (Figure 4.3.8). Similar to the increase in the immobile fraction, the decrease 

in diffusion coefficients was more pronounced in HGF-stimulated cells. The decrease in 

diffusion rates was also shown for MET in HeLa cells and similar diffusion coefficients 

were obtained (Harwardt et al. 2017). This shows the consistence of MET dynamics in 

different cell lines, and the functionality of the MET-mEos4b cell line. Furthermore, these 

diffusion coefficients also match published diffusion coefficients of other receptor 

tyrosine kinases (Michalet und Berglund 2012). 

PCR tagging of MET-mEos4b also allowed to compare receptor mobility with the 

dynamics of the labeled ligand InlB321-ATTO 647N bound to MET. The uPAINT 

experiments showed nearly the same diffusion coefficients as measured in HeLa cells 

(Harwardt et al. 2017), while the immobile fraction was increased in MET-mEos4b cells 

(Figure 4.3.9). This is expected, since an increased ligand concentration of 1 nM instead 

of 0.25 nM was used in the uPAINT experiments with MET C6 cells. Single-particle 

tracking PALM of PCR-tagged stable cell lines in combination with uPAINT is perfectly 

suited for two-color single-particle tracking, since the fusion protein and the fluorophore 

of the labeled ligand can be spectrally separated. This could be beneficial in future 

experiments to analyze the association times of receptors and ligands in living cells. 

 

In summary, PCR tagging is a simple and time-efficient tool to generate stable cell lines 

that offers many advantages in various applications of SMLM (Figure 4.3.10). Hence, 

this combination will help (i) to determine the oligomerization state and dynamics of 

other membrane proteins, (ii) to understand their molecular mechanisms, and (iii) to 

unravel their native function in future studies. The combination of these methods will be 

of particular interest for intracellular proteins, as PCR tagging avoids the need of harsh 

reagents for cell permeabilization in order to introduce a fluorophore label that also 

prevents the analysis in living cells. 
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4.4 Unbiased, automated analysis of single-molecule localization 

microscopy data 
The automation of analysis processes is of particular importance in science, as it is 

unbiased and allows a larger amount of statistics to be collected in less time. In qPALM 

analysis, a relatively large number of protein clusters are required to obtain a good result 

in model approximation, which requires time if done manually. In addition, automation 

simplifies complicated workflows and makes them available to non-experts. An 

automatic qPALM analysis termed quantitative algorithm for fluorescent kinetics 

analysis (QAFKA) was established in cooperation with the group of Yoav Shechtman 

(Department of Biomedical Engineering, Technion – Israel Institute of Technology, 

Haifa, Israel). 

 

4.4.1 Automated detection of single-molecule emission events 

qPALM analysis reported in chapters 4.1 and 4.3 employed manual cluster selection. In 

cooperation with Alon Saguy and Yoav Shechtman, a solution was sought for unbiased 

and automated detection of protein clusters in SMLM data, and subsequent 

approximation of a kinetic model to determine the oligomerization state. Alon Saguy 

developed a software package termed QAFKA which allows an automated analysis of 

qPALM data. This software package contains an automatic emitter recognition algorithm, 

extracts the intensity-time traces of the individual fluorophores and determines the 

number of blinking events (Figure 4.4.1). The frequency analysis of the blinking events 

is then fed into a neural network, which determines the proportion of monomers and 

dimers on a cell-to-cell basis. 

QAFKA was initially trained and validated on simulated data of monomers and dimers. 

QAFKA achieved a higher accuracy (mean error = 2.8%) compared to manual analysis 

(mean error = 5.5%) for a number of only 128 clusters. Furthermore, QAFKA achieved 

lower mean errors with 100,000 simulated clusters (QAFKA: mean error = 0.19; manual 

analysis: mean error = 0.48). Hence, QAFKA consistently outperformed manual analysis 

in terms of accuracy, and reached a reasonable accuracy for low cluster numbers. 

Next, QAFKA was evaluated using the experimental qPALM data presented in chapters 

4.1 and 4.3. First, a monomeric reference protein mEos3.2 was analyzed and identified 

as exclusively monomers (Figure 4.4.2 A) (see figure 4.1.2 for comparison with manual 

analysis). Next, a mixture of about 20% monomers and 80% dimers of mEos3.2 (genetic 

dimer) was analyzed with QAFKA (see figure 4.1.7 for comparison with manual 
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analysis). QAFKA analysis determined 66 ± 6% dimers and 34 ± 6% monomers by 

correcting for a detection efficiency of 78% (see chapter 4.1.2). This demonstrates the 

applicability of QAFKA in in vitro experiments. 

 

 
Figure 4.4.1: Workflow of the QAFKA software. A qPALM video serves as input. QAFKA 

localizes single emitters and extracts features such as the number of blinking events. A neural 

network estimates the fractions of monomers and dimers according to the distribution of the 

number of blinking events. The scale bar is 1 µm. 

 

4.4.2 Automated, unbiased quantification of protein monomers and dimers in cells 

In order to validate QAFKA in situ, the monomeric and dimeric membrane proteins CD86 

and CTLA-4 fused to mEos3.2 were analyzed. For monomeric CD86-mEos3.2, QAFKA 

analysis revealed mainly monomers (98 ± 4%). In contrast, exclusively dimers (99 ±

6%) were determined in cells expressing CTLA-4-mEos3.2 (Figure 4.4.2 A, compare 

with figure 4.1.8). 

Next, QAFKA was used to analyze HGF-stimulated and unstimulated MET-mEos4b 

receptors. An unstimulated MET-mEos4b cell showed 26% dimers, whereas 64% dimers 

were observed in the HGF-stimulated MET-mEos4b cell (Figure 4.4.2 A). An increase in 

the fraction of dimers was also observed upon HGF addition in chapter 4.3 (Figure 4.3.6). 
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QAFKA allowed the analysis of single cells and thus to explore the heterogeneity 

between cells. The relative frequency of dimers was determined for 24 unstimulated 

MET-mEos4b cells (measured by Christos Karathanasis) and plotted against their cluster 

density (Figure 4.4.2 B). The number of dimers clearly correlates with the cluster density. 

This demonstrates that QAFKA facilitates a single-cell analysis by analyzing all MET-

mEos4b clusters at the cellular membrane in a time-efficient way. 

 

 
Figure 4.4.2: QAFKA determines protein monomers and dimers in cells. (A) QAFKA 

predicts relative frequency of monomers and dimers of (i) single mEos3.2 molecules and (ii) a 

mixture of monomers and dimers (20:80) in vitro as well as (iii) monomeric CD86-mEos3.2, and 

(iv) dimeric CTLA-4-mEos3.2 in HEK293T cells (left). Relative fractions of monomers and 

dimers of an unstimulated and a HGF-stimulated MET-mEos4b cell predicted by QAFKA (right). 

(B) Relative frequency of dimers plotted against the cluster density in unstimulated MET-mEos4b 

cells. Each point represents a single cell. 

 

4.4.2 Discussion 

The quantitative analysis pipeline of SMLM data can be complex, time-consuming and 

underlies human bias. With QAFKA, a software tool for automated and unbiased analysis 

became available. The analysis automation of qPALM data with QAFKA showed 

excellent performance with simulated data (128-100,000 cluster). A major advantage of 

QAFKA is the speed of the analysis, which is at least 60 times faster than manual analysis. 

Hence, the automation with QAFKA allows a high number of statistics to be collected in 



4 Results & Discussion 

   
94 

a reasonable amount of time. In addition, QAFKA showed a slightly higher accuracy in 

the analysis of blinking histograms. 

The quantitative results of QAFKA on experimental PALM data are comparable to 

previous manual analysis. Single mEos3.2 molecules deposited on a glass surface were 

assigned as monomers as expected (Figure 4.4.2 A). The mixture of monomers and 

dimers of mEos3.2 contained about 80% dimers from which 66% were assigned as dimers 

by QAFKA. The difference may result from background that is localized with QAFKA 

and increases the monomer fraction. The manual analysis showed 82% dimers and thus 

lead to more precise results (section 4.1.2). However, the results of manual analysis might 

have a human bias, which is excluded by an automated analysis workflow. 

The next and important step was to establish QAFKA to analyze protein monomers and 

dimers in the plasma membrane of cells. QAFKA analysis correctly reported that CD86-

mEos3.2 is monomeric and that CTLA-4-mEos3.2 is dimeric. Reference proteins were 

thus correctly assigned in their oligomeric state, which demonstrates the applicability of 

QAFKA for quantification. 

Next, QAFKA was applied on the qPALM data of MET-mEos4b in HEK293T cells. In 

an unstimulated cell, QAFKA determined less MET dimers than in a HGF-stimulated 

cell. This result matches previous findings (see figure 4.3.6) and confirms the ligand-

induced dimerization of receptor tyrosine kinases (Schlessinger 2002). Finally, single-

cell analysis of unstimulated MET-mEos4b cells showed a dependence of the number of 

dimers on the MET receptor density on the plasma membrane. Such a strong increase in 

dimers is not expected and indicates that QAFKA might combine neighboring clusters to 

one cluster. However, this effect needs to be evaluated in more detail in future 

experiments, as single-cell analysis would have numerous applications, such as detecting 

the heterogeneity of dimerization between cells or abnormal expression levels and dimer 

ratios of membrane proteins associated with common diseases. 

In summary, QAFKA showed a reliable quantification of reference structures, confirmed 

an increase in MET dimers upon ligand stimulation and allowed single-cell analysis. 

Main advantages are the analysis speed and accuracy as well as the exclusion of user-

dependent bias. A possible drawback is the inclusion of background signal, which may 

increase the monomer fraction. 



  5 Conclusion & Outlook 

 
95 

5 Conclusion & Outlook 
 

 

Understanding the organization of proteins in molecular complexes reports on their 

function in health and disease. Single-molecule localization microscopy provides the 

spatial resolution that allows the visualization of such protein complexes in the small 

nanometer range (Heilemann et al. 2009; Sauer und Heilemann 2017; Strauss et al. 2018). 

However, individual proteins in molecular assemblies are still too small to be resolved. 

In the last decade, quantitative approaches have been developed that offer alternative 

methods for determining protein numbers (Sengupta et al. 2011; Lee et al. 2012; Puchner 

et al. 2013; Hummer et al. 2016; Nasu et al. 2016; Jungmann et al. 2016; Zanacchi et al. 

2017). These methods are not exclusively based on spatial resolution but gain information 

from other experimental observables, such as the kinetics of fluorophore blinking or label 

binding. 

Quantitative PALM has proven to be well suited for the analysis of small oligomers 

labeled with photoconvertible fluorescent proteins (Fricke et al. 2015; Hummer et al. 

2016). In this thesis, the two critical parameters in qPALM, the bleaching probability and 

the detection efficiency, were investigated both practically (section 4.1) and theoretically 

(section 4.2). Based on these findings, the oligomeric state of the MET receptor in the 

presence and absence of ligands was analyzed by creating a CRISPR/Cas12a-engineered 

stable cell line expressing MET-mEos4b (section 4.3). Furthermore, an automated 

analysis tool enabled qPALM analysis within minutes instead of hours, with results 

similar or better to those obtained by manual analysis (section 4.4). 

 

5.1 Calibration references for quantitative PALM 
Different fluorescent proteins commonly used in PALM were analyzed in vitro regarding 

their blinking kinetics. The fluorescent proteins mEos3.2, mEos4b, and mMaple3 were 

found to be suitable for quantitative PALM experiments because a clear distinction 

between signal and background is possible. In addition, the importance of amino acid 69 

for blinking kinetics was demonstrated by mutating this particular residue in mEos3.2 

and Dendra2. Furthermore, it was shown that different fluorescent proteins (mEos3.2, 

mMaple3) exhibit different blinking kinetics when reducing agent was added. Also, in 

this case the amino acid 69 may play a central role. In summary, these experiments 
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propose a major role of amino acid 69 for the blinking properties of fluorescent proteins. 

Further mutations would help to characterize how blinking properties are influenced by 

the amino acids involved in fluorophore blinking and which type of amino acid leads to 

high number of blinking events. This would allow to create an improved fluorescent 

protein for quantification and together with structural studies indicate the arrangement of 

the dark states. 

The fluorescent protein mEos3.2 was used to generate synthetic and genetic dimers and 

confirmed that qPALM can report the fraction of undetected molecules and in general 

differentiate monomers from dimers. Reference proteins of mEos3.2 and mEos4b 

revealed similar 𝑝- and 𝑞-values in situ as determined for mEos2 (Fricke et al. 2015; 

Hummer et al. 2016; Krüger et al. 2017; Karathanasis et al. 2020). Next, it would be 

interesting to investigate whether qPALM can also be used for the analysis of higher-

order oligomers. qPALM experiments have already shown that the TNF receptor 1 exists 

in the ligand-bound state in trimers and higher-ordered oligomers (Karathanasis et al. 

2020). However, it is still unclear up to which oligomer size qPALM experiments provide 

reliable information for quantification in practice. Therefore, the analysis of reference 

proteins of higher-ordered oligomers is a key step to identify the limits of qPALM. In 

addition, quantification in live cells would be highly interesting, because the dynamic 

association and dissociation would give rise to the lifetimes of such protein complexes. 

 

5.2 Extending the theory of qPALM 
In order to obtain reliable quantitative results of higher-order oligomers, a kinetic model 

is required that adequately describes the respective processes. In addition to extending 

the toolbox of fluorescent proteins suitable for qPALM and their precise characterization, 

this work provides the necessary theoretical background for the exact determination of 

fractions of different oligomers by including a detection probability instead of a 𝑞-value 

(Hummer et al. 2016; Baldering et al. 2019a). In simulations, higher-order oligomers 

were precisely predicted by the revised model, including oligomers that are not detected 

at all, e.g. due to incomplete chromophore maturation. It was shown that the deviations 

with respect to the existing literature (Hummer et al. 2016; Krüger et al. 2017; 

Karathanasis et al. 2020) are almost negligible, since mainly small oligomers were 

analyzed. The use of the revised model is recommended for future qPALM experiments. 

In the future, experiments on higher-order oligomers have to confirm whether the model 

is well applicable in practice. A comparison of the performance of qPALM and qPAINT 
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with regard to the quantitative analysis of higher-order oligomers would be interesting. 

qPAINT offers the advantage that every single protein cluster might be assigned to the 

respective oligomeric state, whereas qPALM only allows the ensemble oligomeric state 

to be determined. However, qPALM benefits from stoichiometric labeling, which is more 

difficult in qPAINT. In summary, it was proven that the revised model describes higher-

order oligomers more precisely and also includes oligomers that are not detected at all. 

 

5.3 CRISPR/Cas12a-assisted endogenous protein labeling for super-

resolution microscopy 
This thesis demonstrates CRISPR/Cas12a-assisted endogenous protein labeling of 

receptor tyrosine kinases for super-resolution microscopy. EGFR and the MET receptor 

were endogenously tagged with mEos4b in HEK293T cells. The labeling efficiency of 

EGFR-mEos4b was low (~20%), while MET-mEos4b cells showed a high labeling 

efficiency of ~81%. This enabled the analysis of MET receptor organization in protein 

assemblies and demonstrated a ligand-induced dimerization after ligand binding, which 

is consistent with other results in the literature (Schlessinger 2002). In several studies also 

higher-order oligomers such as tetramers were observed for EGFR (Clayton et al. 2005; 

Huang et al. 2016; Needham et al. 2016). However, in order to be able to quantify EGFR, 

a higher labeling efficiency would be advantageous. A promising approach would be to 

use the codon-optimized sequence of mEos4b published in Khan et al. (2019). This may 

lead to an improved translation of the fluorescent protein and might increase the labeling 

efficiency. Another attempt would be to use e.g. nocodazole or other small molecules to 

synchronize the cell cycle, which has previously been shown to increase the tagging 

efficiency (Lin et al. 2014). Besides qPALM experiments, sptPALM showed that MET 

receptors are slowed by the addition of their ligands, HGF and InlB321-ATTO 647N. This 

is also consistent with previous literature (Harwardt et al. 2017) and hints at a ligand-

induced immobilization of MET. A combination of two tracking methods, sptPALM and 

uPAINT, would be perfectly suited for two-color single-particle tracking, since the 

fluorescence of the fluorescent protein and the fluorophore of the labeled ligand may be 

spectrally separated. This would be beneficial to analyze the dissociation constants of 

ligands and receptors in living cells. In summary, this work has proven that 

CRISPR/Cas12a-assisted PCR tagging allows efficient endogenous labeling of 

membrane proteins, which can subsequently be analyzed with qPALM and sptPALM. 
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In addition to receptor tyrosine kinases, other types of membrane proteins could be 

labeled by CRISPR/Cas12a. For example, the arrangement of pore complexes, 

transporters or ion channels could be assessed with quantitative PALM. Furthermore, the 

analysis of the dynamics of these membrane proteins would be interesting to learn more 

about different activation mechanisms that may help to treat common diseases associated 

with these proteins. 

Another approach with a high impact would be to combine peptide-PAINT (Eklund et al. 

2020) with CRISPR/Cas12a. Small peptides would be used as endogenous tags and would 

allow a quantitative analysis by qPAINT. Since stoichiometric labeling can be guaranteed 

by CRISPR/Cas12a, qPAINT analysis would provide access to analysis on the 

composition of higher-order oligomers. 

Research on the signal transduction of receptor tyrosine kinases now focuses on the 

arrangement of and interaction with signaling proteins. These proteins are often 

multivalent and thus allow diverse interactions that lead to a network of proteins. 

According to that, phase separation models of signaling proteins have been presented 

(Huang et al. 2016; Mayer und Yu 2018; Huang et al. 2019). However, the exact 

formation and the leading forces are unclear. Live-cell experiments with near-molecular 

resolution on signaling proteins can track the formation of multiprotein assemblies and 

the role of phase separation in receptor signaling. 

 

5.4 Quantification with QAFKA surpasses manual analysis 
Recent advances in computational science represent an impressive ability to accelerate 

complex analysis pipelines and provide computational predictions that enable researchers 

to decipher previously impossible problems. Especially in biological imaging with e.g. 

super-resolution techniques, deep learning algorithms show fascinating improvements 

and results (Strack 2018; Moen et al. 2019; Belthangady und Royer 2019). 

The automated analysis of qPALM data with QAFKA was successfully established and 

validated on simulated data and outperformed manual analysis both in accuracy and 

analysis speed. QAFKA demonstrated reliable quantification of various reference 

proteins in in vitro and in situ experiments making QAFKA a valuable tool for future 

quantification. The application of QAFKA on MET-mEos4b cells showed an increase in 

dimer formation upon ligand stimulation as demonstrated in chapter 4.3. The fast and 

comprehensive analysis with QAFKA allowed single-cell analysis. Single-cell analysis 

is of great importance because it allows to determine the heterogeneity of dimerization 
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rates in cells as well as abnormal expression levels and dimer ratios of membrane proteins 

associated with common diseases. However, the strong increase in dimerization of 

unstimulated MET-mEos4b cells according to a small increase in its cluster density might 

indicate a bias in the QAFKA analysis pipeline. Here, varying analysis parameters might 

give insight into the effect seen with QAFKA. In the future, the establishment of QAFKA 

in the determination of monomer and dimer ratios in living cells would be very 

interesting. This would allow the dynamics of assembly and disassembly to be monitored. 

In addition, QAFKA could assign individual protein clusters to a respective oligomeric 

state or differentiate various fluorophores or labels. This could be facilitated by 

combining QAFKA with DNA-PAINT or quantitative PAINT (Jungmann et al. 2016), as 

QAFKA could learn the emission pattern of a defined number of docking sites as well as 

the emission pattern of different fluorophores or lengths of imager strands. These 

experiments would allow quantitative multicolor imaging and provide oligomeric states 

of different proteins in the same protein complex. 
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Appendix 
 

 

 
Figure App.4.1.2: Generation of the DNA-linker to crosslink two fluorescent his-tagged 

proteins. (A) Reaction scheme for the production of the 30 bp DNA linker. B) Schematic 

illustration of the product. C) Agarose gel of the tris-NTA attachment to the DNA-linker. D) Size-

exclusion profile to separate free mEos3.2 molecules (green) from the DNA-linked mEos3.2 

molecules (blue). Adapted from Baldering et al (2019b). Copyright CC BY-NC-SA 3.0. 

 

 

 
Figure App.4.2.1: Comparison of model 1 and 2 of simulated monomer and dimer data. (A) 

Simulated qPALM data of monomers and dimers fitted by model 1 (orange dashed line) and 2 

(green solid line) with 𝑝 = 0.3 and 𝑑 = 0.57 (top). The residuals of model 1 and 2 are shown in 

their respective color (bottom). Adapted from (Baldering et al 2019a). Copyright CC BY 4.0. 
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Figure App.4.2.2: Determining the q-value and detection efficiency from simulated data of 

oligomers. Simulated qPALM data of dimers (A), tetramers (B), hexamers (C), and nonamers 

(D) fitted by model 1 (orange dashed line) and 2 (green solid line) with 𝑝 = 0.3 and 𝑞 and 𝑑 were 

determined from the fit. For comparison, the 𝑞-value was translated into a detection efficiency by 

equation 19. (top) The residuals of model 1 and 2 are shown in their respective color (bottom). 

Adapted from (Baldering et al 2019a). Copyright CC BY 4.0. 
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