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Zusammenfassung 

Eine große Anzahl löslicher und Membran-assoziierter Proteine bildet multimere Strukturen 

mit zwei, drei oder mehreren identischen Untereinheiten. Diese Protein-Oligomere sind an 

zahlreichen zellulären Prozessen beteiligt, einschließlich der Signalübertragung und der 

Genregulation. Die Frage, ob ein Protein ein Dimer, Trimer oder höheres Oligomer ausbildet, 

d.h. seine Stöchiometrie, ist für das Verständnis seiner Funktionalität von wesentlicher 

Bedeutung. 

Es gibt eine Vielzahl von Methoden, um die Stöchiometrie von Proteinen zu charakterisieren. 

Die Bestimmung des Oligomerisierungs-Grades von Proteinen stellt jedoch immer noch eine 

Herausforderung dar. Es gibt Verfahren, die dafür den Förster-Resonanzenergietransfer 

zwischen homotypischen Fluorophoren (homo-FRET) nutzen. Für diese Methoden ist es 

erforderlich, dass die oligomerisierenden Untereinheiten mit einer fluoreszierenden Sonde 

markiert werden. Kommt es zur Oligomerisierung, führt homo-FRET zwischen diesen 

Sonden zur teilweisen Depolarisation des emittierten Lichts – und das in Abhängigkeit von 

der Stöchiometrie des Protein-Clusters. Das Ausmaß der gemessenen Depolarisation wird 

durch die Fluoreszenzanisotropie quantifiziert.  

In dieser Studie wurden superhelikale Peptide in Fusionsproteinen mit einem grün 

fluoreszierenden Protein (GFP) fusioniert. Zur Bestimmung des Oligomerisierungs-Grades 

dieser Peptide über homo-FRET wurden zwei Ansätze auf ihre Anwendbarkeit getestet, die 

beide die Fluoreszenzanisotropie im Fließgleichgewicht nutzen. Einer der Ansätze erfordert 

Daten aus dem Fließgleichgewicht und zusätzlich Parameter, die durch zeitaufgelöste 

Experimente ermittelt wurden. Ein anderer Ansatz basiert ausschließlich auf der 

Veränderung der Anisotropie im Fließgleichgewicht nach sukzessivem Photobleichen der 

GFP-Domänen. Für die letztgenannte Technik wurde ein geeignetes theoretisches Modell 

erstellt, um den Oligomerisierungs-Grad zu berechnen. Mit Hilfe dieser Methoden konnte 

die Stöchiometrie von mehreren Modellproteinen korrekt bis zum Trimer bestimmt werden. 

Diese Arbeit präsentiert damit den theoretischen Rahmen für die Auswertung 

experimenteller homo-FRET Messungen zur zuverlässigen Unterscheidung von Monomer, 

Dimer, Trimer und höherem Oligomer. 
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Bei der Untersuchung der gebleichten GFP-Fusionsproteinen haben wir ferner festgestellt, 

dass die Bestrahlung von GFP mit blauem Licht hoher Intensität zum Abbau des Proteins 

führt. Dieser Licht-induzierte Abbau wurde bei zwei verschiedenen GFP-Varianten 

beobachtet. Zwei Spaltstellen konnten genauer identifiziert werden, am klarsten eine dem 

Fluorophor benachbarte Fragmentierungsstelle am Cα Atom an Position 65. Es ist zu 

erwarten, dass die in dieser Studie gewonnenen Erkenntnisse die Anwendung des GFP als 

fluoreszierender Reporter erweitern. Zudem ermöglichen sie eine neue Perspektive auf das 

Verhalten des GFP-Fluorophors bei extrem intensiver Bestrahlung. 
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Abstract 

A large number of soluble and membrane-associated proteins form multimeric structures 

with two, three, or more identical subunits. These protein oligomers are involved in numerous 

cellular processes, including signal transmission and gene regulation. The question of 

whether a protein interacts as a dimer, trimer, or higher oligomer, i.e. its stoichiometry, is 

essential to understand its functionality.  

There is a variety of methods to characterize the stoichiometry of proteins. However, the 

determination of the oligomeric state of proteins is still challenging. There are methods that 

use Förster resonance energy transfer between homotypic fluorophores (homo-FRET). For 

these techniques, it is necessary that oligomerizing proteins are labelled with a fluorescent 

tag. If the proteins form oligomers, homo-FRET between fluorescent labels leads to the 

partial depolarization of the emitted light, in dependence of the stoichiometry. The extent of 

measured depolarization is quantified by the fluorescence anisotropy.  

In this study, we fused α-helical coiled-coil peptides in fusion proteins with a green 

fluorescent protein (GFP) moiety. To determine the oligomeric state of the coiled-coil fusion 

proteins via homo-FRET, we tested two approaches for their applicability, both making use 

of the fluorescence anisotropy in the steady-state. One of the approaches requires steady-

state data and additional parameters gained from time-resolved experiments. The other 

approach is based solely on the steady-state anisotropy upon fractional photobleaching of the 

GFP moieties. For the latter technique, a suitable theoretical model was generated to calculate 

the oligomeric state. With the help of these methods, the stoichiometry of a number of model 

proteins could be determined accurately up to the trimer. This thesis thus provides a 

framework to evaluate experiments which reliably differentiate between monomer, dimer, 

trimer, and higher oligomer via homo-FRET.  

When studying photobleached GFP fusion proteins, we further found that the irradiation of 

GFP with blue high-intensity light leads to the degradation of the protein. This light-induced 

degradation was observed for two different GFP variants. Two cleavage sites could be 

identified more specifically, most clearly a fragmentation site vicinal to the fluorophore, at 

the Cα atom of residue 65. It is expected that insights gained in this study broaden future 
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applications of GFP and provide a new perspective on the behavior of the GFP fluorophore 

under extremely intense irradiation.   
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1 Introduction 

1.1 Studying protein stoichiometry via homo-FRET  

1.1.1 Protein oligomerization  

Most of the membrane-bound proteins in cells are associated as symmetrical oligomeric 

complexes with two or more subunits that are involved in signal transduction, the regulation 

of gene expression, antigen-antibody binding, and various other processes [1, 2]. Around 

78% of oligomers from 2 to 12 subunits in Escherichia coli exist as homooligomers, protein 

assemblies of identical subunits [1]. 

The evolutionary driving force for homooligomer formation is assumed to lie in minimizing 

translational errors, in a most effective way to genetically “store” the structural information 

of proteins on DNA level, and in a dynamic spatial and temporal regulation of protein 

function [1].  

The strength and the duration of oligomer formation can vary. There are proteins that are 

solely being found in their associated state with dissociation constants in a nanomolar range 

[3, 4]. Other protein-protein interactions have a weak or transient character, mainly existing 

as monomers and dimers with dissociation constants in micromolar dimensions [3].  

1.1.2 Coiled-coil protein domains 

Numerous protein oligomers are based on the interaction of α-helical coiled-coil domains, 

including α- and β-tubulins, the D0 domain of flagellins, the G protein subunit alpha I3, or 

members of the heat shock protein (Hsp70) family [5]. Coiled-coil domains are characterized 

by their repetitive sequence pattern, a heptad motif (abcdefg) with hydrophobic residues on 

position a and d which spans the α-helix (3.6 residues per turn) in a variable number of 

repeats [6, 7]. The contact interface between the hydrophobic residues of at least two coiled-

coil domains enhances a strong protein-protein association, further supported by electrostatic 

interactions of adjacent residues at heptad position e and g [8, 9].  

The most thoroughly studied coiled-coil domain is GCN4-p1. It is responsible for the 

dimerization of the leucine-zipper GCN4, a transcription factor in yeast (Figure 1A) [6]. 
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GCN4-p1 is forming strong dimers with a very low dissociation constant of 8 nM [10, 11]. 

Residue variations at the hydrophobic interface of GCN4-p1 (Figure 1B) alter the protein 

stoichiometry: isoleucine residues at position a and d instead of leucine yield trimers (GCN4-

pII) while leucine residues at a and isoleucine residues at d lead to a tetrameric complex 

(GCN4-pLI) [12].  

 

Figure 1: Schematic structure of GCN4-p1, the most thoroughly studied coiled-coil peptide. A) Helical 

wheel projection of α-helical GCN4-p1. The interface forming residues at heptad position a and d are 

highlighted in residue-specific colors (Met: yellow; Leu: orange; Val: blue; Asn: purple). B) Schematic 

overview of the GCN4-p1 interface. Hydrophobic side-chains form the characteristic zipper-like structure. Next 

to the schematic peptide structure, the coiled-coil radius (distance between the center of the coiled-coil and the 

center of the α-helix) and the pitch (length of the interacting helices) are indicated [13].  

 

Over the past two decades, the Woolfson laboratory generated a group of de novo coiled-coil 

peptides with various oligomeric states (CC-Di, CC-Tri, CC-Tet, CC-pent, etc.) [14, 15]. 

Besides this group of de novo coiled-coil oligomers, Woolfson et al. further presented the 

publicly accessible tool CCbuilder to create coiled-coils from sequence-to-structure [16, 17]. 

The stoichiometry of several of these de novo peptides was experimentally examined as their 

coiled-coil sequences were integrated in fusion proteins [18]. In their study, the majority of 

the oligomeric states of coiled-coil sequences in chimeric proteins surprisingly did not 

coincide with the crystal structures of their isolated form. Therefore, it is essential to 

experimentally evaluate the stoichiometry of fusion protein containing embedded coiled-coil 

sequences. 
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1.1.3 Techniques resolving protein stoichiometry 

There are numerous techniques to investigate the stoichiometry of proteins. Sedimentation 

equilibrium- and sedimentation velocity analytical ultracentrifugation are two of the oldest 

methods to determine the mass and the stoichiometry of soluble macromolecular 

assemblies [19-22]. They are both technically demanding and require a considerable extent 

of expertise [23]. Size-exclusion chromatography (SEC) or gel filtration is another common 

technique that enables the separation of oligomeric protein complexes in solution by their 

size [12, 18, 24]. By using native polyacrylamide gel electrophoresis (PAGE), assemblies of 

folded and associated proteins can be separated, too, as proteins migrate through a 

polyacrylamide gel to the anode solely driven by their intrinsic charge (colorless-native) or 

by the charge of an associated dye, i.e. Coomassie Brilliant Blue-G250 (blue-native) [25-27]. 

Other approaches involve chemical crosslinking, for instance via copper(II) (1,10-

phenanthroline) [23, 28, 29], dynamic light- and X-ray scattering [30-32] and the 

determination of high-resolution structures, namely by nuclear magnetic resonance (NMR) 

spectroscopy and X-ray crystallography [33-37]. 

1.1.4 Fluorescence-based methods, homo-FRET, and fluorescence 

anisotropy 

A further alternative to investigate the stoichiometry of interacting proteins are Förster 

resonance energy transfer (FRET) based methods where the complex-forming proteins have 

to be labeled with fluorophores of overlapping emission/absorption spectra [38-43]. Only if 

the donor and the acceptor fluorophore are in spatial proximity (< 10 nm) FRET can 

occur  [44]. By the beginning of the 1990s, the usage of FRET-based techniques to resolve 

protein-protein interactions was declining as high-resolution structure elucidation became 

more and more significant. With the expansive adoption of fluorescent proteins into 

biochemical practice, however, FRET-based techniques were revived [40]. This could be 

mainly ascribed to an effective “en passant” labeling of proteins by expressing them in fusion 

proteins together with a fluorescent protein tag and to new possibilities to observe protein-

protein interaction in vivo.  

For characterization of the oligomeric state of a protein cluster, FRET between identical 

fluorophores (homo-FRET) can be applied. The usage of homo-FRET facilitates the labeling 

process as the cluster forming proteins have to be labeled with only one kind of fluorophore. 
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Contrasting classical FRET between heterogeneous fluorophores, homo-FRET can be 

detected by exploiting differences in the fluorescence anisotropy (Figure 2). The 

fluorescence anisotropy is defined by the extent of the emission that is polarized parallel and 

perpendicular to the excitation direction. The degree to which the emission is depolarized 

depends on the transition dipole moment change between excitation and emission, thus on 

molecular rotation [45] and the number of fluorophores interacting via homo-FRET [46]. 

With an increased number of interacting fluorophores, the fluorescence anisotropy 

decreases  [46]. The fluorescence anisotropy can be quantitatively determined by resolving 

its decay after excitation at a nanosecond time scale, referred to as time-resolved anisotropy, 

or by integrating parallel- and perpendicular-polarized emission for a way longer time 

interval of hundreds of milliseconds, called steady-state anisotropy [47]. Time-resolved 

anisotropy analysis further yields insight in the rotational correlation times of the observed 

fluorophore, as well in homotransfer rates under certain circumstances [48]. 

 

Figure 2: Schematic representation of homo-FRET between two fluorescent proteins and its effect on 

steady-state anisotropy. A) A fluorescent protein is excited with polarized light (at excitation wavelength λex; 

blue arrow). After being excited, the fluorophore emits light polarized parallel and perpendicular to the 

excitation polarization direction (at emission wavelength λem; green arrows). In the absence of homo-FRET, the 

extent of polarized emission perpendicular to the excitation light (↔) is only depending on the orientation 

change due to molecular rotation since the depolarization correlates with the transition dipole moment 

difference between excitation and emission. B) If two proximal fluorophores of the same kind interact via homo-

FRET, the extent of perpendicular (↔) polarized emitted light is increased. C) The ratio between parallel (↕) 

or perpendicular (↔) polarization orientation of the emitted light is commonly expressed as fluorescence 

anisotropy. The fluorescence anisotropy is a reporter for homo-FRET. It decreases with the number of 

fluorophores interacting via homo-FRET [46] and can be determined experimentally.  

 

There were plenty of applications in the past where homo-FRET and fluorescence anisotropy 

helped to characterize protein oligomerization. In several in vivo studies, fluorescence 

anisotropy microscopy contributed to quantify clusters of glycosylphosphatidylinositol-

anchored proteins [49-51]. In other publications, a flow-cytometric method using homo-
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FRET characterized the epidermal growth factor receptor as a homodimer with a dynamic 

transition to higher-order complexes [52]. In an in vitro approach, homo-FRET was used to 

classify the number of fluorescent proteins artificially assembled by an oligonucleotide 

framework [53, 54]. Furthermore, recording the behavior of fluorescence anisotropy upon 

progressive photobleaching could determine the formation of higher-order complexes of the 

membrane-integrated serotonin1A receptor, tested in Chinese hamster ovary cells [55]. More 

recently, homo-FRET and anisotropy helped to characterize the stoichiometry of lysozyme, 

labeled with a small organic dye, associated on large unilamellar vesicles [56].  

Evaluating protein oligomerization via fluorescence anisotropy can be methodically achieved 

by time-resolved anisotropy and by steady-state anisotropy analysis. In an intriguing work, 

Runnels and Scarlata delivered a fundamental model to resolve the stoichiometry of 

fluorophore-labeled, cluster forming proteins by fluorescence anisotropy [46]. Their model 

comprises several parameters that can only be determined via time-resolved anisotropy. 

Unfortunately, this requires measurements with sophisticated instrumentation. To 

circumvent time-resolved analysis, an alternative approach has been proposed by Yeow and 

Clayton [57]. It uses the steady-state anisotropy of fractionally fluorophore-labeled proteins 

to resolve their stoichiometry (Figure 3A). In the past, this theoretical framework has been 

used to characterize the oligomeric state of membrane-associated proteins, for instance 

lysozyme on the surface of large unilamellar vesicles [56], and integral membrane proteins, 

such as serotonin1A receptors [55] and epidermal growth factor receptors [58].  

Both approaches, the one by Runnels and Scarlata and the one by Yeow and Clayton, can be 

very useful in order to systematically determine the oligomeric state of fluorescently labelled 

fusion proteins. Hence, we want to test both theoretical frameworks for their applicability. 

For this purpose, we use oligomerizing coiled-coil sequences integrated in chimeric proteins, 

together with a fluorescent protein domain (Figure 3B). This will deliver insights into the 

methods’ resolving power, its limitations, or a possible necessity for calibration which then 

can be translated in order to resolve other proteins’ stoichiometry. 
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Figure 3: Characterizing the oligomeric state of fluorophore labeled protein clusters from steady-state 

anisotropy 𝒓𝑺𝑺 and fractional photobleaching. A) The steady-state anisotropy response for fractionally 

photobleached cluster of fluorophores provides an insight into protein stoichiometry without the extensive 

knowledge of photophysical parameters. Fractionally photobleaching a complex of fluorophores that interact 

via homo-FRET can be perceived as gradually removing participants from the complex. According to 

theoretical background by Yeow and Clayton [57], the steady-state anisotropy behavior is dependent on the 

stoichiometry of fluorophore-labeled proteins. For an increased fraction of inactive fluorophores 𝑥, the steady-

state anisotropy 𝑟𝑆𝑆 behaves stationary for monomers, linear for dimers, and exponential for trimers and higher 

oligomers. B) Schematic concept of a fusion protein reporter system to characterize coiled-coil stoichiometry. 

The labeling of cluster-forming proteins with a fluorophore is achieved by linking the coiled-coil sequence 

covalently to a fluorescent protein domain in a chimeric protein. When coiled-coil domains assemble, 

fluorescent reporters are in proximity and interact via homo-FRET which alters the polarization of the emitted 

light. Thus, the measured steady-state anisotropy decreases with the number of interacting fluorophores 𝑁 [46].   
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1.2 Green fluorescent protein – an appropriate fluorophore for a 

homo-FRET reporter system 

Green fluorescent protein (GFP) is a very common fluorescent probe used not only in 

numerous biochemical assays but also in homo-FRET reporter systems [49, 51, 59].  

The fluorophore of GFP is formed spontaneously by protein folding which is its most striking 

feature [47, 60]. Once being expressed in host cells, GFP matures in three distinct kinetic 

steps: (i) relatively slow protein folding (𝑡½ = 10 min), (ii) formation of imidazolinone 

(cyclization) by the nucleophilic attack of the amide of Gly67 on the carbonyl of residue 65 

(𝑡½ = 3 min), (iii) and oxidation of the chromophore (𝑡½ > 19 min) (Figure 4) [61, 62].  

 

 

 

Figure 4: Maturation of GFP consists of protein folding, forming of imidazolinone, and oxidation. The 

maturation of superfolder GFP (sfGFP) is depicted as it has a threonine residue at position 65. The three 

neighboring residues Thr65, Tyr66, and Gly67 are rearranged during protein folding. Nucleophilic attack of the 

amide of Gly67 on the carbonyl of Thr65 leads to cyclization with a subsequent dehydration. Only in the 

presence of molecular oxygen, the fluorophore can finally mature by oxidation [63]. Thereby, the chromophore, 

a π-conjugated system (green), is formed between the phenol group of Tyr66, the linking methylene bridge, and 

the emerged imidazolinone.  
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1.2.1 The variety of fluorescent proteins 

GFP was first found in extracts from the jellyfish Aequorea victoria in 1962 [64]. However, 

little is known about its biological function. Fluorescent proteins might have a 

photoprotective role for cnidarian organisms such as corals or jellyfishes [65]. More than 30 

years after the first characterization on a protein level, Chalfie et al. could express functional 

GFP in Escherichia coli [60], enabling the application of GFP as a fluorescent probe to a 

broad scientific field [66-69].  

Drawing enormous scientific interest in the past decades, GFP has been adjusted to 

experimental demands by mutating several residues. A brighter enhanced variant of GFP 

(EGFP) was developed changing Phe64 to Leucine and Ser65 to Threonine [70-72]. F64L 

and S65T mutations led to better protein solubility and an increased fluorescence intensity 

with an excitation peak at 488 nm and the emission maximum at 511 nm (Figure 5) [70, 73, 

74]. Based on EGFP and wild-type GFP, numerous mutants have been established: 

A photoactivatable variant of GFP, pa-GFP [75, 76], a cysteine-free version of GFP, cfGFP, 

that is not affected by oxidative pressure [77], or red-shifted versions including the popular 

variant Venus [78, 79] are only selected examples among 110 descendants of wild-type 

GFP [80].  

By altering the GFP sequence on several positions, Pédelacq et al. could develop a 

superfolder variant of GFP (sfGFP) that reduces the maturation half time by half compared 

to wtGFP [81, 82]. sfGFP is differing from EGFP in ten positions (S30R, Y39N, R80Q, 

F99S, N105T, Y145F, M153T, V163A, I171V, and A206V) (Figure 5B) and folds even in 

fusion with poorly folding and interfering peptides. Most prominently, the mutation of 

A206V disrupts the hydrophobic patch formed by Ala206, Leu221, and Phe223 [83], and 

thereby reduces the intrinsic dimerization of GFP [81].  

The majority of the constructs in this thesis hold sfGFP as the fluorescent domain. As another 

fluorescent reporter, some of the fusion proteins hold an EGFP variant by Stauber et al. [84]. 

This EGFP version differs from the common variant by Cormack et al. in T65C and I167T 

and has its excitation and emission peaks at 479 nm and 507 nm, respectively [74]. 
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Figure 5: Sequence alignment of GFP [60], EGFP [84], and sfGFP [81]. Differing residue positions among 

the aligned proteins are marked red. The underlined three residues are forming the chromophore. Grey areas 

represent sequences which fold into beta sheet structures.  

 

After introducing GFP to a field outside the narrow niche of marine organisms, fluorescent 

proteins of different colors were derived from Anthozoa to be used in molecular biology, 

most prominently DsRed and “mFruit” variants [85-87]. To date, there are over 490 

published fluorescent reporter proteins differing in structure, brightness, maturation, and 

decisively excitation and emission wavelength [80]. Color modification in fluorescent 

proteins is mainly achieved by changing the extent of the π-systems or by different 

protonation states of the chromophore [63, 69].  

1.2.2 The application of GFP in a homo-FRET reporter system 

Nevertheless, out of the diverse color palette of fluorescence proteins only a handful are 

commonly used in molecular biology and biochemistry, four presented and compared  

in Table 1. 

In the past, other groups used concatenated Venus concatemers as standards for protein 

complexes labeled with fluorescent proteins [88, 89] or concatenated EGFP domains as 

standards for intracellular fluid dynamics [90]. Alternatively, a common reporter for gene 

expression mCherry could also be considered as a possible concatemer basis.  

In this study, we decided to use sfGFP because it outcompetes Venus, EGFP, and mCherry 

as the appropriate fluorescent reporter. The yellowish GFP variant Venus has a small Stokes 

shift of 13 nm which is beneficial for an efficient homo-FRET resonation. However, it is 

outweighed by sfGFP in Förster distance and quantum yield [79, 80, 89, 91]. Compared to 

sfGFP, EGFP is in an inferior position particularly because of its weak brightness. mCherry 



10 | Introduction 

 

has a poor quantum yield (QY), an equally weak brightness, a larger Förster distance, and a 

long maturation time [80, 92]. It tends to be inappropriate for biophysical studies while its 

qualities may lie in the cell biological assays.  

Table 1: Benchmark parameters for commonly used fluorescent proteins in molecular biology 

 
λex 

(nm) 1 

λem 

(nm) 2 

Stokes  

shift (nm) 

𝑹𝟎  

(nm) 3 

EC 

(cm-1M-1) 4 
QY 5 Brightness 

m𝒕½  

(min) 6 

EGFP 488 507 19 4.6 55,900 0.6 33.54 14.5 

sfGFP 485 510 25 4.6 83,300 0.65 54.15 13.6 

Venus 515 528 13 5.3 92,200 0.57 52.55 17.6 

mCherry 587 610 23 5.1 72,000 0.22 15.84 37 

 
1 Excitation wavelength. 2 Emission wavelength. 3 Förster radius / distance. 4 Molar attenuation / extinction 

coefficient. 5 Fluorescence quantum yield. 6 Maturation half-life. 

 

1.2.3 The irreversible photobleaching of fluorescent proteins and its relation 

to photodegradation 

Yeow and Clayton presented a method that is based on homo-FRET and requires the 

fractional and irreversible photobleaching of the fluorescent probe such as GFP 

(Figure 3A)  [57]. In stark contrast to organic fluorophores, the photobleaching process of 

fluorescent proteins, particularly GFP, is still poorly studied [69]. While most of microscopy 

related techniques necessarily rely on fluorescent proteins that are robust against 

photobleaching, several techniques utilize the reversible (“blinking”) and irreversible loss of 

fluorescence of fluorescent proteins [57, 93-96]. Reversible photobleaching of GFP is neither 

depending on the solution’s oxygen content, nor on triplet state quenchers [97] but on cis-

trans photoisomerization with altered protonation states [98-100].  

The mechanistic and photophysical understanding of irreversible photobleaching of 

fluorescent proteins, however, is rudimentary. At present, irreversible photobleaching is 

presumed to be caused by the permanent structural change or deformation of the 

chromophore [69].  

In several studies on the photoswitchable fluorescent protein IrisFP, Adam et al. found that 

photobleaching of fluorescent proteins and formation of radicals at the fluorophore are 
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associated [101-104]. Fluorophores that were irradiated with X-rays or high-intensity visible 

light exhibited “photodamage” at the Cα-C5 π-bond of the methylene bridge which could be 

detected with Raman spectroscopy [101]. Strong illumination results in a radical intermediate 

state leading to an irreversible structural deformation, i.e. the decarboxylation of vicinal 

Glu212 and the distortion of the former phenol group, now sp3-hybridized (Figure 6) [69, 

103]. 

 

Figure 6: The proposed mechanism of the irreversible photobleaching of fluorescent proteins according 

to Adam et al. [101, 103].  By absorbing a high-energy photon, a fluorophore electron is brought from the 

ground (S0) to an excited singlet state (S1). As the electron relaxes to the ground state, a photon is emitted. After 

the excitation to S1, a subsequent conversion to an excited triplet state T1 and the relaxation from T1 to S0 is 

possible. Findings by Adam et al. show that fluorescent proteins might undergo radical formation (R●) when 

they are heavily illuminated over a certain time period. These fluorescent proteins partly exhibited 

“photodamage” at the Cα-C5 π-bond of the methylene bridge and a distorted former phenol group. The protein 

cannot be excited anymore and irreversibly lost its fluorescence.   

 

Massive structural deformation as a result of strong energetic irradiation is not exceptional 

for fluorescent proteins as there are several photoswitchable variants that undergo backbone 

breakage after near-UV irradiation. Most prominently, Kaede [105-107], EosFP [108] and 

IrisFP [109] exhibit fragmentation near the chromophore which leads to altered π-systems 
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and red-shifted emission spectra in their “photoswitched” form. For GFP in particular, 

backbone fragmentation has only been detected for a very exotic variant with fluorophore 

residues Ala65, Ser66, and Gly67 by Barondeau et al. [110] (Figure 7). 

 

 

 

Figure 7: The proposed mechanism of GFP-Ala65-Ser66-Gly67 fragmentation according to 

Barondeau et al. [110]. The GFP variant GFP-Ala65-Ser66-Gly67 was incubated at 85 °C for 10 minutes. In 

denaturing polyacrylamide gel electrophoresis, fragments of 7 kDa and 20 kDa could be detected which 

indicated a fragmentation at the fluorophore. Barondeau et al. suggest an imine-enamine tautomerization (red 

marked region) and a final ejection of water as the reason for the backbone cleavage.   

 

After heating the GFP variant, they could detect two different sized peptide fragments with 

approximately 7 kDa and 20 kDa in denaturing polyacrylamide gel electrophoresis. Their 

proposed mechanism comprises imine-enamine tautomerization (Figure 7). Barondeau et al. 

assumed that a similar tautomerization in (fluorescent) versions of GFP that hold an aromatic 

side-chain at the fluorophore center (sfGFP: Tyr66) would remove the connecting methylene 

bridge between the phenol and the imidazolinone. Due to the high energetic costs, they 

suggest that a backbone fragmentation, as they observed for the GFP-Ala65-Ser66-Gly67 

variant, could not be possible for wild-type GFP or its conventional variants. 

GFP can be used as a reporter protein in fluorescence anisotropy-based methods that involve 

the irreversible photobleaching of the fluorophore. Besides its undeniable advantages that 

were highlighted above, GFP and its relatives are apparently put in jeopardy of structural 

alteration when heavily irradiated or photobleached with high intensity. It is of interest 

whether fragmentation and backbone cleavage can be observed for ordinary GFP variants, 

such as EGFP and sfGFP, and how this affects the homo-FRET photobleaching approach. 
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2 Motivation 

Anisotropy-based methods help to characterize the stoichiometry of fluorescently labeled 

protein assemblies. This could already be demonstrated for individual proteins in the past, 

mostly by using sophisticated equipment such as fluorescence microscopes and single-

molecule resolving set-ups.  

In this thesis, we wanted to test the applicability of anisotropy-based approaches to 

systematically study the oligomeric state of cluster-forming proteins. As a test system of 

choice, we intended to resolve the stoichiometry of oligomerizing coiled-coil proteins. To 

extend the application for these approaches, a novel methodic framework had to be 

developed, optimally requiring relatively simple equipment only.  

As a fluorescent label, we intended to use the superfolder variant of GFP that is known to 

mature rapidly, to be bright, and to have a good quantum yield. Before testing non-covalently 

assembled protein complexes, a series of fusion proteins with concatenated sfGFP was to 

give first insights whether it is possible to differentiate between multiple sfGFP 

stoichiometries via fluorescence anisotropy. sfGFP concatemers could serve as model 

proteins to define important biophysical parameters and to elicit resolution limits for both, 

time-resolved and steady-state anisotropy. Moreover, it had to be tested whether existing 

theoretical models could interpret the observations made in our experiments correctly.  

After clarifying these open questions, the stoichiometry of coiled-coil peptides was to be 

investigated via fluorescence anisotropy. Therefore, fusion proteins containing GFP and 

coiled-coil sequences had to be generated and analyzed. Besides classical biochemical 

approaches, this analysis had to comprise fluorescence anisotropy measurements with 

sophisticated and relatively simple instrumentation. At best, an oligomeric state 𝑁 was to be 

determined from the fluorescence anisotropy. This could possibly be achieved with a 

combination of recording the steady-state anisotropy and fractionally photobleaching the 

GFP moiety.  

In a parallel study, it had to be evaluated whether a fractionally photobleached GFP exhibits 

“photodamage” that was observed in the past for heavily irradiated fluorescent proteins. If 

GFP was affected by high-intensity illumination, the structural consequences had to be 
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specified. Furthermore, this could shed light on the poorly understood phenomenon of 

irreversible photobleaching of fluorescent proteins.  

Conclusively, this study aimed to be a blue print of generating a test system for the 

investigation of small oligomerizing peptide sequences in fusion proteins, exploiting GFP 

reporters via homo-FRET. Beyond coiled-coil oligomerization, we intended this thesis to be 

the cornerstone for further projects where the stoichiometry characterization of – for instance 

– complex-forming transmembrane domains could be achieved.
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3 Theory 

3.1 Fluorescence anisotropy 

Fluorescence anisotropy 𝑟 is based on the principle of photoselective excitation of 

fluorophores by polarized light [47]. Fluorophores with an absorption transition dipole 

moment oriented parallel to the polarized exciting light are photoselected. The resulting 

fluorescence emission also occurs with a fixed transition dipole moment. The relative angle 

between these transition dipole moments determines the measured anisotropy.  

Fluorescence anisotropy is maximal (r = 0.4) if the emission transition dipole moment is 

oriented parallel to the absorption dipole moment. With angles of 54.7° or 90° between 

absorption and emission dipole moment, anisotropy is decreased to 𝑟 = 0 or to minimally 

𝑟 = -0.2, respectively [47]. The relative angle between the transition dipole moments is also 

a function of how fast a fluorophore rotates during its fluorescence lifetime. This relation can 

be expressed by the Perrin equation for anisotropy as a function of fluorescence 

lifetime  [111]: 

 𝑟(𝜏) =  
𝑟0

1 +  𝜏 ⋅  𝜙−1
  (1) 

where 𝑟0 is the intrinsic anisotropy of the fluorophore, 𝜏 is the fluorescence lifetime, and 𝜙 

is the rotational correlation time. The rotational correlation time is defined by the time the 

fluorophore needs to rotate 1 rad = 57.3°. The intrinsic anisotropy can maximally be 0.4. 

Small and fast tumbling fluorophores with short rotational correlation times experience a 

larger change in transition dipole moments and thus a stronger depolarization. Anisotropy is 

decreased. For bigger, slowly rotating fluorophores, such as the fluorescent proteins, 𝜙 is 

much longer than 𝜏. 

Experimentally, fluorescence anisotropy can be determined for fluorophores in the steady 

state. The steady-state anisotropy 𝑟𝑆𝑆 is defined by: 

 
𝑟𝑆𝑆  =  

𝐼𝑝𝑎𝑟  −  𝐺 ⋅  𝐼𝑝𝑒𝑟

𝐼𝑝𝑎𝑟  +  2 ⋅  𝐺 ⋅  𝐼𝑝𝑒𝑟
  (2) 
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Where 𝐼𝑝𝑎𝑟 and 𝐼𝑝𝑒𝑟 are the fluorescence intensities measured at parallel or perpendicular 

orientations relative to the polarized excitation. G is a calibration factor and describes the 

ratio of detection sensitivity for parallel and perpendicular polarized light. 

3.2 Homo-FRET and time-resolved anisotropy 

Besides rotational diffusion of the fluorophores, fluorescence anisotropy is affected by the 

extent of homo-FRET between interacting fluorophores. Homo-FRET is depending on the 

spatial orientation and the distance 𝑅 between donor and acceptor fluorophore. If the distance 

between two resonating fluorophores equals the Förster distance 𝑅0, homo-FRET is half-

maximal. Förster distances can vary significantly. For GFP-GFP homotransfer, the Förster 

distance is 𝑅0 = 4.6 nm [49, 112]. Homo-FRET can be quantitatively described by the 

homotransfer rate 𝑘𝐹𝑅𝐸𝑇: 

 
𝑘𝐹𝑅𝐸𝑇  =

1

 𝜏
⋅ (

𝑅0

𝑅
)

6

 (3) 

where 𝑅0 is the Förster distance and 𝑅 is the distance between interacting fluorophores. 

Additionally, 𝑘𝐹𝑅𝐸𝑇 is a function of the homo-FRET efficiency E [113]. It is then defined by: 

 
𝑘𝐹𝑅𝐸𝑇  =

1

 𝜏
⋅

𝐸

(1 − 𝐸)
 (4) 

The homotransfer rate 𝑘𝐹𝑅𝐸𝑇 can be determined from time-resolved anisotropy analysis. 

Observing the anisotropy decay of a single molecule on a nanosecond time scale allows the 

discrimination between the effect of fluorophore rotation and the effect of homo-FRET. The 

anisotropy decay in the absence of homo-FRET is influenced by the molecule size and the 

viscosity of the environment. Then, the decay for a molecule without any rotational 

restrictions is defined as: 

 
𝑟(𝑡) = 𝑟0 ⋅ 𝑒

(
− 𝑡
𝜙

)
 (5) 

In this context, the intrinsic anisotropy 𝑟0 is often referred to as the maximal initial, and thus 

limiting, anisotropy after excitation.  
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In most of the cases, 𝑟(𝑡) cannot be described as a simple single-exponential function, seen 

in eq. (5), but as a multi-exponential decay [47]. Then, time-resolved anisotropy is a sum of 

multiple decays, each classified by a fractional amplitude 𝑔 and the basic structure of eq. (5). 

As practical approaches for GFP have shown [97], time-resolved data for monomeric GFP 

in the absence of homo-FRET is ideally understood with a two-rotator anisotropy model. 

Here, the anisotropy decay is affected by a slow component (with 𝜙𝑠𝑙𝑜𝑤) and a fast 

component (with 𝜙𝑓𝑎𝑠𝑡 < 2 ns), both classified by the fractional amplitude 𝑔:  

 
𝑟(𝑡) = 𝑟0 ⋅ (1 − 𝑔) ⋅ 𝑒

(
− 𝑡

𝜙𝑓𝑎𝑠𝑡
)

+  𝑔 ⋅ 𝑒
(

− 𝑡
𝜙𝑠𝑙𝑜𝑤

)
 (6) 

For large and slowly rotating fluorescent proteins, such as GFP, rotational correlation time 

𝜙 is much longer (𝜙𝐺𝐹𝑃 ≈ 20 ns [97]) than its fluorescence lifetime 𝜏 (𝜏𝐺𝐹𝑃 ≈ 2.6 ns). If 

multiple GFPs interact via homo-FRET, the rotational correlation time of the whole complex 

is even increased. In this particular case, the rotational effects can be disregarded for 

simplicity. Then, time-resolved anisotropy decay is solely dependent on the extent of homo-

FRET (“hindered rotor”) [47, 48, 51, 114] and 𝑟(𝑡) can be written as: 

 𝑟(𝑡) = (𝑟0 − 𝑟∞) ⋅ 𝑒(−2 ⋅ 𝑘𝐹𝑅𝐸𝑇 ⋅ 𝑡) +  𝑟0 (7) 

where 𝑟∞ is the anisotropy limit for 𝑡 approaching infinity. 

3.3 Homo-FRET and steady-state anisotropy 

In a complex of proximal fluorophores that interact via homo-FRET, the steady-state 

anisotropy 𝑟𝑆𝑆 can be understood as a combination of both, the intrinsic anisotropy of the 

initially excited fluorophore 𝑟1 and the anisotropy of those fluorophores that are indirectly 

excited via homo-FRET 𝑟𝐸𝑇 [46, 51].  

In case of GFP as the fluorophore, one can assume that 𝑟1 ≈ 0.3, the steady-state anisotropy 

of monomeric GFP in aqueous solution [90, 115]. The anisotropy of the indirectly excited 

fluorophores, 𝑟𝐸𝑇, is defined by their relative spatial orientation. The value of 𝑟𝐸𝑇 is close to 

zero [116] for small, randomly oriented fluorophores such as fluorescein [46]. However, it 

becomes significantly higher for less randomly organized assemblies such as complex-

forming fluorescent proteins [51].  
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According to Runnels and Scarlata [46], the steady-state anisotropy of a complex of 𝑁 

fluorophores that interact via homo-FRET can be defined as the sum of two terms, one 

incorporating 𝑟1, the anisotropy of the donor, and the other 𝑟𝐸𝑇, the anisotropy of the 

acceptors. It is inversely proportional to the number 𝑁 of interacting subunits: 

 
𝑟𝑆𝑆(𝑁) = 𝑟1 ⋅  

(1 +  𝑘𝐹𝑅𝐸𝑇  ⋅  𝜏)

(1 +  𝑁 ⋅  𝑘𝐹𝑅𝐸𝑇  ⋅  𝜏)
 + 𝑟𝐸𝑇 ⋅  

(𝑁 − 1)  ⋅  𝑘𝐹𝑅𝐸𝑇  ⋅  𝜏

(1 +  𝑁 ⋅  𝑘𝐹𝑅𝐸𝑇  ⋅  𝜏)
 (8) 

Practically, the number of interacting fluorophores 𝑁 can be calculated by experimentally 

measuring 𝑟𝑆𝑆, determining 𝑘𝐹𝑅𝐸𝑇 from time-resolved anisotropy decay, and obtaining 𝜏 from 

the fluorescence intensity decay of a single fluorophore.  

3.4 Fractional photobleaching and steady-state anisotropy 

Yeow and Clayton [57] presented an approach to determine the oligomeric state 𝑁 of 

interacting proteins by fractionally labeling the cluster with fluorophores that interact via 

homo-FRET. Experimentally, this requires the continuous determination of steady-state 

anisotropy while the fraction of labeled oligomers 𝑓 is gradually increased. A similar result 

can be achieved by gradually removing labeled protein subunits from the complex via 

fractional photobleaching.  

In this study, GFP reporters were fractionally photobleached. Therefore, Yeow and Clayton’s 

formulas can be reformed by exchanging 𝑓 with 𝑥, the fraction of photobleached, thus, 

inactive fluorophores:  

 𝑥 =  1 − 𝑓 (9) 

To determine the fraction of inactive fluorophores 𝑥 experimentally, the fluorescence 

intensity after irradiation 𝐼𝑖 at time point 𝑖 is recorded and then related to the fluorescence 

intensity of a non-irradiated control 𝐼0 at time point 0. The loss of active fluorophores due to 

irradiation 𝑥𝑖 then is: 

 
𝑥𝑖 =  

𝐼𝑖

𝐼0
 (10) 
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When an assembly of fluorophores is fractionally photobleached, subunits that interact via 

homo-FRET are progressively removed and homotransfer is reduced. As a consequence, 

steady-state anisotropy 𝑟𝑆𝑆 increases to the point where most of the complexes exhibit only 

one active fluorophore and 𝑟𝑆𝑆  stagnates at monomer level (Figure 3).  

In a first model, Yeow and Clayton described this behavior of 𝑟𝑆𝑆 upon fractional 

photobleaching as a polynomial expansion with coefficients derived from the (𝑁 − 1)th row 

of the Pascal’s triangle and with variables 𝑟𝐴, 𝑟𝐵, 𝑟𝐶, etc. yielded from an optimal fit: 

𝑁 = 2 𝑟𝑆𝑆(𝑥, 2) = 𝑥 ⋅ 𝑟𝐴 + (1 − 𝑥) ⋅ 𝑟𝐵 

(11) 

𝑁 = 3 𝑟𝑆𝑆(𝑥, 3) = 𝑥2 ⋅ 𝑟𝐴 + (1 − 𝑥) ⋅ 2𝑥 ⋅ 𝑟𝐵 + (1 − 𝑥)2 ⋅ 𝑟𝐶 

𝑁 = 4 
𝑟𝑆𝑆(𝑥, 4) = 𝑥3 ⋅ 𝑟𝐴 + (1 − 𝑥) ⋅ 3𝑥2 ⋅ 𝑟𝐵 + (1 − 𝑥)2 ⋅ 3𝑥 ⋅ 𝑟𝐶 + 

+(1 − 𝑥)3 ⋅ 𝑟𝐷 

𝑁 = 5 
𝑟𝑆𝑆(𝑥, 5) = 𝑥4 ⋅ 𝑟𝐴 + (1 − 𝑥) ⋅ 4𝑥3 ⋅ 𝑟𝐵 + (1 − 𝑥)2 ⋅ 4𝑥2 ⋅ 𝑟𝐶 + 

+(1 − 𝑥)3 ⋅ 4𝑥 ⋅ 𝑟𝐷 + (1 − 𝑥)4 ⋅ 𝑟𝐸 

 

In another approach with the focus on heterogeneous oligomers and significant fraction of 

non-interacting fluorophores, 𝑟𝑆𝑆 can be described by a simple two-state bimodal model:  

 𝑟𝑆𝑆(𝑥, 𝑁) =  𝑟1 ⋅ (𝑓𝑛𝑜𝑛 + (1 − 𝑓𝑛𝑜𝑛) ⋅ 𝑥(𝑁−1)) = 

=  𝑟1 ⋅ 𝑓𝑛𝑜𝑛  + 𝑟1 ⋅ 𝑥(𝑁−1)  −  𝑟1 ⋅ 𝑓𝑛𝑜𝑛 ⋅ 𝑥(𝑁−1)  
(12) 

where 𝑟1 is the steady-state anisotropy of the monomer and 𝑓𝑛𝑜𝑛 is the fraction of non-

interacting fluorophores. In the second line, the formula was rearranged for reasons of clarity: 

Here, the anterior part, 𝑟1 ⋅ 𝑓𝑛𝑜𝑛, describes the steady-state anisotropy for unbleached, thus, 

active fluorophores (𝑥 = 0). The succeeding part represents the change in anisotropy due to 

photobleaching (0 < 𝑥 < 1).  

This model is based mainly on geometrical considerations and becomes imprecise for fully 

assembled (𝑓𝑛𝑜𝑛 = 0) and non-bleached (𝑥 = 0) fluorophores. This inaccuracy is legitimate 
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as the formalism was created to describe the anisotropy behavior for fractional labeling 

(opposite effect, 𝑥 → 0) and heterogeneous oligomers with a significant monomer fraction. 

The most evident weakness of this formalism, however, is that it assumes that the steady-

state anisotropy for unbleached samples (𝑥 =  0) is not depending on the oligomeric state 𝑁 

(𝑟𝑆𝑆(0, 𝑁) = 𝑟1 ⋅ 𝑓𝑛𝑜𝑛) which is contrary to physical reality [46]. 

Addressing this problem, I replaced 𝑟1 ⋅ 𝑓𝑛𝑜𝑛 in eq. (12) by 𝑟𝑆𝑆 from eq. (8), which is Runnels 

and Scarlata’s version to describe the steady-state anisotropy as a function of 𝑁 subunits in 

a cluster, 𝑟𝑆𝑆(𝑁). The anisotropy as a function of fractional photobleaching 𝑥 and the 

oligomeric state 𝑁 is then defined by: 

 𝑟𝑆𝑆(𝑥, 𝑁) = 𝑟𝑆𝑆(𝑁) +  𝑟1 ⋅  𝑥(𝑁−1) − 𝑟𝑆𝑆(𝑁)  ⋅  𝑥(𝑁−1),  

𝑟𝑆𝑆(𝑁) = 𝑟1 ⋅  
(1+ 𝑘𝐹𝑅𝐸𝑇 ∙ 𝜏)

(1 + 𝑁 ⋅ 𝑘𝐹𝑅𝐸𝑇 ∙ 𝜏)
 +  𝑟𝐸𝑇 ⋅  

(𝑁−1) ⋅ 𝑘𝐹𝑅𝐸𝑇 ∙ 𝜏

(1 + 𝑁 ⋅ 𝑘𝐹𝑅𝐸𝑇 ∙ 𝜏)
  

(13) 

This advanced model is able to maintain the inversely proportional character of 𝑟𝑆𝑆  for 

increasing 𝑁. It comprises the parameters 𝑘𝐹𝑅𝐸𝑇, 𝜏, and 𝑟𝐸𝑇, which can be obtained from 

time-resolved anisotropy. 

In an alternative approach that is completely independent of these parameters, I exchanged 

𝑟1 ⋅ 𝑓𝑛𝑜𝑛 in eq. (12) with 𝑟1 ⋅
1 + 𝑎

1 + 𝑁 ⋅ 𝑎
, a simplified version of equation (8), conceived for a better 

practicability. The resulting simplified model can be written as: 

 
𝑟𝑆𝑆(𝑥, 𝑁) =  𝑟1 ⋅

1 +  𝑎

1 +  𝑁 ⋅  𝑎
+  𝑟1 ⋅  𝑥(𝑁−1) −  𝑟1 ⋅

1 +  𝑎

1 +  𝑁 ⋅  𝑎
⋅  𝑥(𝑁−1) = 

=   𝑟1 ⋅ (
1 +  𝑎

1 +  𝑁 ⋅  𝑎
+  𝑥(𝑁−1) ⋅

𝑎 ⋅ (𝑁 − 1)

1 +  𝑁 ⋅  𝑎
) 

(14) 

This term defines 𝑟𝑆𝑆 as inverse proportional and introduces parameter 𝑎, which can be 

determined empirically from 𝑟𝑆𝑆  for fractionally photobleached reference proteins. The 

parameters 𝑘𝐹𝑅𝐸𝑇, 𝜏, and indirectly 𝑟𝐸𝑇 in eq. (8) are represented solely by the empirically 

determined parameter 𝑎 which makes the simplified model completely independent from 

parameters gained from time-resolved anisotropy analysis.  
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3.5 Molecular diffusion 

The diffusion coefficient of spherical particles, at very low Reynolds numbers, is a function 

of the temperature, the medium viscosity, and the particle size [117]:  

 
𝐷 =  

𝑘𝐵 ⋅ 𝑇

6𝜋 ⋅ 𝜂 ⋅  𝑅𝑀
  (15) 

where 𝑘𝐵 is Boltzmann’s constant, 𝑇 is absolute temperature, 𝜂 is the dynamic viscosity of 

the medium, and RM is the molecular radius which is the cube root of the molecule volume, 

∛𝑉𝑀.  

Assuming a globular shape for a concatemer of equally sized protein domains, such as GFP, 

𝑉𝑀 is directly proportional to the number 𝑁 of concatenated domains. For comparing 

concatemer systems of different stoichiometries, 𝑁 can be expressed as the molecular weight 

of a protein 𝑀𝑊 minus the weight of non-repeated elements 𝑀𝑊𝑛𝑜𝑛, such as protein tags 

used for identification and purification, divided by the weight of one repeated protein domain 

𝑀𝑊𝑟𝑒𝑝. According to that, 𝑁 =  
𝑀𝑊 − 𝑀𝑊𝑛𝑜𝑛

𝑀𝑊𝑟𝑒𝑝
. 

For room temperature (𝑇∞ = 25 °C) and constant 𝜂∞ (= 0.89 mPa·s; water at room 

temperature) and concatemers with gradually repetitive protein domains, the diffusion 

coefficient 𝐷 in dependence of the protein’s molecular weight 𝑀𝑊 can be expressed by:  

 
𝐷(𝑀𝑊) = 𝐷1 ⋅  

1

√𝑁
3  = 𝐷1 ⋅  

1

√
𝑀𝑊 − 𝑀𝑊𝑛𝑜𝑛

𝑀𝑊𝑟𝑒𝑝

3

  
(16) 

with 𝐷1 as the diffusion coefficient of the concatemer with only one protein domain.
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4 Methods 

The buffers used for experiments in this dissertation were mostly prepared with deionized 

water (dH2O). Their composition is listed in non-indexed tables next to the respective 

experiment. If a buffer was not prepared with dH2O it is indicated in the table. All chemicals 

that were used for the buffers were purchased from Applichem (Darmstadt, Germany), 

Sigma-Aldrich (St. Louis, MO, USA), and Carl Roth (Karlsruhe, Germany) if no other 

distributor is specified. Restriction endonucleases were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA) or New England Biolabs (Ipswich, MA, USA). The 

consumable lab equipment was acquired from Sarstedt (Nürnbrecht, Germany). 

4.1 Plasmid design and construction 

Constructs that contain a sfGFP domain are based on pET28a plasmids (Novagen, Merck, 

Darmstadt, Germany; Cat.-No: 69864-3; kind gift by Dr. Kathrin Castiglione, Technical 

University of Munich). In order to construct 1xGFP as the genetic basis for all other fusion 

proteins, a synthetic reading frame was used (BioCat, Heidelberg, Germany). The reading 

frame contained (i) a variant of the Nano-tag (DVEAWLGAR) for immunoblot 

detection  [118]; (ii) sfGFP [81]; (iii) the 22 amino acid (aa) long glycine/serine-based 

flexible ‘linker A’; (iv) a Tobacco Etch Virus (TEV) protease recognition site (ENLYFQG) 

[119]; (v) a 26 aa long glycine/serine -based flexible ‘linker B’; (vi) a cysteine for potential 

labeling; (vii) a variant of the FLAG-tag (YKGDYKDHDG); (viii) and a polyhistidine-tag 

(xtHis, HNHHGHHNHHHHHH) (Figure 8). The sequences coding for all elements are all 

separated by unique restriction sites.  

The reading frame, initially on a pUC57 vector, was cloned into the multiple cloning site of 

an empty pET28a via restriction based cloning with the enzymes NcoI and XhoI. The 

constructs 2xGFP, 3xGFP, 4xGFP, and 5xGFP were generated from 1xGFP by repeated 

restriction based tandem cloning with XbaI / PstI and SpeI and PstI. The constructs sfGFP-

GCN4-p1, sfGFP-GCN4-pII, and sfGFP-ph3a were generated by exchanging the TEV 

protease cleavage site of 1xGFP with the respective coiled-coil sequences using cassette 

cloning with restriction enzymes NheI and BamHI. Moreover, the N-terminal Nano-tag was 

replaced by an N-terminal xtHis sequence via restriction-free, PCR-based cloning. All 



 23 

 

cloning procedures were monitored via restriction digestion or colony PCR control and a 

subsequent DNA sequencing control.  

Plasmids with constructs EGFP, EGFP-CC-Di, EGFP-CC-Tet, and EGFP-CC-Pent [18] 

were gently provided by Ajitha Cristie-David and Neil Marsh, University of Michigan. 

4.1.1 Transformation of competent Escherichia coli with plasmid DNA  

Chemical competent Escherichia coli (E. coli) cells were transformed with the plasmid DNA 

via heat shock protocol. To generate competent E. coli chemically, the protocol by Chung et 

al. was used [120]. Therefore, lysogeny broth (LB) medium was prepared with ingredients 

as listed below and autoclaved before the usage. A volume of 100 mL prewarmed LB 

medium, containing 12.5 μg/mL tetracyclin (Serva, Heidelberg, Gernmany) for E. coli XL1-

Blue and no antibiotic for E. coli BL21(DE3), was inoculated with a 1 mL overnight culture 

of the respective E. coli strain. 

Table 2: Escherichia coli strains used in this thesis. 

Strain Genotype 

XL1-Blue recA1, endA1, gyrA96, thi, hsdR17(rK
-, mK

+), supE44, relA1, lac,  

[F′, proAB+, laclqZ∆M15, ::Tn10(Tetr)] 

BL21(DE3) F-, ompT, hsdSB, (rB
-, mB

-), dcm, gal, λ(DE3) 

BL21(DE3) pLysS F-, ompT, hsdSB, (rB
-, mB

-), dcm, gal, λ(DE3), pLysS CmR 

 

While continuously measuring the optical density at λ = 600 nm (OD600) via Ultrospec 

3100pro photometer (Amersham Biosciences, Amersham, UK), the culture was incubated in 

a volume of 250 mL at 37 °C and 140 rpm until it reached OD600 = 0.3. The cells were cooled 

on ice for 10 minutes and centrifuged for 10 minutes at 1000 xg and 4 °C (Hermle Z513K 

centrifuge, Wehingen, Germany). The supernatant was discharged, suspended the cell pellet 

in 10 mL of fresh, cold, and sterile TSS buffer, generated aliquots of 100 µL, and 

subsequently froze the aliquots in liquid nitrogen to be stored at -80 °C.  

For the transformation, the chemical competent cells were thawed on ice for 15 min. Heating 

steps were carefully avoided. Plasmid DNA was added to the cells, still remaining cooled on 

ice. Around 100 ng of plasmid DNA were sufficient to finally reach over 1000 positive 

clones. After an incubation of 30 minutes, the cells were heat shocked for 1 minute at 42 °C 

in the water bath, and again transferred to be incubated on ice for 2 minutes. Subsequently, 



24 | Methods 

 

900 µL prewarmed LB medium with 20 mM glucose were given to the cells which were then 

incubated for 60 minutes at 37 °C and constant rotation. Afterwards, 100 µL cell suspension 

was plated out on LB-agar plates (LB medium with 1.5% (w/v) agar) with the respective 

antibiotic, 35 µg/mL kanamycin sulfate (Kan, Applichem) for plasmids coding for sfGFP-

based constructs or 100 µg/mL ampicillin (Amp, Applichem) for plasmids coding for EGFP-

based constructs. 

LB medium   TSS buffer  

1.0% (w/v) NaCl  10% (w/v) PEG 3350 

1.0% (w/v) Tryptone  5% (v/v) DMSO 

0.5% (w/v) Yeast extract  0.48% (w/v) MgCl2 

   in LB medium  

 

4.1.2 Restriction-based cloning 

In a restriction-based cloning approach, a linear insert DNA and a linear vector DNA are 

both separately generated with the help of restriction enzymes. Afterwards, insert and the 

vector DNA with compatible ends are mixed for reaction. To obtain insert and vector DNA, 

a donor and an acceptor plasmid were digested with 5 U of the specific restriction 

endonucleases in respective buffers for 1h at 37 °C. After the restriction digest, insert and 

vector DNA were separated from redundant DNA fragments via agarose gel electrophoresis. 

For DNA ligation, vector DNA and insert DNA in a ratio of 1:3 were mixed with T4 DNA 

ligase (Thermo Fisher Scientific). DNA mass estimation via band strength comparison with 

a lambda phage ladder proved to be very precise when setting up the right vector to insert 

ratio. The ligation was executed over night at 10 °C.  

DNA ligation reaction  

2µL T4 DNA Ligase buffer (10x) 

50 ng  Vector DNA 

50 ng ∙ 3 ∙ length(insert) / length(vector) Insert DNA 

1 U T4 DNA Ligase 

to 20 µL dH2O 
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Sequences coding for coiled-coil peptides (Table 3) were integrated into the 1xGFP vector 

plasmid via cassette cloning. Therefore, the vector was digested using the two restriction 

enzymes NheI and BamHI whose restrictions sites frame the sequence coding for a TEV 

cleavage site in the original plasmid (Figure 8). Differently to common cassette cloning 

approaches where cassettes were generated via oligonucleotide hybridization, the synthetic 

cassettes (BioCat) were already integrated on pUC57 vectors. To obtain the cassettes, these 

pUC57 vectors were digested using NheI and BamHI. Subsequently the cassette was ligated 

with the linearized vector. Circumventing false positive clones, the control cassette ‘You 

Shall Not Pass’ (Table 3) with ApaI restriction sites was integrated beforehand. Plasmids 

without a cassette coding for a coiled-coil peptide could then be easily removed via ApaI 

digest (5 U ApaI, 60 min, 37 °C). 

 

Table 3: DNA sequence of cassettes used in this thesis.  

Cassette name Sequence (5’-3’)(bold: NheI / BamHI sites) ref. PDB 

GCN4-p1 G|CTAGCGCGGTGAGCCGTATGAAACAGCTGGAAGATAAAG

TGGAAGAACTGCTGAGCAAAAACTATCATCTGGAAAACGAA

GTGGCGCGTCTGAAAAAACTGGTGGGCGAACGTGG|GATCC 

[12] 2ZTA 

GCN4-pII G|CTAGCGCCGTTTCTCGTATGAAACAGATTGAAGATAAAA

TTGAAGAAATTCTGAGCAAAATTTATCATATTGAAAACGAA

ATTGCGCGTATTAAAAAACTGATTGGCGAACGTGG|GATCC 

[12] 1GCM 

GCN4-pAA G|CTAGCGCTGTCTCCCGTATGAAACAGGCGGAAGATAAAG

CGGAAGAAGCGCTGAGCAAAGCGTATCATGCGGAAAACGAA

GCGGCGCGTGCGAAAAAACTGGCGGGCGAACGCG|GATCC 

this 

study 

- 

ph3a G|CTAGCGCCGTATCCCGTATTTATAAAATTGAACAGAAAA

TTTATCGTATTGAACAGAAAATTTATCGTATTGAACAGAAA

ATTTATAAAATTGAACAGAAAATTTATGG|GATCC 

this 

study 

- 

‘You Shall Not Pass’ 

control 

G|CTAGCTAGGGCCCTGATTAACCGGGCCCTCACGGGCCCG

TTAAG|GATCC 

this 

study 

- 
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Figure 8: The schematic structure, the plasmid map, and the amino acid sequence of the 1xGFP 

construct. The 1xGFP vector is based on a pET28a vector. The pET28a-1xGFP plasmid contained a pBR322 

origin of replication, a resistance gene against Kanamycin (KanR), a gene for the regulator protein Rop 

responsible for DNA replication (ROP), and the open reading frame with T7 promotor and terminator. The 

reading frame was coding for domains illustrated as boxes in this figure: superfolder GFP (sfGFP; light blue), 

Nano- (purple) / FLAG- (blue) / xtHis-Tag(orange), glycine/serine-rich flexible linkers (white), and a TEV 

cleavage site (black). In later cloning steps, coiled-coil protein sequences were integrated instead of the TEV 

cleavage site. The domains illustrated as boxes were bordered by distinctive restriction sites depicted as 

triangles: XbaI (red), NheI (black), BamHI (white), SpeI (green), PstI (ochre).  
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4.1.3 Tandem cloning with cohesive restriction ends 

The plasmids for the GFP concatemers were generated via tandem cloning with cohesive 

restriction ends. With this technique it was possible to generate tandem repeats of sequences 

coding for sfGFP and linker regions, only by applying a repetitive restriction-based cloning 

approach. Therefore, a combination of the restriction enzymes PstI, XbaI and SpeI was used. 

The enzymes XbaI and SpeI leave the same overhang sequences after digestion, yet, still 

differ in their recognition site. In two separate reactions, the plasmid for 1xGFP was cut with 

XbaI and PstI to obtain an insert fragment of around 900 bp and with SpeI and PstI to receive 

a vector backbone fragment (Figure 8). The reaction products were mixed and ligated, and 

E. coli XL1-Blue were transformed with the ligation product. The generated plasmid was 

sequenced and the procedure was repeated to produce plasmids coding proteins with up to 

five concatenated GFP domains. The resulting concatemers still hold one N-terminal Nano- 

and one C-terminal xtHis-tag. The linkers between the concatenated GFP domains are equal 

in length and sequence with one TEV cleavage site each. 

4.1.4 Restriction-free, PCR-based cloning 

Using a restriction-free, polymerase chain reaction (PCR)-based cloning approach [121], the 

N-terminal Nano-tag could be exchanged for an additional, N-terminal xtHis-tag. The 

restriction-free cloning approach comprises two separate PCR steps. The first step uses a pair 

of primers that contain complementary sequences to both, the target gene that is to be inserted 

and the vector backbone. These primers are used to amplify the insert sequence from a 

template vector that holds the gene of interest.  

DNA amplification for megaprimer   Amplification process 

10 µL Phusion polymerase buffer (5x)  30 sec 98 °C  

1 µL  dNTP mix (10 mM)  10 sec 98 °C  

450 ng  Forward primer   20 sec 70 °C 30x 

450 ng Reverse primer   30 sec 72 °C  

100 ng Template DNA (insert)  5 min 72 °C  

0.5 µL Phusion polymerase (5 U)     

to 50 µL dH2O     
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To guarantee high-fidelity PCR conditions, a Phusion High-fidelity DNA Polymerase (New 

England Biolabs) and an Eppendorf Mastercycler PCR cycler (Eppendorf, Hamburg, 

Germany) was used. For the given amplification process, one can assume an insert sequence 

length of 1000 bp which can be extended in 30 seconds by the Phusion polymerase.  

In the a second PCR step, the product from the primary reaction is then used as a megaprimer. 

The terminal overhangs of the megaprimer are complementary to the sequences at the vector 

backbone which is amplified in both directions. The complementary sequences can be 

adjacent, which results in a gene insertion between the two complementary sequences, or 

distant, which leads to the deletion of the sequence in between. 

Cloning PCR  Amplification process 

4 µL Phusion polymerase buffer (5x)  30 sec 98 °C  

0.4 µL  dNTP mix (10 mM)  10 sec 98 °C  

2 µL  Megaprimer / product 1st PCR  20 sec 70 °C 16x 

100 ng Template DNA (vector)  150 sec 72 °C  

0.2 µL Phusion polymerase (2 U)   5 min 72 °C  

to 20 µL dH2O     

 

After the secondary reaction, the parental, methylated DNA was removed via DpnI restriction 

digest (5 U DpnI, 90 min, 37 °C) to maintain only DNA amplified via PCR. Without any 

ligation, E. coli XL1-blue were transformed with nicked plasmid DNA. 

4.1.5 Cloning controls 

All generated plasmids were controlled for their integrity via control digest, colony PCR, and 

sequencing. To apply a control digest, a unique restriction site was integrated into the plasmid 

during the cloning procedure to differentiate parental from newly generated plasmids. If the 

inserted DNA sequence differed in length a restriction enzyme was used with two distal 

restriction sites on the plasmid. The reaction product was investigated via agarose gel 

electrophoresis. For a colony PCR control, primers were used that were exclusively 

complementary to the inserted sequence, or in the case of different sequence lengths, those 

primers that were complementary to regions vicinal to the potentially inserted sequence. For 
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colony PCR, a Thermus aquaticus polymerase (generated in-house) was used instead of the 

purchased Phusion polymerase. For template DNA preparation, the colony of interest was 

isolated and dissolved in 10 µL dH2O. All generated plasmids were sequenced at Eurofins 

(Eurofins, Luxemburg, Luxemburg) and transferred into the plasmid bank at the institute. 

4.1.6 DNA preparation, separation, and quantification 

To isolate plasmid DNA from a single bacterial colony, cells from the colony of interest were 

transferred into a test tube with 5 mL LB medium including the respective antibiotic. The 

cultures were grown over night at 37 °C and constant rotation. For the successful isolation of 

plasmid DNA, prepacked columns and buffers of the NucleoSpin Plasmid Purification Kit 

(Macherey-Nagel, Düren, Germany) were used. The manufacture’s protocol was followed 

with all optional preparation steps. Usually, the final concentration of plasmid DNA in dH2O 

was around 150 ng/µL. 

DNA separation was achieved via agarose gel electrophoresis with a Tris-acetate/EDTA 

(TAE) buffer. For a DNA fragment resolution between 200 bp and 1000 bp, 1.5% (w/v) 

agarose in TAE buffer was used. To resolve DNA fragments between 500 bp and 8000 bp, 

we used 1% (w/v) agarose in TAE buffer. In order to cast the agarose gel, a total volume of 

50 mL with respective amount of agarose was heated it in the microwave. Afterwards, 

0.03 µg/mL ethidium bromide was added to the solution that was casted into a combined 

casting and electrophoresis system, using a comb for sample pockets. After the gel had cooled 

down, the electrophoresis chamber was filled with TAE buffer and samples, mixed with DNA 

Loading Dye (6x) (Thermo Fisher Scientific), were loaded into the cavities. Parallel to the 

loaded samples, 7.5 μL of GeneRuler 1 kb DNA Ladder, GeneRuler 100 bp DNA Ladder 

(ladder depending on the length of the investigated sample), or Lambda DNA/EcoRI + 

HindIII Marker (all of them: Thermo Fisher Scientific) were loaded into a separate lane. 

DNA fragments were separated by running the electrophoresis at 80 V for 45 min. The 

ethidium bromide stained DNA was visualized via UV light at 312 nm. 

TAE buffer (pH 8.0) 

40 mM TRIS 

20 mM Acetic Acid  

1 mM EDTA 
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In restriction based cloning, control experiments were included where DNA was separated 

via gel-electrophoresis and then extracted from the gel to be further used in subsequent 

working steps. Therefore, DNA bands were cut out thoroughly after the electrophoresis and 

purified via prepacked columns and buffers of the NucleoSpin Gel and PCR Clean-up Kit 

(Macherey-Nagel). The manufacture’s protocol was followed with all optional purification 

steps. Commonly, the concentration of DNA fragments in dH2O significantly decreased 

during this experiment.  

The isolated and purified DNA was quantified by determining its extinction at 260 nm and 

280 nm with an Ultrospec 3100pro photometer. Therefore, DNA was diluted 1:40 in dH2O 

and given into a quartz cuvette. As a blank solution, dH2O was used. For pure and isolated 

DNA, the ratio between the extinction at 260 nm and at 280 nm should optimally be 1.8. For 

samples contaminated with RNA or remaining protein, one would expect a lower or a higher 

ratio, respectively.  
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4.2 Protein expression and purification 

4.2.1 sfGFP concatemers 

Competent E. coli BL21(DE3) pLysS were transformed with the plasmids coding for 

concatemer constructs. The transformed cells were cultivated overnight at 37 °C on LB-agar 

with 35 µg/mL Kan. Selected positives clones were used to inoculate 5 mL LB medium 

containing 35 µg/mL Kan. These cultures were grown for 18 h at 37 °C under constant 

rotation. Then, the culture was diluted to 1:100 in 500 mL LB medium with 35 µg/mL Kan 

and was incubated at 140 rpm and 37 °C until an OD600 = 0.5. Expression was induced by 

adding 250 µM isopropyl-β-D-thiogalactopyranosid (IPTG). After 1 hour, the color of the 

expressing cells had been visibly changed to green. The cells were harvested by gentle 

centrifugation at 4 °C and washed twice with PBS. The resulting cell pellets were stored at -

20 °C.  

Protein purification was completely executed at 4 °C or on ice. The concatemer proteins were 

purified by a two-step purification protocol, with a primary immobilized metal ion affinity 

chromatography (IMAC) that was succeeded by a secondary anion exchange 

chromatography (AEX). Cell pellets with expressed concatemer constructs were thawed and 

resuspended in concatemer lysis buffer. The cell lysis was performed via sonication at a 

Sonifier W-250D (Branson Ultrasonics, Danbury, CT, USA) for 5 minutes with short breaks 

after every 30 seconds at half maximal amplitude. The cell debris was separated from brightly 

green proteins in solution via centrifugation at 20,000 xg for 30 minutes at 4 °C. EDTA in 

the supernatant was removed by adding 20 mM MgCl2 with an incubation of 1 h and mild 

shaking. The supernatant was then incubated with Ni-NTA resin (Macherey-Nagel) that had 

been equilibrated with concatemer IMAC buffer for 16 h under constant rotation.  

The suspension was subsequently poured into a column to elute the proteins with a constant 

flow of 2 mL/minute (Äkta system, GE Bio-Sciences, Pittsburgh, PA, USA). The column 

was washed with 5 bed-volumes of concatemer IMAC buffer containing 20 mM imidazole 

and then with 1 bed volume of concatemer IMAC buffer without imidazole. For elution of 

the concatemer constructs, the imidazole concentration was gradually increased until the 

green fluorescent construct visibly dissociated from the Ni-NTA material. The imidazole 

concentration was kept constant to the point where the elution of the constructs seemed to be 
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complete (usually between 200-300 mM). The eluate was dialyzed against concatemer AEX 

buffer (1 mL against 100 mL, 3 changes, 24 h) in order to eliminate NaCl and imidazole. For 

a secondary purification step, the sample was incubated with Q sepharose Fast Flow (GE 

Bio-Sciences), equilibrated with concatemer AEX buffer, under constant rotation for 3 h. 

Again, the suspension was given into a column, washed with concatemer AEX buffer until 

the concentration of NaCl was stepwisely increased to 500 mM NaCl. Brightly green eluate 

containing the concatemer constructs was finally dialyzed against concatemer sample buffer 

(1 mL against 100 mL, 3 changes, 24 h). The protein concentration was determined via GFP 

absorption measurements. The purified concatemer proteins were frozen in liquid N2 and 

stored at -80 °C for further experiments. 

Concatemer lysis buffer (pH 8.0)  Concatemer IMAC buffer (pH 8.0) 

300 mM NaCl  20 mM NaCl 

50 mM NaH2PO4 / Na2HPO4  50 mM NaH2PO4 / Na2HPO4 

1 mM EDTA  0.5 mM β-Mercaptoethanol 

0.5 mM β-Mercaptoethanol    

     

Concatemer AEX buffer (pH 8.0)  Concatemer sample buffer (pH 8.0) 

50 mM NaH2PO4 / Na2HPO4  1 mM EDTA 

0.5 mM β-Mercaptoethanol  0.5 mM β-Mercaptoethanol 

   0.05% (v/v) Sodium azide 

   in flow cytometry grade PBS (Thermo Fisher 

Scientific) 

 

4.2.2 Coiled-coil fusion proteins 

Competent E. coli BL21(DE3) were transformed with the relevant plasmids and grown 

overnight at 37 °C on LB-agar with 35 µg/mL Kan (sfGFP-based fusion proteins) or 100 

µg/mL Amp (EGFP-based fusion proteins). Selected colonies from the plate were used to 

inoculate overnight cultures in 5 mL LB medium with the respective antibiotic. The cultures 

were grown under constant rotation for 18 h at 37 °C. The overnight culture was diluted 1:100 

in 500 mL 2xYT medium [122, 123] with 35 µg/mL Kan (sfGFP-based fusion proteins) or 
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100 µg/mL Amp (EGFP-based fusion proteins). The culture was incubated at 37 °C and 

140 rpm to OD600 = 0.8. Then, 100 µM IPTG were added and the culture further incubated at 

18 °C and 140 rpm for 18 h. After the incubation, cells appeared green in case of a successful 

expression. The cells were harvested by mild centrifugation at 1000 xg for 15 minutes at 

4 °C, washed twice with PBS, and stored at -20 °C. 

The protein purification of the coiled-coil fusion proteins was performed at 4 °C or on ice. 

The coiled-coil proteins were purified with a single-step IMAC purification protocol. 

Differently to the purification protocol of concatemer proteins, all buffers were based on 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and contain glycerol in order to 

prevent coiled-coil aggregation. The latter was based on the stabilizing effect of glycerol on 

coiled-coil protein folding as it has been demonstrated in the past [124, 125]. To purify the 

proteins, cells that expressed coiled-coil fusion protein were thawed and resuspended in 

coiled-coil lysis buffer that included the EDTA-free protease inhibitor cOmplete Mini 

(Roche Diagnostics, Basel, Switzerland) to prevent proteolysis and 70 mM lysozyme 

(Sigma-Aldrich) to enhance bacterial cell lysis. The cells were lysed via sonication and cell 

debris separated from soluble proteins via centrifugation at 20,000 xg. The supernatant was 

then incubated with Ni-NTA resin, equilibrated with coiled-coil lysis buffer beforehand, for 

at least 16 h under constant rotation. The slurry was washed with 10 bed volumes of coiled-

coil lysis buffer. Subsequently, the coiled-coil fusion proteins were eluted using the coiled-

coil elution buffer and dialyzed against the coiled-coil sample buffer (1 mL against 100 mL, 

3 changes, 24 h). The purified proteins were frozen in liquid N2 and stored at -80 °C for 

further experiments.  
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2xYT medium   Coiled-coil lysis buffer (pH 7.5) 

1.6% (w/v) Tryptone  300 mM NaCl 

1.0% (w/v) Yeast extract  50 mM HEPES 

0.5% (w/v) NaCl  25 mM Imidazole 

   1 M Urea 

   5% (v/v) Glycerol 

   1 tablet / 20 mL Protease inhibitor 

   70 mM Lysozyme 

     

Coiled-coil elution buffer (pH 7.5)  Coiled-coil sample buffer (pH 7.5) 

300 mM NaCl  100 mM NaCl 

50 mM HEPES  25 mM HEPES 

500 mM Imidazole  2 mM  EDTA 

5% (v/v) Glycerol  30% (v/v) Glycerol 

 

  



 35 

 

4.3 Biochemical protein analysis 

4.3.1 Denaturing polyacrylamide gel electrophoresis 

Denaturing polyacrylamide gel electrophoresis (PAGE) was used to separate proteins in 

solution by their molecular weight. Separating proteins by denaturing PAGE helped to 

understand the purity of a protein sample and the integrity of the target protein. In this study, 

gels with a polyacrylamide pore size gradient were used, particularly referred to as Schägger 

gradient gel [126], and without a pore size gradient [127]. In both cases, sodium dodecyl 

sulfate (SDS) was used to denature the protein samples and buffers based on 

tris(hydroxymethyl)aminomethane (TRIS). In order to cast and to run the gels, we used the 

PerfectBlue Wide Format Dual Gel System Twin ExW S (Peqlab, Erlangen, Germany) for 

gels sized 20 cm x 10 cm x 0.8 mm. 

For gels without a pore size gradient, the separating gel contained 10% (v/v) acrylamide-

bisacrylamid mixture and the covering stacking gel 5% (v/v) of the same mixture. The 

polymerization was catalyzed by the addition of ammonium persulfate (APS) and 

tetramethylethylenediamine (TEMED). 

Separating gel   Stacking gel  

375 mM TRIS buffer (pH 8.8)  62.5 mM TRIS buffer (pH 6.8) 

10% (v/v) Acrylamide-Bisacrylamid 

Mixture (37.5:1)  

 5% (v/v) Acrylamide-Bisacrylamid 

Mixture (37.5:1)  

0.1% (v/v) SDS  0.1% (v/v) SDS 

0.01% (w/v) APS  0.01% (w/v) APS 

0.04% (v/v) TEMED  0.1% (v/v) TEMED 

     

TRIS buffer (pH 8.8)  TRIS buffer (pH 6.8) 

1.5 M  TRIS   0.5 M TRIS 

with HCl to pH 8.8   with HCl to pH 6.8 
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Schägger gradient gels consisted of three different layers, the small-pore bottom layer 

gradually blending into a large-pore spacing layer, covered by the Schägger stacking gel 

layer. The small-pore gel contained 16.5% (v/v), the large-pore spacing gel 10% (v/v), and 

the Schägger stacking gel 4% (v/v) of the freshly prepared Schägger acrylamide-

bisacrylamid mixture. As for the non-gradient gels, the polymerization was started with the 

addition of APS and TEMED with varying concentrations from layer to layer. Including 

glycerol in the small-pore bottom gel instead of water further helped to form the gradient. 

Small-pore bottom Schägger gel   Large-pore spacing Schägger gel  

1 M TRIS buffer (pH 8.45)  1 M TRIS buffer (pH 8.45) 

16.5% (v/v) Schägger Acrylamide-

Bisacrylamid Mixture 

(32:1)  

 10% (v/v) Schägger Acrylamide-

Bisacrylamid Mixture 

(32:1) 

0.1% (v/v) SDS  0.1% (v/v) SDS 

0.006% (w/v) APS  0.009% (w/v) APS 

0.07% (v/v) TEMED  0.11% (v/v) TEMED 

10.5%  Glycerol    

     

Schägger stacking gel   TRIS buffer (pH 8.45) 

750 mM TRIS buffer (pH 8.45)  3 M TRIS 

16.5% (v/v) Schägger Acrylamide-

Bisacrylamid Mixture 

(32:1)  

 with HCl to pH 8.45 

  

 

0.1% (v/v) SDS  Schägger Acrylamide-Bisacrylamid Mix. 

0.01% (w/v) APS  48% (w/v) Acrylamid 

0.13% (v/v) TEMED  1.5% (w/v) Bisacrylamid 

 

To resolve protein samples by their size, the samples were diluted to 1-2 µM in the Laemmli 

loading buffer and heated at 95 °C for 10 minutes to fully denature the proteins. Then the 

samples were pipetted into pockets in the stacking gel layer, formed by a comb beforehand. 

In this thesis, the unstained Pierce Protein Molecular Weight Marker and the prestained 



 37 

 

PageRuler Protein Ladder (both: Thermo Fisher Scientific) were used to identify the 

molecular weight of the sample proteins. To run the electrophoresis, non-gradient gels 

required a TRIS-glycine running buffer. Electrophoreses with Schägger gradient gels, 

however, were run with specific Schägger anode and TRIS-tricine cathode buffers. The 

proteins were separated at 120 V for 1.5 h on the non-gradient and for 2.75 h on the Schägger 

gradient gel.  

Laemmli loading buffer   TRIS-glycine buffer  

62.5 mM TRIS buffer (pH 6.8)  20 mM TRIS 

2% (v/v) SDS  192 mM Glycine 

10% (v/v) Glycerol  0.1% (v/v) SDS 

2.5% (v/v) β-Mercaptoethanol    

2 M Urea  Schägger TRIS-tricine cathode buffer 

0.02% (w/v) Bromphenol blue  100 mM TRIS 

   100 mM Tricine 

Schägger anode buffer  0.1% (v/v) SDS 

200 mM  TRIS     

with HCl to pH 8.9   

 

If the proteins were not further transferred on a membrane via semi-dry blot, the gels were 

stained with Coomassie staining solution for 1 h, and destained in several steps with the 

destaining solution. Protein bands that remained dark-blue-stained were analyzed via 

densitometry with ImageStudio Lite (LI-COR, Lincoln, NE, USA). In experiments with 

bovine serum albumin (BSA) and GFP, the band strength determined from densitometry 

increases linearly for the loaded protein concentration (Figure 9). 

Coomassie staining solution  Destaining solution 

50% (v/v) Ethanol  30% (v/v) Ethanol 

30% (v/v) Acetic acid  10% (v/v) Acetic acid 

0.1% (w/v) Coomassie Brilliant Blue 

G250 
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Figure 9: The band strength on denaturing PAGE is linearly proportional to the protein concentration. 
Bovine serum albumin (BSA) and the 1xGFP fusion protein were diluted to 2 µM in PBS. Dilution rows of 

both were separated via denaturing PAGE. The gel was stained with Coomassie Brilliant Blue G250. The 

strength of the main band was analyzed densitometrically and normalized to the band corresponding to 2 µM. 

Data points show means with standard deviation (n = 3). The dotted line shows a linear function (band 

strength = 0.5 ∙ protein concentration). 

4.3.2 Native polyacrylamide gel electrophoresis 

In this thesis, color-less native PAGE was used to characterize the stoichiometry of coiled-

coil fusion proteins. As the migration of folded protein oligomers is solely driven by their 

intrinsic charge, the isoelectric point pI of the proteins is decisive for an acceptable 

separation. An isoelectric point between 3 and 8 is desirable. 

Except for the omission of the denaturant, the gel, sample and running buffers for the native 

PAGE did not differ from those for the denaturing PAGE with non-gradient 10% separation 

gels. The buffers were therefore prepared as described previously but without containing 

SDS. Furthermore, proteins were not heated before loading and the running time was 

increased to 2.5 h as the native proteins took longer to migrate through the gel. The staining 

of the gel was equal to its denaturing variant as well as the densitometric analysis of the 

stained gel. 
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4.3.3 Size exclusion chromatography 

Size exclusion chromatography (SEC), often simply called gel filtration, was used to 

characterize coiled-coil fusion protein oligomers. In gel filtration, the separation of the 

proteins relies on the molecular size and is achieved by differently sized cavities in beads 

that are packed in a separation column. In this thesis, a Superdex 200 10/300 separation 

column (GE Bio-Sciences) was used whose resolution range lied between 10 and 300 kDa. 

For the equilibration of the column and the elution of the proteins, the same SEC buffer was 

used.  

The proteins were loaded on the column and eluted at 0.3 mL/minute (Äkta system, GE Bio-

Sciences). The peak fractions could be determined via UV280 and fluorescence intensity 

(λex = 488 nm; λem = 520 nm) detection. The column was calibrated with standard protein 

solutions (Merck, Darmstadt, Germany) containing β-amylase, 200 kDa, alcohol 

dehydrogenase, 150 kDa, carbonic anhydrase, 29 kDa, and cytochrome C, 12.4 kDa. Blue 

dextran, 2000 kDa, was used to determine the exclusion volume (Figure 10). Using the 

calibration curves, the elution times of the protein samples were related to their molecular 

masses. 

SEC buffer pH 7.5  

25 mM HEPES  

100 mM  NaCl 

2 mM EDTA 

 

4.3.4 Immunoblot 

Proteins based on the 1xGFP fusion protein exhibit an N-terminal Nano-tag, a C-terminal 

FLAG-tag, and a C-terminal His-tag. They served as immunologically detectable epitopes to 

identify integrity of the investigated fusion proteins. In this study, this was achieved via a 

two-step immune staining of the proteins after the sample was transferred from a poly-

acrylamide gel onto a membrane via semi-dry blotting.  
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Figure 10: Calibration curve of the separation column for size exclusion chromatography. The calibration 

was executed with β-amylase, 4 mg/mL, alcohol dehydrogenase, 5 mg/mL, carbonic anhydrase, 3 mg/mL, and 

cytochrome C, 2 mg/mL.  

 

In a semi-dry blotting step, proteins were transferred from the polyacrylamide gel onto a 

nitrocellulose (Berrytec, Grünwald, Germany) or a polyvinylidene difluoride (Immobilion, 

Merck) membrane. Therefore, filter papers were soaked with TRIS-glycine buffer containing 

20% (v/v) methanol and placed on the anode of the blotting instrument (Modell SD 1, cti, 

Idstein, Germany). Then the membrane was placed on the filter papers. Nitrocellulose 

membranes were activated via soaking in 20% (v/v) methanol containing TRIS-glycine 

buffer, polyvinylidene difluoride membranes via soaking in isopropanol and dH2O before 

usage. Subsequently, gel layers from denaturing PAGE containing separated protein samples 

were placed on the membrane, followed by a second stack of similarly soaked filter papers, 

and the cathode. Ballasting the blotting device, the proteins were transferred for 1.5 h at 

1.5 mA/cm2 transfer area. The transfer efficiency was controlled by staining the membrane 

with Ponceau S solution and destaining with dH2O.  

Ponceau S solution  

3% (w/v) Trichloroacetic acid 

0.3% (w/v) Ponceau S 

 

In order to immunologically detect proteins on the membrane, epitope carrying proteins were 

marked by a specific primary antibody that could be detected in turn by a secondary antibody 

fused to an alkaline phosphatase (AP). The alkaline phosphatase hydrolyzes 5-bromo-4-
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chloro-3-indolyl phosphate (BCIP). The reaction product can be further oxidized by nitro 

blue tetrazolium (NBT) which can be detected as visible, dark-blue areas on the membrane 

where proteins were immunologically marked.  

Before the application of antibodies, the membrane was blocked overnight with 20 mL 

3% (w/v) nonfat dried milk powder in Tris-buffered saline (TBS) at 4 °C. Afterwards, the 

membrane was washed for 5 minutes with TBS. Then, it was incubated for 1 h at room 

temperature with 20 mL blocking solution containing the primary antibody (Table 4). After 

this step, it was washed three times for 5 minutes with TBS containing polysorbate 20 

(TBS-T). The membrane was incubated for 1 h at room temperature with 20 mL blocking 

solution containing 0.13 µg/mL anti-murine IgG AP Conjugate (Promega, Madison, WI, US) 

as the secondary antibody, followed by three 5-minute washing steps with TBS-T. Finally, 

the membrane was incubated with an BCIP/NBT staining solution to visualize the 

immunologically marked proteins and washed with water to stop the reaction. 
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TBS (pH 7.4)  TBS-T (pH 7.4) 

20 mM TRIS   TBS (pH 7.4) 

150 mM NaCl  0.5% (v/v) Polysorbate 20 “Tween” 

     

BCIP/NBT staining solution (pH 9.5)  BCIP solution (stored at -20 °C) 

100 mM TRIS   Dimethylformamide 

100 mM NaCl  5% (w/v)  BCIP 

5 mM MgCl2    

0.3% (v/v) BCIP solution  NBT solution (stored at -20 °C) 

0.6% (v/v) NBT solution   Dimethylformamide 

Preparation immediately before usage.  5% (w/v) NBT 

 

Table 4: Primary antibodies used in this thesis 

Antibody Origin Distributor Concentration 

Monoclonal Anti-His6  Murine Roche, Basel, Switzerland 0.5 µg/mL 

Monoclonal Anti-FLAG M2 Murine Sigma-Aldrich, St. Louis, MO, US 0.1 µg/mL 

Monoclonal Anti-Nano Murine MyBioSource, CA, US 0.1 µg/mL 
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4.4 Fluorescence measurements 

All of the fusion proteins in this thesis held a green fluorescent protein domain. To detect 

GFP fluorescence, the protein sample was excited at λex = 488 nm and the emitted light was 

recorded at λem = 520 nm.  

In experiments where both fluorescence intensity and the steady-state fluorescence 

anisotropy were measured, purified protein samples were diluted to 2 µM in the respective 

sample buffer and pipetted the samples into 96-well plates (non-treated back plates, Nunc, 

Thermo Fischer Scientific). Fluorescence intensity measurements of samples in 96-well 

plates were executed with a FLUOstar microplate reader (BMG Labtech, Ortenberg, 

Germany).  

To determine excitation and emission maxima, excitation and emission spectra of the 

monomeric sfGFP fusion protein were recorded in 10 mm precision quartz cuvettes (Hellma 

Analytics, Müllheim, Germany) with a fluorescence Cary Eclipse spectrophotometer 

(Varian, Darmstadt, Germany). 

4.4.1 Fluorophore concentration measurements via Beer-Lambert law 

The concentration c of a purified GFP fusion protein was determined via its absorbance A 

for an illumination at 488 nm described by the Beer-Lambert law:  

 
c =

𝐴

ε ⋅ 𝑑
 (17) 

where the path length d was 1 cm. The molar attenuation coefficient ε for sfGFP is 

ε = 83,300 M-1 cm-1 and for EGFP ε = 56,000 M-1 cm-1. The absorbance was measured with 

the Ultrospec 3100pro photometer.  

4.4.2 Fluorescence quantum yield 

Determining the fluorescence quantum yield QY of an unknown fluorescent sample, we 

applied a “relative” approach [128] with a standard fluorophore with a known QY as a 

reference to compare. In our experiments, fluorescein isothiocyanate (FITC) in H2O was used 

as the standard fluorophore.  
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The QY of an unknown sample can be written as [128]: 

 
𝑄𝑌𝑠𝑎𝑚𝑝𝑙𝑒 =

∫ 𝐹𝐸𝑚𝑠𝑎𝑚𝑝𝑙𝑒

∫ 𝐹𝐸𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

⋅
(1 − 10−𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)

(1 − 10−𝐴𝑠𝑎𝑚𝑝𝑙𝑒)
⋅ (

𝜁𝑠𝑎𝑚𝑝𝑙𝑒

𝜁𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
)

2

⋅  𝑄𝑌𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (18) 

where ∫ 𝐹𝐸𝑚 is the area under the fluorescence emission spectrum, A is the absorbance at 

excitation wavelength λex = 488 nm, and ζ the refractive index which is 1.331 for H2O and 

1.340 for PBS [129]. The fluorophore FITC has a QY = 0.84 in EtOH [130], where it was 

solved for storage, and a QY = 0.76 in H2O or PBS [130]. 

Experimentally, 1xGFP and FITC were diluted to 2 µM in sample buffer and dH2O, 

respectively, and measured the emission spectrum with the Cary Eclipse spectrophotometer 

and the absorbance with Ultrospec 3100pro photometer.  

4.4.3 Steady-state fluorescence anisotropy measurements  

In order to determine the steady-state fluorescence anisotropy, the protein samples were 

illuminated with polarized light (λex = 488 nm). The parallel and perpendicular components 

of emitted fluorescence (λem = 520 nm) were recorded with a POLARstar microplate reader 

(BMG Labtech). To calculate the steady-state anisotropy, eq. (2), the instrument dependent 

G-factor was required. It was determined with the help of FITC, diluted to 5 µM in dH2O, as 

a reference. The calculation and the standardization of the measured fluorescence data was 

automatized with a Python script. 

4.4.4 Steady-state anisotropy and fractional photobleaching 

In this thesis, we tested the practicability to characterize the stoichiometry of coiled-coil 

fusion proteins via steady-state fluorescence anisotropy in combination with fractional 

photobleaching. As described in chapter 3.4, pp. 18-21, the steady-state anisotropy increases 

if neighboring, fluorophores that interact via homo-FRET are fractionally photobleached 

(Figure 3) [57]. 

To fractionally photobleach fluorophores, protein samples of 2 µM (in a volume of 1 mL) 

were irradiated with a 445 nm laser diode for fixed periods of time, usually 10-minute 

irradiation steps. A current of 450 mA was used, which resulted in a laser power of 

approximately 300 mW (Figure 11). The samples were kept in a tin-foil-wrapped cuvette at 
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a fixed position, cooled by a water circuit, and the laser diode sitting directly above. As 

300 mW laser light can cause severe vision damage, protection glasses were worn constantly 

while working with the laser.  

After each irradiation step, steady-state anisotropy values were determined with a microplate 

reader capable of detecting fluorescence polarization (POLARstar, BMG Labtech). To 

measure the irradiated sample in a 96-well plate, the sample was transferred from the cuvette 

and split into 6-9 technical replicates. On the 96-well plate, non-irradiated control replicates 

were measured in parallel. In order to reduce the day-to-day variability of anisotropy values, 

the data was standardized as described in the following subchapter. Additionally, the residual 

fluorescence intensity was measured (λex = 488 nm; λem = 520 nm) to determine the fraction 

of inactive fluorophore 𝑥, eq. (10). After the measurement procedure, the samples were 

pooled again and given into the cuvette to start the next irradiation step. 

 

Figure 11: A blue laser (λ = 445 nm) with a power of 300 mW was used to photobleach the fluorophores 

in this study. The experimentally measured power of the laser is linear proportional to the supplying current. 
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4.4.5 Standardization of the steady-state fluorescence anisotropy data 

The steady-state anisotropy in combination with fractional photobleaching was analyzed and 

standardized via Python scripts. In order to reduce the high day-to-day variability of 

anisotropy values for the same protein sample (Figure 12A), the data was corrected with the 

help of non-irradiated controls, always measured in parallel on the same 96-well plate.  

In a first correction step, the anisotropy of irradiated samples was corrected by the mean 

anisotropy of non-irradiated controls (same experiment) (Figure 12B). That yielded the 

anisotropy differences ∆𝑟𝑆𝑆 between irradiated samples and non-irradiated controls as a 

function of the fraction of photobleached fluorophores x: 

 ∆𝑟𝑆𝑆(𝑥) =  𝑟𝑆𝑆(𝑥) − 𝑟𝑆𝑆 𝑛𝑜𝑛̅̅ ̅̅ ̅̅ ̅̅  (same experiment) (19) 

After determining the differences ∆𝑟𝑆𝑆(𝑥) between irradiated samples and a non-irradiated 

control (measurement in parallel), the differences were added to the mean values of non-

irradiated controls (Figure 12C):  

 𝑟𝑆𝑆(converted) =  ∆𝑟𝑆𝑆(𝑥) + 𝑟𝑆𝑆 𝑛𝑜𝑛̅̅ ̅̅ ̅̅ ̅̅  (𝑎𝑙𝑙 experiments; same protein) (20) 

The mean anisotropy of all non-irradiated controls could differ from the values for single 

experiments (Figure 12A).  

After this final step, the bleaching curves for one protein sample start all at the same 𝑟𝑆𝑆 

(Figure 12D). The complete 𝑟𝑆𝑆 data in this thesis was corrected in this manner. 
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Figure 12: Standardization of steady-state fluorescence anisotropy increases the comparability of GFP 

concatemers when photobleached. Fusion proteins were diluted to 2 µM in sample buffer and were irradiated 

with a 445 nm laser (300 mW) for fixed periods of time. After bleaching, the residual fluorescence intensity 

was measured (λex = 488 nm, λem = 520 nm). The fraction of inactive fluorophores was calculated as the residual 

fluorescence intensity divided by the initial intensity before photobleaching. Depolarization of emitted light 

was measured and steady-state anisotropy was calculated, see eq. (2). A) The steady-state anisotropy for non-

irradiated protein controls (rnon) was used for standardization. B) Without a correction, the comparison of raw 

steady-state anisotropy of a GFP fusion protein (exemplary: 5xGFP concatemer) proves to be difficult due to 

high sample-to-sample variability. C) Correction removes day-to-day variance of anisotropy. D) The datapoints 

were converted with the anisotropy mean of non-irradiated controls for all experiments with the same protein.  
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4.4.6 Time-resolved fluorescence anisotropy 

Measuring time-resolved anisotropy for various GFP fusion proteins was executed in 

collaboration with Ganesh Agam at the Chair of Physical Chemistry I at the Ludwig 

Maximilans Universität (LMU) Munich. To determine the anisotropy and the fluorescence 

lifetime on a nanosecond scale, the samples were primarily diluted to a concentration of 2 µM 

in the corresponding sample buffer.  

To excite the fluorophore, a polarized and pulsed 468 nm laser was used. The fluorescence 

emission was detected with a FLS1000 spectrometer (Edinburgh Instruments, UK) equipped 

with photomultipliers. The polarization parallel and perpendicular to the excitation laser was 

recorded. Resolving the anisotropy decay of the sample, we used time correlated single 

photon counting (TCSPC) detection (Time Harp 260, PicoQuant, Germany). For the 

calibration of the instruments, an Atto488 dye was used in the same concentration. The 

instrument dependent G-factor was 0.78. To fit the anisotropy decay in a time frame of 10 ns 

after the excitation, eq. (6) and eq. (7) were used.  

The fluorescence lifetime was determined by Ganesh Agam via a sub-ensemble method. 

Here, the signals from both, the parallel and perpendicular channel, were combined together 

and the fluorescence intensity decay was analyzed. The instrument response function was 

obtained by exploiting a scattering solution. The combined intensity decay could be 

explained with a mono-exponential decay function, convoluted with the help of the 

instrument response function.  

4.4.7 Fluorescence Correlation Spectroscopy  

Supplementary analysis via fluorescence correlation spectroscopy (FCS) helped to determine 

the diffusion coefficients of concatenated sfGFP fusion proteins (Figure 13C). The 

experiments were executed by Ganesh Agam. Similar to the time-resolved anisotropy set-up, 

Ganesh Agam used a custom-build confocal microscope at the Chair of Physical Chemistry I 

at LMU Munich. The microscope was equipped with synchronized pulsed 482 nm excitation 

and time-correlated single photon counting capability [131]. The samples were diluted to 

2 µM in their corresponding sample buffer. They were excited with approximately 100 µW 

laser power. The data was analyzed using a custom-written MATLAB script (The 

MathWorks) [132].  
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The resulting curves were fitted by Ganesh Agam with the model for free translational three-

dimensional diffusion [133], determining the diffusion time 𝜏𝐷 and the diffusion 

coefficient 𝐷: 

 
𝐷 =

𝑤0
2

4𝜏𝐷
 (21) 

where 𝑤0 is the radial diameter of the confocal volume. 

 

4.5 Mass Spectrometry 

4.5.1 Matrix-assisted laser desorption/ionization – time of flight mass 

spectrometry 

Some fusion proteins generated this thesis were analyzed via matrix-assisted laser 

desorption/ionization – time of flight (MALDI-TOF) mass spectrometry. The experiments 

were executed by Dr. Martin Haslbeck at the Chair of Biotechnology at the Technical 

University of Munich (TUM) in Garching and determined the masse of samples in the range 

from 5-40 kDa. In MALDI-TOF mass spectrometry, proteins are embedded in a specific 

matrix and are ionized as the matrix absorbs laser energy. The proteins are ejected from the 

surface. They are analyzed by their mass-to-charge ratio (m/z) as the time to reach the 

detector is recorded.  

The mixing process of MALDI matrix solution and the sample (ratio 1:1) was executed via 

C4 zipTips (Merck). The sample was simultaneously eluted with the matrix solution and 

spotted on an AnchorChip MALDI (Bruker, Billerca, MA, USA) target plate. The mixture 

was allowed to dry at room temperature, to form smooth matrix crystals. Afterwards, the 

spotted protein was analyzed with a Ultraflex MALDI TOF instrument (Bruker) at the 

Department of Chemistry at TUM by Dr. Martin Haslbeck. 

MALDI matrix solution  

50% (v/v) Acetonitrile 

saturated α-Cyano-4-hydroxycinnamic acid 
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4.5.2 Electrospray ionization – time of flight mass spectrometry  

As a second mass spectrometric method, electrospray ionization – time of flight (ESI-TOF) 

mass spectrometry helped to analyze fusion protein samples, alternatively to MALDI-TOF. 

ESI-TOF measurements were executed by Walter Stelzer at our group, Chair of Biopolymer 

Chemistry at the TUM in Freising. 

Differently to MALDI-TOF, the ionization of sample proteins is achieved via a fine 

electrospray cone that ejects charged molecules into the flight tube. Therefore, fusion 

proteins of interest in sample buffer have to be prepared specifically for ESI-TOF. They were 

desalted and stepwise eluted from a tC18 Sep-Pak column (Waters, Milford, MA, USA) with 

20%, 40%, 60%, 80%, or 100% acetonitrile, respectively, with 0.1% formic acid.  

The eluates were subsequently measured with a Synapt G2 HDMS ESI-TOF setup (Waters) 

by Walter Stelzer. The data was analyzed with MassLynx 4.1 (Waters). For some of the 

samples, the raw data was deconvoluted with the maximum entropy algorithm MaxEnt 1 

(Waters).
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5 Results  

5.1 Fluorescence anisotropy of GFP fusion proteins 

5.1.1 Green fluorescent protein incorporated in the fusion protein 1xGFP 

To date, GFP fusion proteins were used in many reporter assays to illuminate protein-protein 

interaction. In particular, protein stoichiometry was investigated via GFP fusion proteins in 

several studies. Apart from the usage of GFP as a fluorescent reporter, fusion proteins with 

a segmented and modular structure helped to classify protein-protein interaction in the 

past  [134-136].  

To systematically investigate the oligomerization of polypeptides (20-50 aa), 1xGFP was 

generated as a basic construct, a modular chimeric protein holding a superfolder GFP (sfGFP) 

domain [81], long flexible linkers, and an exchangeable region for the extension with the 

peptide of interest (Figure 8). We purposely decided for sfGFP among several other GFP 

reporters as it is very bright, has a short maturation time, and exhibits a good quantum yield 

(Table 1). Furthermore, sfGFP behaves as a monomer due to the mutation of A206V [81]. 

1xGFP was expressed in E. coli BL21(DE3) pLysS and consecutively purified by 

immobilized metal affinity chromatography (IMAC) and anion exchange chromatography 

(AEX).  

In order to guarantee that the fluorescent reporter still retained its functionality in the 

chimeric protein, 1xGFP was investigated adequately for its biochemical and photophysical 

properties, summed up in Table 5. The experimentally determined photophysical values 

show little difference compared to literature values for isolated sfGFP [80].  

5.1.2 Generating sfGFP concatemers as model proteins  

Fluorescence anisotropy is a powerful tool to characterize the oligomeric state 𝑁 of a 

molecule that is labeled with the same kind of fluorophore. The extent of homo-FRET 

(Figure 13A) affects the steady-state anisotropy in a reciprocal manner: the steady-state 

anisotropy 𝑟𝑆𝑆  is inverse proportional to 𝑁, eq. (8) [46].  
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Table 5: Experimentally determined properties of 1xGFP  

1xGFP  

Molecular weight, 𝑀𝑊 36.4 kDa 

Sequence length  333 aa 

Diffusion coefficient, 𝐷 67.5 µm² s-1 

𝜙 aqueous buffer 
1 20.34 ns 

𝜙 50% glycerol 
2 104.38 ns 

Excitation wavelength, λex  488 nm 

Emission wavelength, λem  511 nm 

Stokes shift  23 nm 

Fluorescence lifetime, 𝜏 2.47 ns 

Steady-state anisotropy, 𝑟𝑆𝑆  0.297 

Quantum yield, QY 0.70 

t1/2 bleaching 
3 13.62 min 

 

1  Rotational correlation time of 1xGFP in an aqueous buffer.  
2  Rotational correlation time of 1xGFP in 50% glycerol.  
3  Time in which half of the initial fluorescence is lost after 

 irradiation with 300 mW strong laser light (445 nm). 

 

However, the resolving power of fluorescence anisotropy and homo-FRET in determining 

oligomer stoichiometry strongly decreases with the spatial distance between fluorophore 

labels (Figure 13B). For short fluorophore distances the separation of oligomer anisotropy 

is maximal. With large fluorophores, such as fluorescent proteins, the inter-fluorophore 

distance can be larger than the Förster radius (𝑅/𝑅0 > 1) (Figure 13B, the grey dotted line 

represents the case of GFP). Furthermore, it was demonstrated in the past that for GFP-

labeled protein clusters the relative orientation of the fluorophores is not random [51]. In this 

case, the term incorporating 𝑟𝐸𝑇 becomes significant and the homo-FRET effect on 

anisotropy is limited, eq. (8) (Figure 13B, the grey surface). Therefore, the fluorophore 

species is heavily influencing the accuracy by which the stoichiometry of fluorophore-

labeled proteins can be resolved.  
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Figure 13: sfGFP concatemers as model proteins for sfGFP complexes interacting via homo-FRET.  

A) Schematic interpretation of homo-FRET between covalently linked sfGFP domains. The steady-state 

anisotropy can be experimentally determined via eq. (2). B) In a complex of 𝑁 proximal fluorophores 

interacting via homo-FRET, the steady-state anisotropy 𝑟𝑆𝑆 is inverse proportional to 𝑁 [46]. The impact of 

homo-FRET on 𝑟𝑆𝑆 is depending on fluorophore proximity, expressed as the ratio between inter-fluorophore 

distance 𝑅 and Förster Radius 𝑅0, see eq. (3). Further, 𝑟𝑆𝑆  is restricted when fluorophores are oriented non-

randomly, depicted by the rear term of eq. (8), incorporating 𝑟𝐸𝑇 . For randomly oriented fluorophores, the term 

that comprises 𝑟𝐸𝑇  can be neglected (𝑟𝐸𝑇  ≈ 0; left panel). In case of fluorescent proteins, however, 𝑟𝐸𝑇  becomes 

significant (grey box; 𝑟𝐸𝑇  = 0.111) [51]. The plotted curves represent values calculated with eq. (8) for 𝑁 = 1-

5 and variable 𝑅/𝑅0. The dotted line at 𝑅/𝑅0 = 1.33 was inserted exemplarily as it represents sfGFP fluorophores 

with a realistic distance of 6.1 nm. C) Schematic structure of sfGFP concatemers. For covalently linked GFP 

moieties, one can assume appropriate proximity to observe the homo-FRET effect on fluorescence anisotropy. 

D) Denaturing PAGE of sfGFP concatemers (c = 1 µM).  

 

In a first and essential step, we wanted to ascertain whether homo-FRET between multiple 

sfGFP moieties would enable the determination of the exact number of interacting molecules. 

For this proof of concept, a series of fusion proteins with covalently linked, concatenated 

sfGFP was generated. There were similar approaches with GFP concatemers that represented 

protein oligomers, in the past [90, 137, 138]. 

Based on the plasmid of the monomeric fusion protein 1xGFP, the plasmids for concatenated 

sfGFP domains were generated. A restriction-based cloning approach with cohesive 

restriction ends helped to generated multiple repeats of the same sequence (see Methods: 

Tandem cloning with cohesive restriction ends). In this study, the concatemers 2xGFP, 
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3xGFP, 4xGFP, and 5xGFP represent dimeric (𝑁 = 2), trimeric (𝑁 = 3), tetrameric (𝑁 = 4), 

and pentameric (𝑁 = 5) protein oligomers, respectively (Figure 13C). Similarly to the 

monomeric 1xGFP, the sfGFP concatemers were expressed in E. coli BL21(DE3) pLysS, 

and purified by IMAC and AEX to reach near homogeneous samples, as shown by denaturing 

PAGE (Figure 13D).  

As proven in a denaturing PAGE, the sfGFP concatemers 1xGFP (36.4 kDa), 2xGFP 

(46.6 kDa), 3xGFP (98.9 kDa), 4xGFP (130.1 kDa), and 5xGFP (161.3 kDa) did not show 

any major contamination (Figure 13D). Moreover, the molecular shape of 1xGFP-5xGFP 

was investigated.  

Former studies tested whether concatemers with 𝑁 GFP domains would be more elongated, 

ellipsoid, or spherical (Figure 14A) [90, 137, 138]. They determined the diffusion 

coefficients of the concatemers, as assessed by fluorescence correlation spectroscopy (FCS), 

and compared the experimental data with theoretical estimations based on the Einstein-

Stokes equation for the diffusion of spherical particles in a classical fluid, see eq. (15) [117]. 

All of the recorded diffusion coefficients decreased for increasing 𝑁. However, the 

interpretation of the data was not mutually consistent among the studies. One group classified 

the concatemer shape as “rather rod-like” than spherical [138]. Others rated the concatemer 

shape as “rather elongated” than spherical although there was similarity between 

experimental data and theoretical estimations [90]. Lastly, another group assumed a globular 

shape [137]. 

In FCS measurements with the 1xGFP-5xGFP concatemers, conducted by Ganesh Agam, 

LMU Munich, it was possible to detect decreasing diffusion coefficients 

(𝐷1𝑥𝐺𝐹𝑃 = 67.5 µm² s-1, 𝐷2𝑥𝐺𝐹𝑃 = 56.2 µm² s-1, 𝐷3𝑥𝐺𝐹𝑃 = 36.6 µm² s-1, 𝐷4𝑥𝐺𝐹𝑃 = 38.2 µm² s-1, 

𝐷5𝑥𝐺𝐹𝑃 = 38.2 µm² s-1) which is in line with the published reports (Figure 14B). Compared 

to estimations with the Einstein-Stokes equation, there was congruence for all concatemers 

except 3xGFP. This observation suggests that the shape of concatemers in this study is not 

perfectly spherical but putatively ellipsoid. It will be discussed later whether this gives further 

indications that covalently linked, concatenated sfGFP can structurally represent sfGFP 

complexes that are grouped together by protein-interaction. 
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Figure 14: The diffusion coefficient of sfGFP concatemers, recorded by Ganesh Agam, LMU Munich, 

decreases with increasing GFP domains which is in line with other reports and indicates a ellipsoid 

macromolecular structure. A) Schematic approach of possible macromolecular structures for four 

concatenated GFP domains. B) The diffusion coefficient for sfGFP concatemers (1xGFP, 2xGFP, 3xGFP, 

4xGFP, 5xGFP) is decreasing with increasing molecular weight, thus, with the number of concatenated GFP 

domains. A similar decrease in motility with an increased number of GFP domain for GFP concatemers was 

already described by others [90, 137, 138]. Purified superfolder GFP concatemers (1xGFP, 2xGFP, 3xGFP, 

4xGFP, 5xGFP) were diluted to 10 nM in fluorescent-free PBS and the diffusion coefficient measured using 

fluorescence correlation spectroscopy (FCS; λex = 488 nm, λem = 512 nm). The values of Nenninger et al. (2010) 

were measured in cells, and adjusted assuming an 8.9-fold increase in diffusion in water, as seen for their GFP 

in vitro control. The data was fitted (dashed lines) with a variation of the Einstein-Stokes model for spherical 

particles in a classical fluid, eq. (16), assuming a globular molecular shape. Negative deviation of the measured 

and published data from the Einstein-Stokes model suggests that the concatemer shape is not perfectly globular. 

  

5.1.3 Steady-state anisotropy of sfGFP concatemers 

The steady-state anisotropy of 1xGFP and the sfGFP concatemers 2xGFP, 3xGFP, 4xGFP, 

and 5xGFP was determined with a microplate reader capable to measure fluorescence 

polarization. Therefore, we recorded the parallel and perpendicular components of the 

emitted light after excitation with polarized light (λex: 488 nm; λem: 520 nm). Then the steady-

state anisotropy could be calculated for all tested samples, according to eq. (2) (Figure 15A).  

The steady-state anisotropy (𝑟𝑆𝑆 ± standard deviation, n = 3) decreased from 1xGFP 

(0.297 ± 0.005) to 2xGFP (0.271 ± 0.007) and from 2xGFP to 3xGFP (0.251 ± 0.004). The 

differences were statistically significant (unpaired Student’s t-test). For fusion proteins with 

N=1-3 GFP moieties, thus, 𝑟𝑆𝑆 behaves inversely proportional to 𝑁. However, 𝑟𝑆𝑆 did not 
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significantly differ between constructs with more than three concatenated GFP subunits: 

3xGFP, 4xGFP (0.250 ± 0.014), and 5xGFP (0.254 ± 0.006). This observation is in line with 

anisotropy data for EGFP concatemers by Vámosi et al. (Figure 15B) [90]. 

Since 1xGFP, 2xGFP, and 3xGFP can be unequivocally differentiated, in chapter 5.2.3 these 

concatemers are used as standard proteins with reference steady-state anisotropies, valid for 

monomer, dimer, and trimer comparison. 

 

 

 

Figure 15: The steady-state anisotropy of sfGFP concatemers in comparison with similar constructs from 

Vámosi et al. [90]. A) The steady-state anisotropy of sfGFP concatemers. The determined values for  
𝑟𝑆𝑆 are inversely proportional to 𝑁, the number of GFP domains in the concatemer, for 𝑁 ≤ 3. We could not 

observe significantly different steady-state anisotropies for concatemers with more than three sfGFP subunits. 

Purified sfGFP constructs were diluted to 2 µM in fluorescence-free PBS. Here displayed are the single values 

(6 technical replicates) and means (n = 3). Differences between fusion proteins were classified with an unpaired 

Student’s t-test and ranked by their two-tailed p-values (ns = not significant, p > 0.05; * = significant, p ≤ 0.05; 

** = strongly significant, p ≤ 0.01). B) Steady-state anisotropy of EGFP-based concatemers by Vámosi et al., 

directly taken from Table 2 of the original publication [90]. Anisotropy data and the representing standard 

deviations (±0.01; indicated by error bars) were not generated in that study and serve only for the purpose of 

data comparison.  
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5.1.4 Time-resolved anisotropy of sfGFP concatemers 

In a next step, the sfGFP concatemers were investigated via time-resolved fluorescence 

anisotropy, measured by Ganesh Agam at the Chair of Physical Chemistry I, LMU Munich. 

Time-resolved anisotropy decays of fluorophores interacting via homo-FRET offer a detailed 

insight into the homotransfer rate 𝑘𝐹𝑅𝐸𝑇 and consecutively on the distances between two 

interacting fluorophores. In case of large and slowly rotating fluorophores, such as GFP, the 

anisotropy decay can be best understood with the model for hindered rotors [47, 48, 51, 114]. 

Using this model, 𝑘𝐹𝑅𝐸𝑇 could be easily determined from the time-resolved decay with the 

help of eq. (7).  

Recording the time-resolved anisotropy for every sfGFP concatemer, distinguishable 

responses could be detected for every fusion protein (Appendix Fig. 4). Furthermore, 

Ganesh Agam could determine the fluorescence lifetimes from the fluorescence intensity 

decay, generated from the combination of the perpendicular and the parallel emission signals. 

When analyzing the fluorescence anisotropy decay of sfGFP concatemers over a 10 ns time 

scale, the homotransfer rate 𝑘𝐹𝑅𝐸𝑇, the limiting anisotropy 𝑟0, and the anisotropy for 𝑡 

approaching infinity 𝑟∞ could be obtained. It must be noted that values for 1xGFP were 

calculated with help of eq. (7) which characterizes the anisotropy decay solely by homo-

FRET dependency. Since there is no homo-FRET for the monomeric 1xGFP, values given 

in Table 6 are not valid but listed to complement the ensemble. 

The fluorescence lifetime is slightly but steadily increasing with a growing number of 

concatenated sfGFP domains (Table 6). Interestingly, a previous report on EGFP 

concatemers showed the opposite effect, with lifetimes decreasing for higher 

concatemers  [90]. This suggests that the fusion protein arrangement affects the fluorescence 

lifetime although no explanation can be given for this observation. 

Values of 𝑟∞ decrease nearly linearly with increasing 𝑁 (Table 6). Assuming the model of a 

hindered rotor, eq. (7), 𝑟∞ can be theoretically assumed to be near the steady-state anisotropy 

𝑟𝑆𝑆 [113]. However, 𝑟∞ in our case does not give the same value as 𝑟𝑆𝑆 acquired with a 

microplate reader. In fact, it is known that values for 𝑟∞ generally show the strong tendency 

to be lower than measured 𝑟𝑆𝑆 values [51]. This can be explained by a stronger reduction of 

𝑟∞ based on cluster formation than seen for 𝑟𝑆𝑆 [51]. 
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We found that the values for homotransfer rate 𝑘𝐹𝑅𝐸𝑇 were increased for growing 𝑁 which 

was originally not expected (Table 6). A similar effect can be seen for homo-FRET 

efficiency 𝐸 which is a direct derivative of 𝑘𝐹𝑅𝐸𝑇, see eq. (4). According to eq. (3), 𝑘𝐹𝑅𝐸𝑇 is 

a function of the spatial distance 𝑅 between interacting fluorophores. In this relation, the 

fluorescent lifetime 𝜏 and the Förster radius 𝑅0 are both fluorophore-specific constants. 

A changing 𝑘𝐹𝑅𝐸𝑇 would imply the shortening of inter-fluorophore distances, as denoted in 

Table 6. As the linker length between single GFP domains remains unchanged for increased 

𝑁, one could assume that the enhanced 𝑘𝐹𝑅𝐸𝑇 is a result of condensed GFP packing in a 

spatially limited volume where homo-FRET is possible (𝑅/𝑅0 < 1.8) [46]. 

Table 6: Analysis of sfGFP concatemer time-resolved anisotropy data 

 𝝉 (ns) 1 𝒌𝑭𝑹𝑬𝑻 (ns-1) 2 𝑹 (nm) 3 𝒓𝟎 4 𝒓∞ 5 

1xGFP 2.47 (0.033)* (7.00)* (0.408)* (0.162)* 

2xGFP 2.54 0.055 6.38 0.365 0.201 

3xGFP 2.57 0.069 6.14 0.36 0.168 

4xGFP 2.66 0.071 6.07 0.321 0.102 

5xGFP 2.89 0.075 5.94 0.264 0.062 

 

Raw data provided by Ganesh Agam, LMU Munich. 1 Fluorescence lifetime. 2 Homotransfer rate. 3 Distance 

between interacting fluorophores. 4 Initial / limiting / fundamental anisotropy. 5 Anisotropy for 𝑡 approaching 

infinity. ( )* Data fitted with the model for hindered rotor, eq. (7), although no homo-FRET is expected; to 

receive the rotational correlation time 𝜙, a fit with eq. (6) can be applied.  

 

5.1.5 Combining steady-state and time-resolved fluorescence anisotropy to 

determine the number of concatenated sfGFP subunits  

Being confronted with GFP fusion proteins of unknown stoichiometry, the 𝑟𝑆𝑆 values of GFP 

concatemers 1xGFP, 2xGFP, and 3xGFP can be used as reference points for monomer, 

dimer, and trimer, respectively.  

Combining data from steady-state and time-resolved anisotropy measurements in the model 

of Runnels and Scarlata, eq. (8) defines a gold standard to obtain the number of interacting 

fluorophores 𝑁 [46]. The calculations require the anisotropy of the monomer 𝑟1(sfGFP 

concatemers: 𝑟1 = 0.297) and the measured 𝑟𝑆𝑆 for the protein of interest. Furthermore, the 

homotransfer rate 𝑘𝐹𝑅𝐸𝑇 and fluorescence lifetime 𝜏 (values for concatemers 1xGFP-5xGFP 
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are given in Table 6) have to be known. Some studies assume that the rear part of eq. (8) can 

be neglected [46, 112, 113, 139] as the decisive parameter 𝑟𝐸𝑇, the average emission 

anisotropy following energy transfer, was determined to be very low at 𝑟𝐸𝑇 = 0.016 for 

fluorophores that are randomly oriented [116]. 𝑁 was calculated with both, 𝑟𝐸𝑇 = 0 and 

𝑟𝐸𝑇 = 0.016, for the sfGFP concatemers (Table 7). The calculations yield acceptable values 

for 1xGFP and 2xGFP but failed to correctly determine 𝑁 for 3xGFP, as well as, 4xGFP and 

5xGFP.  

With GFP fusion proteins, by contrast, the orientation of fluorescent protein subdomains is 

not random. In this case, 𝑟𝐸𝑇  substantially contributes to eq. (8) (Figure 13B) [51]. The 

parameter 𝑟𝐸𝑇, however, has to be determined empirically [51]. With the premise that 𝑁 = 2 

for 2xGFP and 𝑁 = 3 for 3xGFP, we could solve eq. (8) for the parameter 𝑟𝐸𝑇. This yielded 

𝑟𝐸𝑇(2xGFP) = 0.102, 𝑟𝐸𝑇(3xGFP) = 0.108, and an average 𝑟𝐸𝑇  = 0.105.  

Changing 𝑟𝐸𝑇 to 0.105, the subunit stoichiometry of 1xGFP, 2xGFP, and – most 

importantly – 3xGFP could be calculated more precisely (Table 7). The characterization of 

concatemers with 𝑁 > 3 still proved to be difficult.   

 

Table 7: Calculating the number of concatenated sfGFP from fluorescence anisotropy, using the model 

by Runnels & Scarlata [46] 

 𝑵𝑺𝑺(𝒓𝑬𝑻  = 0) 1 𝑵𝑺𝑺 (𝒓𝑬𝑻 = 0.016) 2 𝑵𝑺𝑺 (𝒓𝑬𝑻 = 0.105) 3 𝑵𝑺𝑺,𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅
 4 

1xGFP 1.0 1.0 1.0 1.0 

2xGFP 1.8 1.8 2.2 2.0 

3xGFP 2.2 2.3 3.1 3.1 

4xGFP 2.2 2.2 3.0 3.1 

5xGFP 2.0 2.0 2.6 2.9 

 

1  Number of subunits 𝑁 that interact via homo-FRET. 𝑁 was calculated with Runnels and Scarlata’s model, 

eq. (8), and excluding the rear part by 𝑟𝐸𝑇  = 0 [46].  
2  𝑁 calculated with eq. (8), by assuming 𝑟𝐸𝑇  = 0.016 [46, 116].  
3  𝑁 calculated with eq. (8) assuming a value for 𝑟𝐸𝑇  = 0.105, determined from concatemer standards. For the 

calculations, individual 𝑘𝐹𝑅𝐸𝑇 values from time-resolved anisotropy data were used.  
4  𝑁 calculated with eq. (8) and 𝑟𝐸𝑇  = 0.105. Instead of individual values, a mean value for 𝑘𝐹𝑅𝐸𝑇 (= 0.067 ns-1) 

and 𝜏 (= 2.62 ns-1) was used that was determined from standard concatemers.  
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To this point, the calculations were based on individual 𝑘𝐹𝑅𝐸𝑇 and 𝜏 values that were obtained 

from time-resolved measurements. Since these values showed an unexpected but subtle 

variability, it was tested whether the stoichiometry calculations with mean 

𝑘𝐹𝑅𝐸𝑇 (= 0.067 ± 0.004 ns-1) and mean 𝜏 (= 2.62 ns-1) could deliver an improved 

determination of 𝑁.  

The usage of a uniform set of parameters would facilitate the determination of 𝑁 for any new, 

structurally similar sfGFP fusion protein. Calculations with this standard parameter set 

(𝑟1 = 0.297, 𝑘𝐹𝑅𝐸𝑇 = 0.067 ns-1, 𝜏 = 2.62 ns-1, 𝑟𝐸𝑇 = 0.105) yielded the most accurate values, 

corresponding well to the known monomeric (1xGFP), dimeric (2xGFP), or trimeric 

(3xGFP) structures. 

5.1.6 Fractional photobleaching and steady-state anisotropy to differentiate 

between GFP concatemers.  

It had previously been proposed that fractional photobleaching in combination with steady-

state anisotropy can resolve the stoichiometry of fluorophore labeled molecules, 

independently from time-resolved anisotropy analysis [57]. Here, the sfGFP concatemers can 

be used as model proteins, too, representing non-covalently assembled oligomers. 

By irradiation with a strong 445 nm laser, GFP subunits can be irreversibly “switched off”. 

This fractional photobleaching of GFP was thoroughly investigated in the chapter 5.3, 

pp. 81-91. The irrevocable deletion of fluorescence of FRET acceptors blocks the 

depolarization caused by energy transfer [140]. The anisotropy of a fluorophore labeled 

complex with 𝑁 = 3, for instance, is increased when the fluorophores are fractionally 

photobleached, gradually exhibiting the anisotropy of complexes with 𝑁 < 3. The anisotropy 

behavior for fractionally photobleached fluorophores with a cluster size 𝑁 was theoretically 

described by Yeow and Clayton [57]. According to their formalism, the continuous fractional 

photobleaching does not affect the 𝑟𝑆𝑆 of monomers, increases the 𝑟𝑆𝑆 of dimers quasi-

linearly, and increases the 𝑟𝑆𝑆 of trimers and higher oligomers in an exponential fashion. 

When we determined the 𝑟𝑆𝑆 of sfGFP concatemers upon fractional photobleaching, these 

characteristic anisotropy patterns could be observed (Figure 16A). It was possible to 

differentiate between 1xGFP, 2xGFP and 3xGFP. The behavior of the dimer 𝑟𝑆𝑆 is linear and 

the behavior of trimers and higher oligomers is exponential. Nevertheless, the differentiation 
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between oligomers with 𝑁 > 3 was as challenging as already described previously for 

unbleached samples.  

 

Figure 16: Steady-state anisotropy in combination with fractional photobleaching shows distinguishable, 

protein-specific behavior for monomeric, dimeric, and trimeric sfGFP concatemers. A) Steady-state 

anisotropy of the sfGFP concatemers (1xGFP, 2xGFP, 3xGFP, 4xGFP, 5xGFP) for an increased fraction of 

inactive / photobleached fluorophores 𝑥. The anisotropy data was fitted with eq. (14) and 𝑎 = 0.10. Purified 

fusion proteins were diluted to 2 µM in concatemer sample buffer before they were irradiated with 445 nm laser 

light (300 mW) for fixed periods of time. After every bleaching step, the steady-state anisotropy and the residual 

fluorescence intensity was recorded (λex = 488 nm; λem = 520 nm). The fraction of inactive fluorophores was 

calculated, eq. (10). The raw steady-state anisotropy data was standardized to remove day-to-day variance, see 

Figure 12. B) Photobleaching data after correction for monomeric anisotropy increase, generally in eq. (22) and 

specified in eq. (23) (𝑜 = 0.011, 𝑝 = 0.974, 𝑞 = -0.012). The data was fitted with eq. (14) and 𝑎 = 0.10.  

 

However, we detected a slightly exponential increase of anisotropy for the monomeric 

1xGFP. This observation was not sfGFP-specific since another monomeric fusion protein 

holding EGFP [18] also showed an anisotropy increase for fractional photobleaching, even 

with a stronger curvature (Figure 17).  

This exponential response can be described with the following equation:  

 Δ𝑟𝑆𝑆(𝑥) =  𝑜 ∙ 𝑒(𝑝 ∙ 𝑥) + 𝑞 (22) 

where 𝑜, 𝑝, and 𝑞 are the variables to exactly describe the curvature (𝑜 and 𝑝) and the y-

intercept (𝑞) of the graph.  
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A non-linear least square fit was used to determine 𝑜, 𝑝, and 𝑞: 

 sfGFP monomer: Δ𝑟𝑆𝑆(𝑥) =  0.011 ∙ 𝑒(0.974 ∙ 𝑥) − 0.012 

(23) 

 EGFP monomer: Δ𝑟𝑆𝑆(𝑥) =  0.001 ∙ 𝑒(4.056 ∙ 𝑥) − 0.003 

The exponential fits outcompete linear fits that yielded worse r2
 values, for both, the EGFP 

and sfGFP-containing monomer. As 1xGFP is monomeric, this increase in anisotropy is 

independent of any homo-FRET effect. It also occurs similarly for all fusion proteins holding 

sfGFP or EGFP. For this reason, the photobleaching responses in Figure 16A were corrected 

with the representative function of the sfGFP monomer, eq. (23), yielding an even clearer 

picture for the differentiation between monomer, dimer and trimer (Figure 16B).  

 

 

Figure 17: The steady-state anisotropy of the monomeric GFP fusion proteins does not stay stationary 

but increases for a growing fraction of inactive fluorophores. The change in steady-state anisotropy of 

sfGFP- and EGFP-based monomers was recorded for a growing fraction of photobleached fluorophores 𝑥, 

calculated with eq. (10). Therefore, raw anisotropy was recorded as described in the Methods section. The 

anisotropy values of irradiated samples were subtracted by the values of non-irradiated controls to yield Δ𝑟𝑆𝑆. 

The data was fitted with eq. (23). sfGFP monomer: Δ𝑟𝑆𝑆 = 0.011 ∙ exp(0.974 ∙ 𝑥) - 0.012. EGFP monomer: 

Δ𝑟𝑆𝑆 = 0.001 ∙ exp(4.056 ∙ 𝑥) - 0.003. Values for Δ𝑟𝑆𝑆 exceeded a significant threshold (standard deviation of 

𝑟𝑆𝑆 between two measurements ≈ 0.005) when around 50% of the fluorophores had been inactivated.  
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5.1.7 Determination of subunit stoichiometry via fractional photobleaching 

and steady-state anisotropy 

Yeow and Clayton introduced several ways to use the steady-state anisotropy after fractional 

fluorophore labeling 𝑓 to determine the number of fluorophores 𝑁 that interact via homo-

FRET [57]. Fractional photobleaching 𝑥 is the reversed process of fractional labeling and 

therefore can be expressed by 𝑥 = 1 – 𝑓. 

In a simplistic approach, Yeow and Clayton described the steady-state anisotropy after 

photobleaching with a polynomial function [57]. The order of the polynomial increases with 

𝑁 with coefficients derived from the Pascal’s triangle and individual parameters 𝑟𝐴, 𝑟𝐵, …, 

𝑟𝑥, see eq. (11). The functions do not include homotransfer or molecular rotation.  

The photobleaching data, (Figure 16B), was fitted with polynomial functions for 𝑁 = 1-5 

and tested via r2 value comparison whether 1xGFP is represented best by the polynomial 

𝑁 = 1, 2xGFP is represented best by the polynomial 𝑁 = 2, etc. Unexpectedly, for all of the 

concatemers, the polynomial function with the highest 𝑁 (= 5) has the highest r2 value. Thus, 

every photobleaching response is characterized as pentameric (Figure 18; Table 8).  

 

 

Figure 18: Modelling the steady-state anisotropy behavior for fractionally photobleached sfGFP 

concatemers with Yeow and Clayton’s polynomial approach. The anisotropy behavior after fractional 

photobleaching of sfGFP concatemers was fitted with eq. (11). Datapoints for 4xGFP and 5xGFP were not 

plotted for reasons of clarity as they are mostly overlapping with datapoints for 3xGFP. The function with the 

highest tested polynomial gained the best fit for all of the fusion proteins, becoming visible at highest r2 values, 

listed in Table 8.  
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This observation can be explained by overfitting which usually occurs for models with too 

many parameters and datasets with not enough data points. Both could be responsible for the 

misleading predictions of 𝑁 in Yeow and Clayton’s polynomial approach. 

Table 8: Determination of 𝑵 via Yeow and Clayton’s polynomial approach, eq. (11) [57] 

 r2 values from fitting the data with polynomial functions   

 f (𝑵 = 2) f (𝑵= 3) f (𝑵= 4) f (𝑵= 5)  𝑵𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅  

1xGFP -0.0868 -0.0058 0.0585 0.0626  5 

2xGFP 0.7554 0.7618 0.7844 0.7847  5 

3xGFP 0.8967 0.9014 0.9079 0.9114  5 

4xGFP 0.9300 0.9357 0.9358 0.9493  5 

5xGFP 0.8369 0.8808 0.8852 0.8861  5 

 

In another approach, they described the photobleaching behavior of oligomers with a two-

state bimodal model, see eq. (12) [57]. This model comprised two parameters, the anisotropy 

of the monomer 𝑟1 and the parameter 𝑓𝑛𝑜𝑛 that is the fractional fluorescence of non-

interacting and thus monomeric fluorophores. We assessed 𝑓𝑛𝑜𝑛  and 𝑁 with a least square fit 

of the photobleaching data (Figure 16B) which yielded very high values for 𝑓𝑛𝑜𝑛, near its 

maximum 𝑓𝑛𝑜𝑛 = 1 (Table 9). For increasing 𝑁, the values of 𝑓𝑛𝑜𝑛 slightly decrease, yet, still 

remain close to 1. According to its definition, high values for 𝑓𝑛𝑜𝑛  imply that the majority of 

the investigated fluorescent proteins are arranged as monomers. However, for the sfGFP 

concatemers, which are covalently linked assemblies of 𝑁 concatenated GFP moieties, no 

predominant monomer fraction was detected in denaturing PAGE (Figure 13D). In addition, 

the calculated values for 𝑁 were significantly different from the inherent 𝑁 of sfGFP 

concatemers. 

Therefore, it was not possible to describe the photobleaching response of the sfGFP 

concatemers and the correct 𝑁 with the two-state bimodal model by Yeow and Clayton. 

However, we recognized that values of 𝑓𝑛𝑜𝑛 were decreasing with the stoichiometry of the 

complexes (Table 9), similarly as already found for the steady-state anisotropy 

(Figure 15A). When plotting 𝑓𝑛𝑜𝑛  in dependence of the number of sfGFP moieties in the 

concatemer 𝑁, a nearly linear behavior became apparent for monomer, dimer, and trimer. In 
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contrast, 𝑓𝑛𝑜𝑛 is stagnating for concatemers with 𝑁 ≥ 3 which is also in line with observations 

with steady-state anisotropies (Figure 15). Evidently, 𝑓𝑛𝑜𝑛 itself is a function of 𝑁 

(Figure 19) which is strongly supported by parallels between the steady-state anisotropy in 

Runnels and Scarlata’s model – inversely proportional for 𝑁 – and 𝑓𝑛𝑜𝑛 from Yeow and 

Clayton, see chapter 3.4. 

Table 9: Determination of 𝑵 via Yeow and Clayton, eq. (12) [57], and the new theoretical model 

introduced in this study, eq. (14) 

 Yeow and Clayton, eq. (12)  this study, eq. (14) 

 𝒇𝒏𝒐𝒏  
1 𝑵𝐱,𝐟𝐧𝐨𝐧 

2  𝑵𝐱,𝒂  
3 𝑵𝐱,𝐑&𝐒 

4
 

1xGFP 1.002 8.2  1.0 1.0 

2xGFP 0.912 1.7  1.9 1.9 

3xGFP 0.848 2.3  2.7 2.8 

4xGFP 0.846 2.8  2.9 3.0 

5xGFP 0.857 2.9  2.8 2.9 

 

1  Fraction of non-interacting, monomeric fluorophores, according to Yeow and Clayton [57].  
2  Number of subunits that interact via homo-FRET, based on photobleaching data and eq. (12).  
3  Number of subunits that interact via homo-FRET, based on photobleaching data and eq. (14).  
4  Number of subunits that interact via homo-FRET, based on photobleaching data and eq. (13).  

  

 

As a consequence, the dependence of 𝑓𝑛𝑜𝑛  on 𝑁 is reciprocal and could be best explained 

with 𝑓𝑛𝑜𝑛 = 
1 + 𝑎

1 + 𝑁 ⋅ 𝑎
  and parameter 𝑎𝑠𝑓𝐺𝐹𝑃 (= 0.10). The value of 𝑎𝑠𝑓𝐺𝐹𝑃 was determined from 

the sfGFP concatemers with an optimal fit for 𝑁 = 1-3 in a least squares approach. Values 

for 4xGFP and 5xGFP were excluded. Subsequently, we replaced 𝑓𝑛𝑜𝑛 in eq. (12) with the 

reciprocal function and calculated 𝑁𝑥 again from the photobleaching data. The obtained 

values resemble those values yielded for 𝑁𝑆𝑆,𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑, the declared “gold standard” requiring 

time-resolved anisotropy analysis and photophysical parameters such as 𝑘𝐹𝑅𝐸𝑇, 𝜏, and 𝑟𝐸𝑇. 

When the whole Runnels and Scarlata equation, eq. (8), was integrated into the Yeow and 

Clayton formalism, eq. (12), and the photophysical parameters 𝑘𝐹𝑅𝐸𝑇, 𝜏, 𝑟𝐸𝑇 were inserted, 

the predictive power could only slightly be improved. The resulting 𝑁𝑥 values did not 

significantly differ for the calculations with 𝑎𝑠𝑓𝐺𝐹𝑃. This confirms that the combination of 
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steady-state anisotropy, photobleaching, and a simple model could deliver results comparable 

to those obtained using sophisticated equipment.  

 

Figure 19: Parameter 𝒇𝒏𝒐𝒏 in dependence of 𝑵 GFP moieties in sfGFP concatemers that interact via 

homo-FRET. Values for 𝑓𝑛𝑜𝑛 were calculated via eq. (12) from steady-state anisotropy data upon fractional 

photobleaching of sfGFP concatemers. A non-linear least squares approach for 𝑓𝑛𝑜𝑛  =
1 + 𝑎

1 + 𝑁 ⋅ 𝑎
 was used to 

determine parameter 𝑎 (valid for 𝑁=1-3).  

  

Using our sfGFP concatemers, we could then show that it was feasible to distinguish between 

a complex of one, two, and three GFP reporters interacting via homo-FRET. This could be 

achieved both, with steady-state and with time-resolved anisotropy. It was further possible 

to determine biophysical parameters with the anisotropy decay in timescales of 10 ns by 

Ganesh Agam. Apart from directly comparing absolute numbers of 𝑟𝑆𝑆, we confirmed the 

number of subunits 𝑁 that interact via homo-FRET with the well-established model by 

Runnels and Scarlata. This approach however was only possible with parameters assessed by 

time-resolved anisotropy. A crucial new result obtained here is that recording the steady-state 

anisotropy of fractionally photobleached sfGFP subunits gave good approximations even 

without relying on time-resolved measurements. We now proceed to analyze the 

oligomerization of non-covalently linked GFP fusion proteins.  
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5.2 Determining the oligomeric state of non-covalently linked 

GFP fusion proteins via fluorescence anisotropy 

5.2.1 Generating GFP fusion proteins that form non-covalently bound 

oligomers  

As models of non-covalently linked protein assemblies, chimeric proteins were generated 

containing GFP as the fluorophore label and oligomerizing coiled-coil domains. Coiled-coil 

domains are well studied peptides that exist in various stoichiometries, as specified in the 

introductive sections.  

In fusion proteins derived from parental 1xGFP protein, a coiled-coil element with known 

stoichiometry (GCN4-p1: dimer; GCN4-pII: trimer) or with unclear or unknown 

stoichiometry (ph3a and GCN4-pAA) was linked to a sfGFP domain (Figure 20A). Similar 

to the sfGFP concatemers, Gly-Ser enriched linker regions were used to connect the GFP 

moiety with the oligomerizing coiled-coil element. Additionally, tags were included for 

protein purification (xtHis) and immunochemical detection (FLAG). The primary structure 

of these sfGFP-based constructs only varied in the integrated coiled-coil peptide sequences 

(Figure 20A). 

In parallel, fusion proteins with a different structural composition were investigated. These 

proteins were introduced by Cristie-David et al. [18] and hold de novo generated coiled-coil 

domains [14, 15] and EGFP instead of the sfGFP variant (Figure 20B). The stoichiometry 

of these EGFP-based fusion proteins had already been examined in the past by Cristie-David 

et al. [18], and they were tested again in this study. As a monomeric control for EGFP-based 

construct, an EGFP fusion protein with minor N-terminal extensions (polyHis tag and linker 

region) was used [18]. 

The GFP-coiled-coil fusion proteins were expressed in E. coli BL21(DE3) and purified with 

an altered purification protocol compared to the sfGFP concatemers. Applying the same 

purification protocol as for the sfGFP concatemers, we were confronted with several 

challenges including massive precipitation and minimal protein yield. The addition of 30% 

glycerol during the purification process proved to be beneficial.  
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Figure 20: The amino acid sequences of all coiled-coil elements that were integrated in GFP fusion 

proteins in this study. A) The amino acid sequences of GCN4-p1 [35], GCN4-pII [12], the de novo generated 

peptide ph3a, and GCN4-pAA were inserted into a modular sfGFP-based fusion protein. B) The amino acid 

sequences of the de novo coiled-coil peptides CC-Di [14], CC-Tet [14], and CC-Pent [15] were inserted in an 

EGFP-based fusion protein. This protein set-up was introduced by Cristie-David et al. [18] who supplied us 

with the original plasmids generated for their study.  

 

5.2.2 Biochemical analysis of the stoichiometry of oligomerizing GFP fusion 

proteins 

The purified constructs were tested for integrity via denaturing PAGE (Figure 21A&B). 

Most of the constructs exhibited a clear and distinctive band corresponding to an intact fusion 

protein, particularly the EGFP-based chimeras (Figure 21B). With some of the sfGFP-based 

contaminations and fragments of minor molecular weight could be detected (Figure 21A). 

All GFP-coiled coil fusion proteins were analyzed for their stoichiometry via native PAGE 

and size exclusion chromatography (SEC) (Figure 21C-F).  
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In native PAGE experiments, nearly all of the proteins migrated into the 10% polyacrylamide 

gel with sfGFP-ph3a as the only exception. However, the migration behavior varied 

fundamentally for the tested samples, also between oligomers of the same stoichiometry and 

molecular weight but different structural composition. Comparing the predicted isoelectric 

points  [141] for the tested samples, a strong difference between the more acidic EGFP- and 

the less acidic sfGFP-based proteins became visible, which might be a reason for the 

migration discrepancy. As only acidic protein species (pI < 7) are able to intrinsically migrate 

to the anode [25, 27], the only protein whose predicted isoelectric point is clearly above this 

threshold, sfGFP-ph3a, did not migrate (Figure 21E). As the number of charged groups is 

foremostly responsible for the migration into the gel, the use of a general protein standard in 

order to relate gel migration of any protein to its stoichiometry can be therefore regarded as 

difficult. Therefore, native PAGE had only a supportive role when characterizing the samples 

biochemically. 

In SEC analysis (Figure 21F), a calibration curve with protein standards was recorded 

beforehand in order to derive the molecular weight and protein stoichiometry from sample 

retention time (Figure 10). This enables the comparison between differently structured 

protein assemblies. First, we analyzed fusion proteins that held GCN4-p1 and its variant 

GCN4-pII. In the past, it had been demonstrated by X-ray structures [35] and nuclear 

magnetic resonance spectroscopy [142, 143] that the isolated GCN4-p1 peptide is a dimer. 

In isolation, the GCN4-pII peptide forms a trimer according to its X-ray structure [144]. 

Integrated in the chimeric set-up, fusion proteins with GCN4-p1 and GCN4-pII eluate at 

retention times corresponding to the two- and threefold monomer molecular weight, 

respectively. Thus, their dimeric and trimeric stoichiometry could be confirmed. Gradually 

slower migration on the native PAGE in the order monomeric 1xGFP, dimeric sfGFP-GCN4-

p1, and trimeric sfGFP-GCN4-pII further supports this interpretation. By mutating all 

interfacial residues in GCN4-p1 to alanine, the construct sfGFP-GCN4-pAA was assumed 

no longer to form oligomers. Surprisingly, two distinct peaks could be observed in SEC 

analysis with two peaks lying in between dimer and trimer and dimer and monomer 

(Figure 21F, Appendix Fig. 3).  
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Figure 21: Biochemical analysis of non-covalently associated GFP fusion proteins. A) Denaturing PAGE 

of sfGFP-based fusion proteins. The concentration of all loaded proteins on denaturing as well as on native 

PAGE was 2 µM. B) Denaturing PAGE of EGFP-based fusion proteins. C) Native PAGE of sfGFP-based 

fusion proteins. D) Native PAGE of EGFP-based fusion proteins. E) Predicted isoelectric point [141] for all 

GFP fusion proteins. F) Size exclusion chromatography with GFP-coiled coil fusion proteins. sfGFP-based 

fusion proteins of unclear / unknown stoichiometry are displayed in the central panel. The data points represent 

UV and fluorescence intensity maxima (Appendix Fig. 3).  
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The initial assumption that mutating interfacial residues to Ala would monomerize the 

peptide could not be substantiated. Hence, sfGFP-GCN4-pAA was excluded from further 

anisotropy experiments.  

Lastly, we tested the de novo coiled-coil peptide ph3a integrated into the sfGFP fusion 

protein. The de novo peptide ph3a was designed from scratch with the aid of CCBuilder, 

a tool to test coiled-coil architecture in silico (Figure 22) [16]. With trimer helix properties, 

the coiled-coil sequence of ph3a was generated starting from the amino acid sequence of the 

trimeric GCN4-pII (RMKQIEDK IEEILSK IYHIENE IARIKKL IGER). Gradually 

altering the sequence on specific positions, the changes were validated for their theoretical 

stability via Rosetta [145] and BUDE Score [146, 147] by the CCBuilder tool.  

 

Figure 22:The generation of the de novo coiled-coil ph3a. Helix properties were chosen from CC-Tri, a de 

novo trimer (radius = 6.34 Å, pitch = 194 Å, interface angel = 19.98 °) [16]. The sequence for the ph3a peptide 

was based on the heptad pattern of GCN4-pII. Coiled-coils with isoleucine residues at the hydrophobic interface 

(a and d position) were classified as trimers in the past [12]. Intending a trimeric fusion protein, isoleucine was 

selected for heptad position a and d. As repeatedly seen for the natural coiled-coil element in GCN4, glutamic 

acid was selected for the e position and lysine for the g position, mutually stabilizing the protein via electrostatic 

interactions. For position c and f, polar and hydrophilic residues arginine, lysine, and glutamine were chosen. 

Position b was filled with tyrosine. Using the CC Builder tool introduced by Wood et al. [16], the resulting 

coiled-coil peptide was hypothesized as a strong parallel trimer (eponymously: ph3a; Rosetta Score: -107.29; 

BUDE Score: -1018.27; residues per turn: 3.595).  
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Besides its hydrophobic Ile-based core motif, the sequence for ph3a exhibits further 

repetitive patterns, i.e. Tyr on heptade position b, Glu on e, Lys on g, Arg, Lys, and Gln on 

positions c and f (RIYKIEQK IYRIEQK IYRIEQK IYKIEQK IYGIR). The ph3a peptide 

was classified as a strong trimer in silico. However, there was no trimeric behavior 

observable in SEC experiments. sfGFP-ph3a eluted with the exclusion volume indicating a 

higher-order complex formation. In order to test whether anisotropy-based methods could 

resolve the stoichiometry of the higher-order oligomer, we included sfGFP-ph3a in the 

subsequent anisotropy analysis. 

As an alternative fusion protein subset, EGFP-based fusion proteins were analyzed for their 

stoichiometry. All of the EGFP-based fusion proteins, initially published by Cristie-David et 

al. [18], contain de novo coiled-coil domains designed by the Woolfson group [14, 15]. These 

de novo peptides CC-Di, CC-Tet, and CC-Pent were characterized in their isolated form as 

dimer, tetramer, and pentamer, respectively, by crystallography. However, Cristie-David et 

al. found stoichiometry inconsistencies when integrating these elements in the protein 

chimeras (Figure 20B). Experiments with SEC, analytical ultracentrifugation, and native 

mass spectrometry characterized CC-Di as a dimer, as expected, but classified the putative 

tetramer CC-Tet as a trimer instead. Furthermore, CC-Pent could be only detected as a 

pentamer and prevented from aggregating after changing the linker length [18]. In our SEC 

experiments, we could confirm the dimeric, trimeric, and pentameric character of CC-Di, 

CC-Tet, and CC-Pent, supported by native PAGE, (Figure 21D&F) and prove the findings 

by Cristie-David et al. [18].  

5.2.3 Distinguishing the oligomeric state non-covalently associated GFP-

coiled-coil fusion proteins via fluorescence anisotropy 

The steady-state and the time-resolved anisotropies of the GFP-coiled-coil fusion proteins 

were measured similar to the sfGFP concatemers (Figure 23). The samples were again 

separated in two subsets, sfGFP- and EGFP-based (Table 10). For the sfGFP-based subset, 

the steady-state anisotropies of the dimeric sfGFP-GCN4-p1 (𝑟𝑆𝑆 = 0.271) and the trimeric 

sfGFP-GCN4-pII (𝑟𝑆𝑆 = 0.246) are significantly decreased in comparison to the anisotropy 

of the monomeric 1xGFP. Both steady-state anisotropies resemble the values of their 

concatemer equivalent 2xGFP (𝑟𝑆𝑆 = 0.271) and 3xGFP (𝑟𝑆𝑆 = 0.251). In time-resolved 
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anisotropy measurements, executed by Ganesh Agam (Appendix Fig. 5), the homotransfer 

rates for dimer (𝑘𝐹𝑅𝐸𝑇, sfGFP−GCN4−p1 = 0.063 ns-1) and trimer (𝑘𝐹𝑅𝐸𝑇, sfGFP−GCN4−pII = 

0.099 ns-1) differed from their concatemer analogues (𝑘𝐹𝑅𝐸𝑇,2𝑥𝐺𝐹𝑃= 0.055 ns-1; 𝑘𝐹𝑅𝐸𝑇,3𝑥𝐺𝐹𝑃  = 

0.069 ns-1) which indicates a stronger proximity between GFP reporters. Indeed, this could 

be affirmed when calculating the fluorophore distance 𝑅 from 𝑘𝐹𝑅𝐸𝑇 and 𝜏, see eq. (3). Here, 

the dimeric sfGFP-GCN4-p1 (𝑅 = 6.26 nm) and the trimeric sfGFP-GCN4-pII (𝑅 = 5.83 nm) 

show both shorter inter-fluorophore distances compared to their equivalents 2xGFP (𝑅 = 

6.38 nm) and 3xGFP (𝑅 = 6.14 nm), respectively.  

SEC analysis indicated that sfGFP-ph3a forms higher-order protein complexes. This result 

was confirmed by an extraordinarily low steady-state anisotropy (𝑟𝑆𝑆 = 0.172) and a much 

stronger time-resolved decay than detected for any other GFP-coiled-coil fusion protein 

(𝑘𝐹𝑅𝐸𝑇,   𝑠𝑓𝐺𝐹𝑃−𝑝ℎ3𝑎 = 0.230 ns-1). The inter-fluorophore distance 𝑅 could be calculated and 

equals 5.03 nm, suggesting a very tightly packed macromolecular structure. 

 

Figure 23: The steady-state anisotropy of GFP-based coiled-coil fusion proteins. Purified GFP-based 

coiled-coil fusion proteins were diluted to a concentration of 2 µM and were excited with polarized light 

(λex = 488 nm). The fluorescence intensity (λem = 520 nm) parallel and perpendicular to the excitation light was 

recorded and the steady-state anisotropy was calculated using eq. (2). Here, the single values and means 

(n = 4-6) are displayed. Differences between fusion proteins were classified with an unpaired Student’s t-test 

and ranked by their two-tailed p-values (ns = not significant, p > 0.05; * = significant, p ≤ 0.05; ** = strongly 

significant, p ≤ 0.01; *** = extremely significant, p ≤ 0.001).  
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The other fusion protein subset, EGFP-based coiled-coil fusion proteins, exhibited a greater 

decrease in fluorescence anisotropy than their sfGFP-based analogues (Table 10). The 

anisotropy of the monomeric EGFP (𝑟𝑆𝑆 = 0.291) is similar to that of 1xGFP (𝑟𝑆𝑆 = 0.297) 

(difference is not statistically significant). However, the anisotropy of the dimeric EGFP-CC-

Di (𝑟𝑆𝑆 = 0.243) and trimeric EGFP-CC-Tet (𝑟𝑆𝑆 = 0.216) drops distinctly stronger than for 

the sfGFP-based fusion proteins including sfGFP concatemers. The steady-state anisotropy 

of the pentameric EGFP-CC-Pent does not show any difference from the trimeric EGFP-CC-

Tet which confirms the previous observations for complexes with 𝑁 ≥ 3 GFP subunits. From 

time-resolved data, monomer, dimer, and trimer could be clearly distinguished 

(𝑘𝐹𝑅𝐸𝑇,𝐸𝐺𝐹𝑃−𝐶𝐶−𝐷𝑖 = 0.105 ns-1; 𝑘𝐹𝑅𝐸𝑇,𝐸𝐺𝐹𝑃−𝐶𝐶−𝑇𝑒𝑡 = 0.139 ns-1), but no difference was 

detected between trimer and pentamer (𝑘𝐹𝑅𝐸𝑇,𝐸𝐺𝐹𝑃−𝐶𝐶−𝑃𝑒𝑛𝑡 = 0.137 ns-1). For the EGFP-

based protein subset, the distance between interacting fluorophores was lower than for the 

sfGFP-based fusion proteins (Table 10) which could be explained with the de-facto shorter 

linkers. 

Table 10: Analysis of anisotropy data for GFP-coiled-coil fusion proteins  

 𝒓𝑺𝑺 1 τ𝑭𝑹𝑬𝑻 (ns) 

2 

𝒌𝑭𝑹𝑬𝑻 (ns-1) 3 𝑹 (nm) 4 𝒓𝟎 
5 𝒓∞

6 

1xGFP 0.297 2.47 (0.033)* (6.99)* (0.408)* (0.162)* 

sfGFP-GCN4-p1 0.271 2.50 0.063 6.26 0.384 0.220 

sfGFP-GCN4-pII 0.246 2.43 0.099 5.83 0.359  0.179 

sfGFP-GCN4-ph3a 0.172 2.53 0.230 5.03 0.389  0.137 

EGFP 0.291 2.84 (0.063)* (6.13)* (0.435)* (0.250)* 

EGFP-CC-Di 0.243 2.92 0.105 5.59 0.393 0.229 

EGFP-CC-Tet 0.216 2.75 0.139 5.40 0.376 0.205 

EGFP-CC-Pent 0.216 2.89 0.137 5.37 0.365 0.183 

 

1 Steady-state anisotropy. 2 Fluorescence lifetime. 3 Homotransfer rate. 4 Distance between all interacting 

fluorophores. 5 Initial / limiting / fundamental anisotropy. 6 Anisotropy for 𝑡 → infinity.  

( )* Data fitted with eq. (7), although no homo-FRET is expected; a fit with eq. (6) is preferred in order to 

receive the rotational correlation time 𝜙. 
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5.2.4 Determining the stoichiometry of non-covalently associated GFP fusion 

proteins from fluorescence anisotropy 

The combination of measured steady-state anisotropy and parameters from time-resolved 

anisotropy analysis enables the determination of protein stoichiometry. As previously shown 

for sfGFP concatemers, we could determine the number of interacting fluorophores 𝑁 using 

several variations of Runnels and Scarlata’s model (Table 7). 

Similar to the sfGFP concatemers, the oligomeric state 𝑁 was calculated with measured 𝑟𝑆𝑆  

values in combination with individual or standard parameters (Table 11). In a first step, 𝑁 

was calculated with eq. (8) and individual values for the homotransfer rate 𝑘𝐹𝑅𝐸𝑇 and 𝜏. The 

rear part was neglected (𝑟𝐸𝑇 = 0). The results for all of the proteins varied systematically from 

the stoichiometry determined in SEC (𝑁𝑆𝐸𝐶). All of the calculated values of 𝑁 were lower. 

As already shown in the past [51] and with sfGFP concatemers in this study, GFP are not 

oriented randomly and the simplified formula (𝑟𝐸𝑇  = 0) cannot be applied for clusters of 

GFP.  

In a second step, we calculated 𝑁 from eq. (8) including the rear part. This required 𝑟𝐸𝑇 which 

was determined for sfGFP concatemers (𝑟𝐸𝑇 = 0.105). Again, individual values for 𝑘𝐹𝑅𝐸𝑇  and 

𝜏 were used. As a consequence, all of the 𝑁 were higher than for 𝑟𝐸𝑇 = 0. The values of 𝑁 

for sfGFP-based chimeras came close to 𝑁 observed with biochemical methods while 𝑁 for 

EGFP-based fusion proteins were higher than expected. The value for 𝑟𝐸𝑇  = 0.105 was 

calculated for sfGFP concatemers where more than 50 linker amino acids separate the GFP 

domains. EGFP-based fusion proteins exhibit shorter linkers and less flexibility. Apparently, 

𝑟𝐸𝑇 has to be adjusted for EGFP-based fusion proteins. We determined the parameter 𝑟𝐸𝑇 for 

EGFP-based fusion proteins empirically with eq. (8) and 𝑟𝑆𝑆 values, assuming that 𝑁 = 2 for 

EGFP-CC-Di and 𝑁 = 3 for EGFP-CC-Tet. We could determine 𝑟𝐸𝑇(EGFP-CC-Di) = 0.073 

and 𝑟𝐸𝑇(EGFP-CC-Tri) = 0.085, and an average 𝑟𝐸𝑇  = 0.079.  

By adjusting 𝑟𝐸𝑇  to 0.079, the determination of 𝑁𝑆𝑆 could be improved for EGFP-based 

samples, with 𝑁𝑆𝑆(EGFP) = 1.0, 𝑁𝑆𝑆(EGFP-CC-Di) = 2.2, 𝑁𝑆𝑆(EGFP-CC-Tet) = 2.9, and 

𝑁𝑆𝑆(EGFP-CC-Pent) = 2.9. Calculating 𝑁𝑆𝑆 for the sfGFP-based proteins with the EGFP-

specified parameter 𝑟𝐸𝑇 = 0.079, in turn, led to underestimations of 𝑁. This demonstrates that 

the choice of 𝑟𝐸𝑇 can be significant for a precise determination of 𝑁𝑆𝑆. Comparing EGFP-
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based and sfGFP-based samples, 𝑟𝐸𝑇 differences can be traced back to varying linker lengths 

and altered construct structures (Figure 20) which both might decisively change the 

arrangement of GFP domains. From these results, it became evident that a varied structural 

composition requires a different parameter 𝑟𝐸𝑇.  

In a final step, 𝑁𝑆𝑆 was determined via eq. (8) in combination with the standard parameter 

set that was introduced for the sfGFP concatemers (𝑟1 = 0.297, 𝑘𝐹𝑅𝐸𝑇 = 0.067 ns-1, 

𝜏 = 2.62 ns-1, 𝑟𝐸𝑇 = 0.105). In case of sfGFP-based proteins, the calculated 𝑁𝑆𝑆 (last column, 

Table 11) hardly differed from values calculated with individual parameters.  

 

Table 11: Determining the oligomeric state 𝑵 of assembled GFP-coiled-coil fusion proteins from 

fluorescence anisotropy, using the model by Runnels & Scarlata [46] 

 𝑵𝑺𝑬𝑪 1 𝑵𝑺𝑺  

(rET = 0) 2 

𝑵𝑺𝑺  

(rET = 0.105) 3 

𝑵𝑺𝑺  

(rET = 0.079) 4 

𝑵𝑺𝑺,𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 5 

1xGFP 1 1.0 1.0 (1.0)* 1.0 

sfGFP-GCN4-p1 2 1.6 2.0 (1.9)* 2.0 

sfGFP-GCN4-pII 3 1.9 2.6 (2.4)* 3.4 

sfGFP-GCN4-ph3a (7+)● 2.8 5.7 (4.4)* 13.5 

EGFP 1 1.0 (1.0)* 1.0 1.0 

EGFP-CC-Di 2 1.8 (2.5)* 2.2 2.1 

EGFP-CC-Tet 3 2.2 (3.4)* 2.9 3.1 

EGFP-CC-Pent 5 2.2 (3.4)* 2.9 3.1 

 

1  Oligomeric state estimated from analysis with size exclusion chromatography. 
2  Number of subunits 𝑁 in a complex of fluorophores that interact via homo-FRET. 𝑁 was calculated with 

Runnels and Scarlata’s model, eq. (8), and excluding the rear part by 𝑟𝐸𝑇  = 0 [46].  
3  𝑁 calculated with eq. (8) assuming that the rear part must not be neglected [51]. The value for 𝑟𝐸𝑇  = 0.105 

was determined from concatemer standards. For the calculations, individual 𝑘𝐹𝑅𝐸𝑇 values from time-

resolved anisotropy data were used.  
4  𝑁 calculated with eq. (8) and 𝑟𝐸𝑇  = 0.079. For the calculations, individual 𝑘𝐹𝑅𝐸𝑇 values from time-resolved 

anisotropy data were used.   
5  𝑁 calculated with eq. (8) and a standard parameter set. For sfGFP-based fusion proteins (row 1-4): 

𝑟1 = 0.297, 𝑘𝐹𝑅𝐸𝑇 = 0.067 ns-1, 𝜏 = 2.62 ns, 𝑟𝐸𝑇  = 0.105. For EGFP-based fusion proteins (row 5-8): 

𝑟1 = 0.291, 𝑘𝐹𝑅𝐸𝑇 = 0.127 ns-1, 𝜏 = 2.85 ns, 𝑟𝐸𝑇  = 0.079.  

( )● Parallel total internal reflection fluorescence microscope experiments indicated a higher-order complex. 

( )* Calculations with an inappropriate 𝑟𝐸𝑇 . 
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As both sfGFP-based coiled-coil fusion proteins and sfGFP concatemer standards exhibit a 

similar structural composition, it was possible to confirm the biochemically observed 

stoichiometries with the standard parameter set from sfGFP concatemers. In stark contrast, 

EGFP-based proteins could not be determined correctly from parameters gauged with sfGFP-

based fusion proteins. Here, the estimations were 1.2 for the monomer, 3.6 for the dimer, 

5.9 for the trimer, and 5.9 for the pentamer (not listed in Table 11). As a consequence, a new 

standard parameter set, specifically for EGFP-based proteins, was generated. This was done 

in an equal way as for the sfGFP concatemers, with mean values for 𝑘𝐹𝑅𝐸𝑇 and 𝜏. The 

calculations with the new and adjusted parameter set (𝑟1 = 0.291, 𝑘𝐹𝑅𝐸𝑇 = 0.127 ns-1, 

𝜏 = 2.85 ns-1, 𝑟𝐸𝑇 = 0.079) were listed in Table 11. For the dimer and trimer, the determined 

values came very close to observations in biochemical analysis. The determination for 𝑁 ≥ 3, 

i.e. for EGFP-CC-pent, was not possible as already shown for sfGFP concatemers.  

In conclusion, the determination of the subunit stoichiometry for assembled GFP-coiled-coil 

fusion proteins is possible via steady-state anisotropy and the appropriate model, eq. (8). 

Nevertheless, it requires time-resolving instrumentation to obtain parameters 𝑘𝐹𝑅𝐸𝑇, 𝜏, 

and 𝑟𝐸𝑇. 

5.2.5 Fractional photobleaching of non-covalently associated GFP fusion 

proteins 

With sfGFP concatemers, we could determine the number of interacting GFP moieties 𝑁 

without requiring time-resolved anisotropy data, simply by fractionally photobleaching the 

molecules and recording the steady-state anisotropy.  

In the same way, we fractionally photobleached GFP-coiled-coil fusion proteins and 

analyzed their anisotropy behavior upon photobleaching (Figure 24). For the dimeric sfGFP-

GCN4-p1 and the trimeric sfGFP-GCN4-pII (Figure 24A), the recorded anisotropy 

behaviors were similar to their concatemers 2xGFP and 3xGFP, respectively (Figure 24B). 

In striking contrast, the photobleaching response of sfGFP-ph3a started at a very low steady-

state anisotropy and grew much steeper than observed for fusion proteins with GCN4-1 

variants or any sfGFP concatemer (Figure 24B).  
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Figure 24: The steady-state anisotropy of fractionally photobleached GFP-coiled-coil fusion proteins (left 

panels), compared to the anisotropy behavior of concatemer reference proteins (right panels). Purified 

fusion proteins were diluted to 2 µM in coiled-coil sample buffer before they were irradiated with 445 nm laser 

light (300 mW) for fixed periods of time. After every bleaching step, the steady-state anisotropy and the residual 

fluorescence intensity was recorded (λex = 488 nm; λem = 520 nm). The fraction of inactive fluorophores was 

calculated, eq. (10). A) Steady-state anisotropy of the sfGFP-based coiled-coil fusion proteins for a growing 

fraction of inactive fluorophores x. The anisotropy data was fitted with eq. (14) and 𝑎 = 0.10. The raw steady-

state anisotropy data was standardized due to massive day-to-day variance and corrected for the monomeric 

anisotropy increase, eq. (23) (𝑜 = 0.011, 𝑝 = 0.974, 𝑞 = -0.012). B) Comparison between the anisotropy 

behavior of sfGFP-based concatemers and coiled-coil fusion proteins upon photobleaching. The steady-state 

anisotropy behavior is similar for dimers and trimers. The curves were generated with eq. (14) and a = 0.10. 

C) Steady-state anisotropy of the EGFP-based coiled-coil fusion proteins for an increased fraction of inactive 

fluorophores x. The anisotropy data was fitted with eq. (14) and 𝑎 = 0.21. The raw steady-state anisotropy data 

was standardized and corrected for the for monomeric anisotropy increase, eq. (23) (𝑜 = 0.001, 𝑝 = 4.056, 

𝑞 = -0.003). D) Comparison between the anisotropy behavior of sfGFP-based concatemers and EGFP-based 

coiled-coil fusion proteins upon photobleaching. The steady-state anisotropy behavior is not congruent. The 

curves were generated with eq. (14) and 𝑎 = 0.10 for sfGFP-based concatemers, see Figure 16, and 𝑎 = 0.21 for 

EGFP-coiled-coils. 
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When EGFP-based fusion proteins were photobleached (Figure 24C), the detected steady-

state anisotropy patterns were not congruent to those from sfGFP-based fusion proteins 

including the sfGFP concatemers (Figure 24D). The photobleaching responses appeared to 

be “shifted” towards smaller 𝑟𝑆𝑆. As previously described, the steady-state anisotropy of 

unbleached (𝑥 = 0) EGFP-based fusion proteins is lower than that of their sfGFP-based 

analogues. This underlines that the direct comparison between sfGFP- and the EGFP-based 

system is difficult.  

We could determine the number of assembled subunits 𝑁 from the photobleaching responses 

recorded with non-covalently associated GFP fusion proteins (Table 12). Therefore, the 

bimodal model by Yeow and Clayton [57], eq. (12), and the model introduced and specified 

for sfGFP concatemers, eq. (14), were compared.   

 

Table 12: Determining the oligomeric state 𝑵 of assembled GFP-coiled-coil fusion proteins from 

fluorescence anisotropy in combination with fractional photobleaching.  

 

  Yeow and Clayton, eq. (12)  this study, eq. (14) 

      𝑵𝒙,𝒂  𝑵𝒙,𝒂 

𝑵𝑺𝑬𝑪 1  𝒇𝒏𝒐𝒏 2 𝑵𝒙,𝒇𝒏𝒐𝒏 3  (𝒂 = 0.10) 4 (𝒂 = 0.21) 5 

1xGFP 1  1.000 8.2  1.0 (1.0)* 

sfGFP-GCN4-p1 2  0.921 2.3  2.0 (1.7)* 

sfGFP-GCN4-pII 3  0.829 4.1  3.4 (2.6)* 

sfGFP-ph3a (7+)●  0.594 4.5  7.1 (4.9)* 

EGFP 1  1.000 3.7  (1.0)* 1.0 

EGFP-CC-Di 2  0.846 2.9  (2.9)* 2.3 

EGFP-CC-Tet 3  0.750 2.4  (3.7)* 2.7 

EGFP-CC-Pent 5  0.759 2.3  (3.5)* 2.7 

 

1  Oligomeric state estimated from analysis with size exclusion chromatography.  

2  Fraction of non-interacting, monomeric fluorophores according to Yeow and Clayton [57].  
3  Number of subunits that interact via homo-FRET, based on photobleaching data and eq. (12). 
4  Number of subunits that interact via homo-FRET, based on photobleaching data and eq. (14) and 𝑎 = 0.10. 
5  Number of subunits that interact via homo-FRET, based on photobleaching data and eq. (14) and 𝑎 = 0.21. 

( )● Parallel total internal reflection fluorescence microscope experiments indicated a higher-order complex.  

( )* Calculations with an inappropriate 𝑎. 
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For Yeow and Clayton’s model, the parameter 𝑓𝑛𝑜𝑛  decreases for an increasing number of 

fluorophores interacting via homo-FRET, as already seen for concatenated GFP domains. 

However, the resulting determination of 𝑁𝑥,𝑓𝑛𝑜𝑛 does not correspond to the results hemical 

analysis. 

Yet, with the help of the newly introduced model, eq. (14), and 𝑎 = 0.10, determined from 

sfGFP concatemer standards, we could improve the calculations for 𝑁𝑥. Now, GCN4-p1 

could indeed be classified as a dimer and GCN4-pII as a trimer. Furthermore, we predicted 

ph3a to be a heptamer. The oligomeric state of EGFP-based proteins, though, is 

systematically overestimated. Again, this could be explained by differences in the structural 

composition between sfGFP- and EGFP-based fusion proteins. Similar to calculations in the 

previous subsection – where 𝑟𝐸𝑇 was adjusted – the parameter 𝑎 had to be adapted (𝑎 = 0.21) 

in order to cope with the altered design of EGFP-based fusion proteins (Figure 25). Thus, 

relying on steady-state anisotropy upon photobleaching, we could characterize the 

stoichiometry of oligomerizing GFP-coiled-coil fusion proteins. This was feasible even 

without fluorescence data recorded on a nanosecond scale. Besides the characterization of 

monomer, dimer, and trimer stoichiometry, it was possible to differentiate between higher-

order and lower-order oligomers.  

 

Figure 25: Adjusting parameter 𝒂, eq. (14), for EGFP-based fusion proteins. To obtain parameter 𝑎𝐸𝐺𝐹𝑃, 

values for 𝑓𝑛𝑜𝑛 were calculated via eq. (12) from steady-state anisotropy data upon fractional photobleaching. 

We assumed that 𝑁 = 1 for EGFP, 𝑁 = 2 for EGFP-CC-Di, 𝑁 = 3 for EGFP-CC-Tet, and 𝑁 = 5 for EGFP-CC-

Pent (treating the EGFP-based samples as reference proteins). A non-linear least squares approach for  

𝑓𝑛𝑜𝑛 =
1 + 𝑎

1 + 𝑁 ⋅ 𝑎
 was used to determine parameter 𝑎 (valid for 𝑁 = 1-3). For comparison, the data points and the 

fit from Figure 19 were indicated.  
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5.3 GFP photobleaching and photodegradation 

5.3.1 Photobleaching of green fluorescent protein 

When determining the stoichiometry of GFP fusion proteins via fractional photobleaching, 

the protein samples were irradiated for a significant amount of time (> 30 min) with strong 

blue laser light. To understand the process of GFP photobleaching, the effect of high-intensity 

laser light on GFP fusion proteins was classified hereafter.  

 

Figure 26: Spectroscopic analysis of sfGFP after photobleaching reveals loss in emission intensity at 

511 nm, but no increase in emission at longer wavelengths as seen for Kaede [105] or EosFP [108]. A) 
Excitation and emission spectrum of sfGFP as part of the 1xGFP fusion protein. The spectrum of the 445 nm 

laser (± 5 nm peak) used for photobleaching is also indicated. Excitation and emission spectra were recorded 

with a fluorescence spectrophotometer (Cary Eclipse, wavelength scan from 400 to 600 nm). B) When excited 

with the 445 nm laser diode, photobleaching greatly reduces the height of the 511 nm emission peak. The 

protein sample was irradiated until fluorescence intensity was below 10% of the original. C) Photobleaching 

did not lead to red shift of emission, as shown for photoswitchable proteins Kaede (λex1 = 543 nm; 

λex2 = 572 nm) and EosFP (λex = 571 nm) where irradiation leads to backbone breakage.  
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The superfolder variant of GFP, that was predominantly used in this thesis, has an excitation 

maximum at 485 nm and an emission maximum at 510 nm (Figure 26A). Unlike wild-type 

GFP with a Stokes shift of 114 nm, sfGFP has a relatively small Stokes shift of 25 nm. The 

small Stokes shift of sfGFP facilitates homo-FRET. 

In the photobleaching experiments, sfGFP fusion proteins were irradiated with a 445 nm laser 

diode (± 5 nm). Here, the excitation is half-maximal (Figure 26A). Constant irradiation at 

445 nm led to a decline of > 90% in emission intensity (Figure 26B). In the past, a similar 

behavior has been published for irreversibly photobleached EGFP [148]. With the irradiation, 

neither the wavelength of the maximal absorbance, nor the wavelength of the maximal 

emission changed which would be characteristic if sfGFP was photoswitchable such as 

proteins Kaede or EosFP (Figure 26C). Irreversible photobleaching of sfGFP depended on 

the irradiation power and time. The sfGFP containing construct 1xGFP was continuously 

irradiated with 18 mW (200 mA at the laser diode), 133 mW (300 mA), and 306 mW 

(450 mA) (Figure 27).   

 

 

Figure 27: The effect of irradiation power and bleaching time on the fraction of inactive fluorophores. 

A) Decreasing the laser power increases the irradiation time necessary for photobleaching. B) Comparing GFP 

concatemers of growing repeat lengths, the increase in fraction of inactive fluorophores was similar for 1xGFP, 

2xGFP, and 3xGFP constructs. Purified GFP constructs were diluted in fluorescent free PBS, 1 mM EDTA, 

0.5 mM β-mercaptoethanol, and 0.05% (v/v) sodium azide. The fusion proteins were irradiated with a 445 nm 

laser diode (306 mW). After the photobleaching for a period of time, the residual fluorescence intensity was 

measured (λex = 488 nm, λem = 520 nm). The fraction of inactive fluorophores was calculated by dividing the 

residual fluorescence intensity by the initial intensity before photobleaching.  
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By dividing the remaining fluorescence intensity of photobleached samples by the initial 

intensity of non-irradiated controls, the fraction of inactive fluorophores 𝑥 could be 

determined which served as an intuitive scale to characterize the extent of photobleaching. 

GFP photobleaching is increased with the power of the laser light and the irradiation time 

(Figure 27A). The photobleaching of sfGFP proved to be similar for 1xGFP, 2xGFP, and 

3xGFP (Figure 27B). 

5.3.2 GFP degradation caused by irradiation with blue laser light  

FCS measurements of GFP fusion proteins, executed by Ganesh Agam (Appendix Fig. 6), 

revealed that the structure of the fusion proteins is altered when irradiated with highly-

energetic laser light.  

To investigate the quantity of damaged molecules resulting from irradiation, the band 

intensity of irradiated 1xGFP fusion proteins on denaturing PAGE was examined 

(Figure 28A). The band corresponding for the intact 36.4 kDa 1xGFP fusion protein 

(running at 40 kDa) weakened for an increasing fraction of inactive fluorophores. As shown 

for protein concentrations from ~0.1 µM to 2 µM in PBS (Figure 9), the band strength of 

Coomassie stained proteins is linear proportional to the protein concentration.  

Specifically, the concentration of intact 1xGFP decreased linearly with continuous 

photobleaching (Figure 28B). Starting with an initial concentration of 2 µM of intact GFP, 

the concentration of the 36.4 kDa main fraction was strongly reduced to 0.75 µM after 80% 

of GFP had been bleached. Assuming a steadily linear decrease, a final concentration of 

0.6 µM of non-fluorescent 36.4 kDa proteins can be extrapolated. Yet, it is questionable 

whether these proteins are structurally intact. 

Experiments with a sample consisting of 1xGFP (2 µM) and one additive protein (2 µM), 

i.e. bovine serum albumin, carbonic anhydrase, or equine cytochrome C, demonstrated that 

blue laser light degrades exclusively 1xGFP but no other proteins in a mixed sample 

(Figure 28C).  
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Figure 28: Blue laser light degrades the sfGFP containing fusion proteins. Purified sfGFP fusion proteins 

were diluted in fluorescence free PBS, 1 mM EDTA, 0.5 mM β-mercaptoethanol, and 0.05% (v/v) sodium 

azide. They were irradiated with a 445 nm laser (450 mA) for fixed periods of time. After bleaching, the residual 

fluorescence intensity was measured (λex: 488 nm; λem: 520 nm) and the fraction of inactive fluorophores 𝑥 was 

calculated, eq. (10). A) Photobleaching decreases the abundance of the intact sfGFP fusion protein. B) The 

densitometric evaluation of sfGFP bands suggests that the decrease is linear in relation to the decrease in 

fluorescence. Samples were separated by denaturing PAGE and stained with Coomassie Brilliant Blue G250, 

band strength was analyzed densitometrically (y = -0.70x + 1.01; r2 = 0.89). C) Blue laser light degrades sfGFP 

but no other proteins in a mixed sample. Mixtures of sfGFP (2 µM) and bovine serum albumin (BSA, 2 µM), 

sfGFP and bovine carbonic anhydrase (CAnh, 2 µM), and sfGFP and equine cytochrome C (CytC, 2 µM) were 

irradiated to 60% intensity and separated by gradient denaturing PAGE. The band strengths were determined 

via densitometry and normalized to unbleached samples. The bars for sfGFP show the mean value for sfGFP 

in all three mixtures, the error bar represents the respective standard deviation (n = 3).  

 

5.3.3 Characterization of GFP degradation by a great abundance of different 

and specific fragments 

The irradiated / photobleached 1xGFP was analyzed via gradient Schägger gels 

(Figure 29A). Besides the intact construct at 40 kDa, there were 7 lighter molecules 

detectable. The molecules are labeled with the prefix “sf-” for superfolder GFP and a letter. 

Here, the molecules were further specified with their molecular weights calculated by 

interpolation (using protein standards).  
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Figure 29: The irradiation of sfGFP increases abundance of a number of protein fragments. Purified 

1xGFP, a sfGFP containing fusion protein, diluted to 14 µM in fluorescence free PBS, 1 mM EDTA, 0.5 mM 

β-mercaptoethanol, and 0.05% (v/v) sodium azide was irradiated with a 445 nm laser (450 mA) for fixed periods 

of time. After bleaching, the residual fluorescence intensity was measured (λex: 488 nm; λem: 520 nm) and the 

fraction of inactive fluorophores was calculated, eq. (10). Samples were separated by gradient denaturing PAGE 

[126] and stained with Coomassie Brilliant Blue G250 (left panels). For protein detection below 18 kDa, the 

contrast was increased for a better identification of the protein bands. The band strength was analyzed 

densitometrically (right panel). Corresponding molecular weights were estimated from a protein standard. The 

irradiation of 1xGFP gradually changes the sample composition by fragmenting the fusion protein (intact 

construct) into smaller molecules sf-A (38 kDa), sf-B (33 kDa), sf-C (27 kDa), sf-E (18 kDa), sf-F (16 kDa), 

and sf-G (8 kDa). The densitometric analysis shows the increase of smaller molecules (sf-B, sf-C, sf-E, sf-F, 

sf-G; orange) and the decrease in band of the intact GFP fusion proteins (1xGFP, blue), gradually when 

photobleached (n = 3). For practical reasons, the densitometric analysis for sf-E (18 kDa) and sf-F (16 kDa) 

was combined.   

 

From the seven detected molecules, sf-A (38 kDa) and sf-D (24 kDa) bands did not steadily 

get stronger during irradiation. Since molecule sf-A was only formed after the first bleaching 

step and stagnated in band strength afterwards, it can be assumed that it might be a version 

of sfGFP that was conformationally changed due to irradiation. Molecule sf-D was already 

present in the non-irradiated sample, was not affected by irradiation, and is presumably not 

a fragment of 1xGFP. Bands sf-B (33 kDa), sf-C (27 kDa), sf-E (18 kDa), sf-F (16 kDa; 
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hardly being separated from sf-E), and sf-G (8 kDa) visibly gained in strength over increasing 

photobleaching. A densitometric analysis of these five bands confirmed this observation. Due 

to significantly higher loading concentrations for gradient Schägger gels than for gels in 

Figure 28, the detection of very weak bands was possible. However, the densitometric 

analysis of the intact GFP became more difficult due to overstaining. It has to be noted that 

the band of the intact construct was estimated to ~40 kDa, around 10% higher than the actual 

mass of the protein. We suggest that this might be due to an inaccuracy for masses higher 

than 30 kDa in Schägger tricine-denaturing PAGE gels [149] and protein marker differences 

in glycine- and tricine-based gels. Consequently, also the masses of the sf-A and sf-B can be 

estimated 10% lower yielding 34 and 30 kDa, respectively.  

 

 

 

Figure 30: The irradiation of EGFP results in a defined number of fragments. The EGFP sample protein 

was diluted to 14 µM in the corresponding sample buffer. The sample was irradiated with a 445 nm laser (450 

mA) for fixed periods of time. After bleaching, the residual fluorescence intensity was measured (λex: 488 nm; 

λem: 520 nm) and the fraction of inactive fluorophores was calculated, eq. (10). Samples were separated by 

gradient denaturing PAGE [126] and stained with Coomassie Brilliant Blue G250 (left panels). For a better 

identification of the protein bands, the contrast was increased for molecular weigths < 18 kDa. The band 

strength was analyzed densitometrically (right panel). Corresponding molecular weights were estimated from 

a protein standard. When irradiating EGFP with blue laser light, the band strength of smaller molecules 

e-A (22 kDa), e-B (18 kDa), e-D (10 kDa) is increased. The densitometry shows the increase of smaller 

fragments (e-A, e-B, e-D, orange) and the decrease in band of the intact fusion protein (EGFP, blue) upon 

fractional photobleaching. 
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In a second approach, a fusion protein based on EGFP (30.0 kDa) [18] was irradiated under 

equal conditions and analyzed via gradient Schägger gel. EGFP was similarly affected by 

blue laser light, being degraded gradually for continuous photobleaching (Figure 30). As 

seen for the sfGFP based fusion proteins, the amount of smaller molecules was increased for 

the photobleached samples. The faster-migrating molecules were labeled with the prefix “e-“ 

for enhanced GFP and a letter, similar as for 1xGFP. Except from the main band, 

corresponding for the structurally intact 30 kDa fusion protein, four smaller bands were 

detected. Among these, the band strength of e-C (13 kDa) was not altered while the 

abundance of e-A (22 kDa), e-B (18 kDa), and e-D (10 kDa) grew during the photobleaching 

process. Molecules whose band strength increased by continuous photobleaching were 

classified as fragments of the original GFP fusion proteins.  

5.3.4 Immunoblot characterization of GFP fragments  

To further characterize the fragments resulting from irradiation, unbleached and bleached 

GFP fusion proteins were analyzed via protein immunoblot analysis. The intact, sfGFP-based 

construct 1xGFP has an N-terminal Nano-tag epitope and a C-terminal FLAG-tag epitope 

(Figure 31A, Appendix Fig. 1). A non-fragmented protein should comprise both epitopes. 

Similar to Coomassie stained gels, Ponceau S stained membranes showed that the abundance 

of fragments sf-B, sf-C, sf-E, sf-F, and sf-G grew during photobleaching. All of the fragments 

could be detected by either an anti-Nano antibody or by anti-FLAG and anti-His. The band 

representing the intact protein was positive for both antibodies. The fragments sf-C (27 kDa), 

sf-E (18 kDa), and sf-G (8 kDa) could be detected with the anti-Nano antibody. These 

fragments still hold the original N-terminus. The bands representing sf-E and sf-G were very 

weak but detectable.  

Using anti-FLAG and anti-His antibodies, the fragments sf-B (33 kDa) and sf-F (16 kDa) 

could be detected still holding the original C-terminus. Furthermore, it was possible to detect 

a C-terminal 25 kDa band with anti-His and anti-FLAG antibodies. This band can be neither 

assigned to the heavier sf-C nor the lighter sf-D band, that were detected previously with 

Coomassie or Ponceau S staining. From now on, this C-terminal 25 kDa fragment will be 

referred to as sf-Ct25. Interestingly, we detected stronger bands for larger molecules and 

higher background signal in irradiated samples, particularly for the C-terminal anti-FLAG-

tag antibody. In contrast, no growing bands corresponding to large molecules were detected 
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Figure 31: Immunoblot analysis of 1xGFP fragmentation to identify possible cleavage sites.   
A) Immunochemical characterization of non-irradiated (left lane) and irradiated (central and right lane) 1xGFP 

to identify N- and C-terminal epitopes. The fragments sf-C (25 kDa), sf-E (18 kDa) and sf-G (8 kDa) contain 

the N-terminal Nano-tag. The fragments sf-B (33 kDa) and sf-F (16 kDa) contain the C-terminal FLAG-tag and 

His-tag, respectively. The band sf-Ct25 (25 kDa) which was detectable in immunoblot analysis exhibits C-

terminal epitopes. 1xGFP was irradiated with a 445 nm laser (450 mA) and separated by gradient denaturing 

PAGE [126]. For the analysis of weaker bands, the image contrast was increased (right lane). 

B) Complementary N- (orange) and C-terminal (blue) fragments. Combined masses are comparable to the intact 

40 kDa 1xGFP (mass estimation via PAGE and standard proteins). C) Schematic overview over candidate 

residues for potential fragmentation sites. The residue numbers refer to the residue sequence position in the 

isolated sfGFP [81]. The fluorophore (Thr65/Tyr66/Gly67) is represented by a white ellipse in the background, 

beta-strands by arrows. Candidate residues are marked according to their corresponding fragments. Phe145 and 

Phe165 form major contacts to the fluorophore [150]. His148, Gln94, and Arg96 are related to the fluorophore 

maturation [78, 150]. A proton wire is formed by His181 and Arg96 [151]. Glu222 and residues 99, 153, 163 

are related to the fluorescence intensity and the excitation maximum [69, 150, 152]. 



 89 

 

in Coomassie stained gels or in Ponceau S stained membranes. This indicates that the 

irradiation affected the epitope accessibility for subtly aggregating fractions.  

The immunochemical analysis of sfGFP fragmentation demonstrated that there are three N- 

and three C-terminal fragments. These fragments can be pairwise combined to molecules of 

41 kDa (sf-G and sf-B) or 43 kDa (sf-E and sf-Ct25; sf-C and sf-F) (Figure 31B). The 

combined masses congruently approach a weight of 40 kDa for the intact protein, estimated 

from gel electrophoresis and protein standards. The fragment combinations also indicate that 

two of the cleavages (sf-G and sf-B; sf-E and sf-Ct25) are taking place inside the GFP domain 

whereas the C-terminal cleavage (sf-C and sf-F) cannot be unequivocally characterized as 

such. The estimation of potential fragmentation sites from gel electrophoresis alone is very 

speculative as the fragment masses are inaccurate. Based on the approximate masses from 

PAGE analysis and the terminal epitopes, we could determine potential candidate residues 

(Figure 31C). Most of these candidate residues are located on one side of the protein’s beta-

barrel and proximal to the fluorophore. They occupy key roles in fluorophore maturation and 

stabilization [150]. In chapter 6.2, the hypothetical cleavage sites for sfGFP will be 

scrutinized in detail.  

In a consecutive approach, the fragmentation of the EGFP fusion protein upon 

photobleaching was analyzed via immunoblot (Figure 32). Again, Coomassie stained 

gradient gels and membranes after Ponceau S staining demonstrated that the fragments e-A, 

e-B, and e-D grew stronger for heavily irradiated samples (Figure 32A, left and middle 

panel). Unfortunately, the EGFP fusion protein only holds one epitope for immunological 

identification, an N-terminal His6 tag, detectable with an anti-His antibody 

(Appendix Fig. 2). The bands e-A (22 kDa) and e-B (18 kDa) were both negative for the 

anti-His antibody. Thus, one must conclude that they are lacking the N-terminal epitope. On 

the contrary, e-D (10 kDa) was detectable with the anti-His antibody as it is presumably an 

N-terminal fragment. Furthermore, a weak band could be detected at around 13-14 kDa, 

above the e-C (13 kDa) band. The N-terminal 14 kDa fragment will be referred to as e-Nt14 

from now on. Similar to the sfGFP fusion protein, the N- and C-terminal fragments can be 

complemented (Figure 32B). The combined masses of the fragment pairs resemble that of 

the intact protein. 
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Figure 32: Immunoblot analysis of non-irradiated (left lane) and irradiated (right lane) EGFP fusion in 

order to evaluate the N-terminal integrity of protein fragments. A) In immunochemical analysis, e-D 

(10 kDa) and a fragment at 14 kDa (e-Nt14) were found to hold an N-terminal His6 epitope. Purified EGFP 

(10 µM in fluorescence free PBS, 1 mM EDTA, 0.5 mM β-mercaptoethanol, and 0.05% (v/v) sodium azide) 

was irradiated with a 445 nm laser (450 mA) for fixed periods of time. Unbleached and bleached samples were 

separated by gradient denaturing PAGE [126], transferred to a nitrocellulose membrane via a semi-dry blotting 

step (with a subsequent Ponceau S staining step), marked with an anti-His antibody, and individually visualized 

with an antibody coupled alkaline phosphatase. With the help of denaturing PAGE and a protein ladder, the 

molecular weight of the bands was estimated. B) Complementary N- (orange) and C-terminal (blue) fragments. 

The masses of the combined fragments equal approximately 30 kDa, the molecular weight of the intact EGFP 

fusion protein (mass estimation via PAGE and standard proteins).  

 

The findings in this section imply a similarity between photodegradation of sfGFP and EGFP. 

Both variants are fragmented into a small N-terminal and a larger C-terminal part upon 

irradiation with highly-energetic laser light. Besides this analogy, it is unclear whether the 

residual fragments can be attributed to identical cleavage sites. With the support of mass 

spectrometric analysis, a detailed picture will be drawn at the end of the Discussion section.  
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6 Discussion 

6.1 Characterization of protein stoichiometry via fluorescence 

anisotropy 

In this thesis, we examined the applicability of several approaches to study the stoichiometry 

of protein assemblies via fluorescence anisotropy, homo-FRET, and fractional 

photobleaching. Therefore, coiled-coil peptides, oligomerizing α-helical peptides (~30 amino 

acids in length) most prominently represented by the leucine zipper dimerization domain 

GCN4-p1 (Figure 1), were tested with different anisotropy-based approaches. As coiled-coil 

peptides have no intrinsic fluorescence, fluorescent reporter tags help to resolve their 

stoichiometry. To guarantee that the protein of interest is labeled effectively with a 

fluorescent probe, our strategy is based on expressing the oligomerizing coiled-coil peptide 

in a fusion protein, C-terminally to a green fluorescent protein (GFP) (Figure 8, Figure 20). 

Furthermore, Nano-, FLAG-, and polyHis-tags proved to be beneficial for protein 

purification (Figure 13D, Figure 21A) and identification of N- and C-terminal epitopes 

(Figure 31A). 

Compared to isolated GFP, the photophysical properties of GFP used in 

chimeric proteins are not altered significantly. 

As a fluorescent reporter of choice, we integrated the superfolder variant of GFP (sfGFP) 

into fusion proteins. In the past, sfGFP was used as a fluorescent protein tag in many 

biochemical and cell biological studies [81, 136, 153-156]. The monomeric construct 1xGFP, 

the basis for all constructs generated in this work, comprises 333 aa in full length (Figure 8), 

and is significantly larger than the original 238 aa long sfGFP introduced by Pédelacq et 

al.  [81]. Based on these structural differences, the question arises whether the altered 

structural composition and the increased molecular size of the 1xGFP construct has a 

significant influence on fluorescence properties of GFP, especially fluorescence anisotropy.  

In experiments with 1xGFP, the excitation maximum (λex = 488 nm) and the emission 

maximum (λem = 511 nm) were both slightly red-shifted with a Stokes shift of 23 nm. This is 

similar to the literature values (λex = 485 nm, λem = 510 nm, Stokes shift = 25 nm) 
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(Figure 26A). The fluorescent lifetime is 𝜏 = 2.47 ns for 1xGFP specifically. For all sfGFP-

based samples in this thesis, the lifetime was 𝜏 = 2.56 ± 0.13 ns (standard deviation) on 

average. This resembles published lifetimes of other GFP variants [90, 157], reported to be 

in the range 𝜏 = 2.4-2.9 ns. The measured quantum yield for 1xGFP was QY = 0.70 and 

resembles the literature value of QY = 0.65.  

To our knowledge, the steady-state anisotropy of sfGFP has never been determined in a 

scientific publication so far. Experimentally determined anisotropy values for monomeric 

EGFP, though, usually lie around 𝑟𝑆𝑆 ≈ 0.29 [90, 115, 158]. We recorded a similar value for 

monomeric sfGFP (𝑟𝑆𝑆 = 0.297). In a crucial test, this experimental value can be scrutinized 

by comparing it to a theoretical anisotropy value, calculated with the help of the Perrin 

equation, eq. (1). Therefore, we solved the Perrin equation with the empirically determined 

initial anisotropy 𝑟0 = 0.408 (Table 6), the fluorescence lifetime 𝜏 = 2.47 ns (Table 6), and 

the rotational correlation time 𝜙 = 20.34 ns (Table 5). The calculations yield an anisotropy 

value of 𝑟 = 0.364 that differs significantly from the experimental reality. How can the 

difference between the theoretical value and the recorded 𝑟𝑆𝑆 be explained? In an enlightening 

work by Volkmer et al., the anisotropy decays of several GFP variants were characterized, 

including S65T-GFP with the same fluorophore forming residues as sfGFP [159]. According 

to this study, the initial anisotropy is 𝑟0 = 0.34 for S65T-GFP upon single-photon excitation 

and thus significantly lower than the hypothetical 𝑟0 = 0.4. Volkmer et al. further found 

𝜙 = 16 ns and 𝜏 = 3.01 ns for S65T-GFP. Inserting these parameters into the Perrin equation 

yields a theoretical anisotropy of 𝑟 = 0.286, a value that reflects the experimental reality in 

this study very well.  

Overall, we found that the inclusion of the sfGFP domain in a protein chimera did not 

substantially change the photophysical properties of the fluorescent protein, as strong 

similarities between values from the literature and our own results indicate. 
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Covalently bound, concatenated GFP domains serve well as model proteins to 

study protein stoichiometry via fluorescence anisotropy. 

In this thesis, we introduced concatemer model proteins (Figure 13C) to evaluate whether 

their numbers of GFP moieties could be studied via anisotropy. As seen in former studies, 

fluorescent protein concatemers served as a reference for complexes labeled with fluorescent 

proteins [88, 89]. The concatemer structure ensures a spatial proximity of fluorophores which 

is a basic prerequisite for homo-FRET [44]. Additionally, homo-FRET interaction can be 

studied as a function of fixed numbers of fluorophores.  

It was demonstrated that the sfGFP concatemers in this study form macromolecular structures 

which are neither perfectly globular, nor “rod-like”, but rather ellipsoid (Figure 14). For 

similar GFP concatemers in the literature, the question of whether the structure is more 

extended or globular is still open [90, 137, 138, 160]. Hence, the experimental findings in 

this thesis are within the range of previous data. We suggest that oligomerizing GFP-coiled-

coil fusion proteins form a bouquet-like macrostructure, indicated in Figure 3B. In those 

macromolecular structures, the GFP tags are assumed to be assembled in an ellipsoid shape, 

too. Therefore, the anisotropy values determined for covalently linked, concatenated sfGFP 

domains can serve as reference points for non-covalently assembled oligomers labeled with 

sfGFP reporters. 

We found that the steady-state anisotropy of GFP concatemers could well distinguish 

between monomeric, dimeric, or trimeric assemblies (Figure 15A). The difference between 

complexes higher than trimers were not statistically significant (unpaired Student’s t-test). 

This is in line with a study on EGFP concatemers linked with short interspacing residues 

(Gly-Pro-Val-Ala-Thr) where the steady-state anisotropy could also differentiate between 

monomeric, dimeric and trimeric concatemers (Figure 15B) [90]. The anisotropy spread 

between monomer and trimer was decisively higher for the EGFP concatemers with short 

linkers. This leads to the conclusion that a smaller inter-fluorophore distance results in a 

higher homo-FRET efficiency and thus in a stronger decrease in anisotropy. Interestingly, 

the difference between EGFP trimer and EGFP tetramer was mistakenly rated as significant 

in the original publication [90] which was not supported by statistical analysis in our 

calculations (unpaired Student’s t-test).  
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Observations with sfGFP concatemers showed that maximally three assembled GFP domains 

can be resolved via steady-state anisotropy. This resolution limit was also visible for time-

resolved anisotropy, measured by Ganesh Agam in a cooperation with the Chair of Physical 

Chemistry I at LMU Munich. The time-dependent anisotropy decay was recorded with a 

multiparameter fluorescence detection (MFD) pulsed interleaved excitation (PIE) 

equipment  [161] that is usually used to detect the fluorescence anisotropy of small organic 

fluorophores. Measurements with the MFD PIE setup demonstrated exactly the same 

difficulty to distinguish trimer from tetramer or pentamer behavior (Appendix Fig. 4A). 

However, changing the emission detection setup to an FLS1000 spectrometer equipped with 

photomultipliers enabled the discrimination between concatemers with more than 𝑁 = 3 GFP 

moieties (Appendix Fig. 4B). From this data, the homotransfer rates 𝑘𝐹𝑅𝐸𝑇 were determined 

precisely for all concatemers (Table 6). This observation suggests that a resolution limit can 

be prevented by fluorescence detection methods optimized for the specific fluorophore 

species. When detecting the steady-state anisotropy with a microplate reader, the observed 

resolution limit for the GFP concatemers is – in consequence – not caused by restricted homo-

FRET. It is likely to be prevented by increasing the detection sensitivity for 𝑁 ≥ 3. Since the 

microplate reader used for steady-state anisotropy determination in this thesis is not a custom-

built instrument, changing only a part of the setup was not possible. Overcoming these 

technical limitations in future applications, however, would broaden the field of application 

and increase the validity of steady-state analysis for trimers and higher oligomers.  

The number of subunits interacting via homo-FRET can be determined via 

fluorescence anisotropy, exemplarily shown for sfGFP concatemers. 

Making use of eq. (8) and a combination of measured steady-state anisotropy values and 

time-resolved anisotropy data, the number of interacting subunits 𝑁 could be calculated for 

sfGFP concatemers (Table 7). We show that Runnels and Scarlata’s model compulsorily 

requires knowledge of the restricting parameter 𝑟𝐸𝑇. This was expected as 𝑟𝐸𝑇  was 

hypothesized as negligibly low for randomly oriented small fluorophores but substantial for 

more uniformly oriented fluorophores, such as fluorescent proteins [51]. Calculations with 

𝑟𝐸𝑇 = 0.105 yielded the most accurate predictions for 1xGFP, 2xGFP, and 3xGFP (Table 7).  
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When comparing calculations of 𝑁 that used individual values for homotransfer rate 𝑘𝐹𝑅𝐸𝑇 

and fluorescent lifetime 𝜏 with those that used a standard parameter set with average values 

(𝑘𝐹𝑅𝐸𝑇 = 0.067 ns-1; 𝜏 = 2.62 ns), there was no substantial difference detectable (Table 7). 

This implies that similarly-structured proteins can be analyzed with averaged parameters 

obtained by time-resolved measurements. Time-resolved measurements, in turn, need 

sophisticated instrumentation and a significant amount of expertise [161]. In an attempt to 

circumvent time-resolved anisotropy measurements, we could demonstrate that it is possible 

to determine 𝑁 from steady-state anisotropy of fractionally photobleached proteins alone. 

Similar to the steady-state anisotropy of unbleached samples, the anisotropy behavior during 

fractional photobleaching differs for concatemers with one, two, and three concatenated GFP 

domains (Figure 16). These responses agree with the theoretical predictions for fractionally 

inactivated, clusters with 𝑁 subunits that interact via homo-FRET (Figure 3B) [57].  

Unexpectedly, the steady-state anisotropy of monomeric GFP fusion proteins is growing 

upon fractional photobleaching (Figure 17). This effect can be observed for both, sfGFP- 

and EGFP fusion proteins, and contradicts the expectation that only complexes interacting 

via homo-FRET exhibit an increase in steady-state anisotropy when being fractionally 

photobleached. Since the effect is systematic, the entire data could be corrected for the 

increase of the monomeric fusion proteins, eq. (23). The phenomenon is caused by an 

increase in parallel signal strength, on average 6% for photobleached (𝑥 > 0.9) monomeric 

GFP. It can be explained by a growing noise to signal ratio due to the reduction of fluorescent 

and thus detected samples.  

Alternatively, the effect can be explained by assuming that photobleaching happens 

asymmetrically, preferably affecting fluorophores with lower individual anisotropies 

(Figure 33). Here, two basic premises must be made:  

First, the fluorescence lifetime of GFP fluorophores in solution is normally distributed, where 

the majority of fluorophores have individual lifetimes around an average value µ (= 3 ns for 

GFP) (Figure 33A). Since the fluorescence anisotropy is a function of fluorescence lifetime 

(Figure 33B), eq. (1), also the fluorescence anisotropy itself exhibits a Gaussian distribution.  

And second, molecules with longer fluorescence lifetimes are more likely to face 

photobleaching than those with shorter lifetimes. If a fluorophore remains longer in the 
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excited state (𝜏 > 𝜇), an intersystem crossing from the excited singlet state (S1) to the triplet 

state (T1) is more probable. According to studies by Adam et al., the triplet state transition is 

directly related to the photobleaching of the fluorophore [101, 103]. 

 

Figure 33: The asymmetric photobleaching preference for fluorophores with longer individual lifetimes 

leads to an increase in steady-state anisotropy of GFP upon photobleaching. A) Schematic representation 

of normally distributed fluorescence lifetimes for equal GFP fluorophores in solution (average lifetime µ). For 

GFP, the average lifetime is usually around 3 ns. Dark orange: fluorophores with individual lifetimes that are 

shorter than µ + standard deviation. Light orange: fluorophores within standard deviation range. No color: 

fluorophores with individual lifetimes that are longer than µ + standard deviation. According to the theoretical 

considerations in section 6.2, fluorophores with shorter lifetimes are less prone to the photobleaching process 

than those with longer lifetime. This asymmetry might be the reason for the steady-state anisotropy increase of 

monomeric GFP fusion proteins upon photobleaching. B) The fluorescence anisotropy is a function of 

fluorescence lifetime, see Perrin equation, eq. (1). Here, the anisotropies were exemplarily calculated with and 

eq. (1), variable lifetimes, and constant 𝑟0 = 0.34 and 𝜙 = 20.34, experimentally determined for 1xGFP. The 

observed increase of more than Δr = 0.010 can be realistically traced back to the photobleaching asymmetry as 

a lifetime difference of ±0.5 ns already results in an anisotropy shift of ±0.006.   

 

Thus, it can be assumed that GFP fluorophores with lifetimes shorter than average are more 

resistant against photobleaching (Figure 33A). In consequence, GFP fluorophores with low 

individual anisotropies are more likely to be photobleached first than fluorophores with high 

individual anisotropies. Due to this asymmetry, the steady-state anisotropy is slightly raised 

for the growing fraction of inactive fluorophores. 

When calculating 𝑁 from concatemer anisotropy data, both models by Yeow and 

Clayton  [57], a polynomial approach, eq. (11), and a two-state bimodal model, eq. (12), 

could not determine 𝑁 satisfactorily (Figure 18, Table 8; 2nd column in Table 9). We found 

that the parameter 𝑓𝑛𝑜𝑛 in the two-state bimodal model, which was proposed by Yeow and 
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Clayton to describe the fraction of non-interacting fluorophores, is close to its maximum 

𝑓𝑛𝑜𝑛 = 1 for all of the investigated assemblies. Although, this suggests a large fraction of non-

interacting – and thus – monomeric fluorophores, the biochemical analysis of sfGFP 

concatemers shows no major monomer fraction (Figure 13D). This evident divergence could 

be based on the circumstances that the model was conceived for the fractional labeling of 

heterogeneous complexes instead of the fractional photobleaching of homogeneous 

fluorophore assemblies, as presented in our case. Indeed, for a fully assembled (𝑓𝑛𝑜𝑛 = 0) and 

non-bleached (𝑥 = 0) cluster of fluorophores, we calculated that the steady-state anisotropy 

equals zero for all oligomers, according to Yeow and Clayton’s bimodal model. Certainly, 

this does not reflect biophysical reality since clusters of homogeneous fluorophores differ in 

steady-state anisotropy with inverse proportionality to the number of subunits 𝑁 [46]. As a 

consequence, the bimodal model was complemented with an extension replacing 𝑓𝑛𝑜𝑛 with a 

term that incorporates 𝑁, eq. (14). Using this new model, the calculated values are 

comparable to those based on time-resolved data and the relevant parameters 𝑘𝐹𝑅𝐸𝑇 and 𝜏 

(Table 9). This strikingly demonstrates that it is feasible to systematically determine the 

stoichiometry of monomers, dimers, and trimers with a relatively simple setup.  

The stoichiometry of coiled-coil peptides can be determined with the steady-

state fluorescence anisotropy. 

Similar to the concatemer model proteins, a selection of oligomerizing, α-helical coiled-coil 

peptides was tested (Figure 20). Differently to sfGFP concatemers where the number of GFP 

reporter proteins is defined, working with non-covalently assembled GFP-coiled-coil fusion 

proteins required adequate controls by biochemical methods (Figure 21). Analysis with 

native PAGE and SEC, however, revealed several difficulties to resolve the oligomeric state 

of some of the GFP-coiled-coil fusion proteins. As some could not be separated properly in 

native PAGE due to their too basic isoelectric point (sfGFP-based proteins), others exhibited 

ambiguous elution profiles in SEC. 

For GFP-coiled-coil proteins, the steady-state as well as time-resolved anisotropy can clearly 

distinguish between a monomeric, dimeric, or trimeric assembly, with statistical significance 

(Figure 23). The anisotropy analysis allows the determination of coiled-coil stoichiometry 

integrated in GFP fusion proteins (Table 11, Table 12). The results in this thesis showed that 
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the stoichiometry of sfGFP-coiled-coil can be determined with the same parameters as for 

sfGFP concatemers, the average values for 𝑟𝐸𝑇 and 𝑘𝐹𝑅𝐸𝑇, eq. (8). Since linker lengths and 

the structural composition vary between the EGFP- and sfGFP-based constructs, the 

parameters to calculate oligomeric state 𝑁 had to be adjusted. When determining 𝑁 of EGFP-

coiled-coil fusion protein via fractional photobleaching, eq. (14), the parameter 𝑎 was 

adapted as well (Figure 25). 

The calculated oligomeric states for dimeric sfGFP-GCN4-p1 and trimeric sfGFP-GCN4-pII 

are in line with X-ray structures published for the isolated peptides in the past [35, 144]. The 

results for the dimeric EGFP-CC-Di, trimeric EGFP-CC-Tet, and pentameric EGFP-CC-Pent 

coincide with published protein stoichiometries, too [14, 18, 162]. Determining 𝑁 for sfGFP-

ph3a (Figure 22) demonstrated that the de novo peptide is likely to form a higher-order 

protein complex when covalently linked to sfGFP. Results from total internal reflection 

fluorescence microscopy by Ganesh Agam confirmed a super structure with more than seven 

subunits (data not shown). Hereby, it becomes apparent that the anisotropy-based approach 

differs well between higher-order oligomers with very condensed GFP reporter domains and 

lower-order oligomers. Interestingly, this was possible even with the technical limitation for 

complexes with 𝑁 > 3 fluorophores, explained in a previous section. 

With a view on the future anisotropy analyses of other GFP-coiled-coil oligomers, the results 

in this thesis emphasize that an altered structural composition potentially requires arranged 

parameters to calculate the oligomeric state 𝑁. When systematically studying the 

stoichiometry of various oligomerizing proteins via fluorescence anisotropy, one uniform 

composition should be used. 
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6.2 Photodegradation of green fluorescent protein 

The molecular mechanism behind the irreversible photobleaching of fluorescent proteins is 

still poorly understood. Findings by Adam et al. [101] suggest that photobleaching directly 

follows radical-formation at the fluorophore (Figure 6). This assumption is based on 

observations for the photoswitchable fluorescent protein irisFP that was irradiated with X-

rays [101, 102].  

In our photobleaching experiments, we recognized that the irradiation of GFP fusion proteins 

with visible blue laser light (Figure 26A, Figure 11) not only led to the irreversible reduction 

of fluorescence intensity (Figure 26B, Figure 27), but also to a loss in structural integrity of 

the proteins. The photodegradation upon high-intensity illumination is observed solely for 

GFP. Non-fluorescent proteins, jointly in solution and simultaneously irradiated, are not 

affected by the irradiation (Figure 28C).  

The effect was initially detected by determining the molecular diffusion coefficients of sfGFP 

concatemers 1xGFP, 2xGFP, 3xGFP before and after photobleaching using fluorescence 

correlation spectroscopy (FCS), conducted by Ganesh Agam (Appendix Fig. 6). In FCS 

analysis, the fusion proteins moved 1.64 times faster through the focal plane after having 

been heavily irradiated. This suggests that the irradiation with highly-energetic laser light 

alters the molecular size of the GFP fusion proteins and potentially their structure or 

conformation. The extent of GFP damage due to irradiation, however, remained unclear in 

FCS measurements. It must be also noted that the recorded diffusion coefficients came from 

molecules which were apparently still fluorescent. 

Surprisingly, a similar phenomenon has never been described for fluorescent proteins 

irradiated with visible light. Though, it is known that the irradiation of photoswitchable 

proteins such as Kaede, EosFP, and IrisFP with near-UV light leads to backbone breakage 

accompanied by the formation of altered chromophore π-systems [105, 108, 109]. Their 

structural deformation leads to a decrease in molecular weight [108] and a new emission peak 

at 580 nm after the “switched-on” Kaede is excited at 543 nm or 572 nm, EosFP at 571 nm, 

and IrisFP at 551 nm. However, the irradiated GFP fusion proteins in this study do not show 

any red-shifted emission maxima (Figure 26C). 
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This phenomenon raises several questions, most prominently whether photodegradation 

observed in our experiments is related to the backbone cleavage [105, 108-110], whether it 

can be traced back to radical formation during the photobleaching process [101, 103], and 

whether photobleaching necessarily leads to the photodegradation.  

Irreversible photobleaching of GFP does not cause complete photo-

degradation. 

The irradiation of GFP fusion proteins with visible, high-intensity laser light (λ = 445 nm; 

300 mW) led to a decrease of fluorophores. It also reduced the amount of intact protein 

(Figure 28A). Thereby, not every photobleached fluorophore was degraded: according to the 

densitometric analysis of photobleached samples (Figure 28B), the percentage of intact 

proteins is still around 35% when only 20% of the initial fluorescence is left. Practically, it 

was never possible to completely reduce the fluorescence as the decrease in active 

fluorophores upon photobleaching describes an exponential decay. Consequently, the 

photobleaching does not necessarily cause photodegradation. This also brings up the question 

whether photodegraded proteins have to be necessarily photobleached. Fluorescence 

correlation spectroscopy, a method that relies on the fluorescence of investigated particles, 

demonstrates that the diffusion of photobleached GFP fusion proteins is increased which is 

a direct indication for photodegradation or conformational changes of the molecule 

(Appendix Fig. 6). It implies that the measured fluorescent proteins are both, still fluorescent 

but structurally affected by the irradiation. However, studies on split or truncated forms of 

GFP [163-165] and studies on its minimally required structure for fluorescence [166] 

demonstrated that fragments of GFPs are not functional. Based on these findings, the idea of 

a still fluorescent but severely fragmented GFP has to be excluded. Nevertheless, this does 

not except conformational changes of the heavily irradiated proteins that may be the reason 

for the raised diffusion coefficients. Indeed, a conformationally altered version of the sfGFP 

fusion protein 1xGFP could be detected in PAGE and immunoblot analysis (sf-A, 

Figure 31A). The corresponding band was only detectable upon photobleaching and 

migrated faster than the sfGFP main band.  
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The photodegradation of GFP is not arbitrary and occurs at a number of 

preferred sites. 

The irradiation of sfGFP and EGFP leads to a characteristic pattern of fragments (Table 13) 

that can be detected via PAGE (Figure 29), immunoblot (Figure 31, Figure 32), and mass 

spectrometry (Appendix Fig. 7-10).  

For fusion proteins holding sfGFP [81] and EGFP [84], a small N-terminal (sf-G, e-D) and a 

larger C-terminal fragment (sf-B, e-A) are found, whose approximate molecular masses can 

be complemented to the intact protein size. Besides this prominent fragmentation site, three 

other sites were reconstructed by combining further N-terminal with C-terminal fragments, 

sf-E with sf-Ct25 and sf-C with sf-F for sfGFP (Figure 31B), and e-Nt14 with e-B for EGFP 

(Figure 32B).  

In a MALDI-TOF analysis of 1xGFP (Appendix Fig. 7), executed by Dr. Martin Haslbeck, 

Chair of Biotechnology at TUM, Garching, the masses of the small sf-G (8341.0 ± 0.6 Da) 

and the large complementary sf-B fragment (27997 ± 124 Da) were determined. 

Interestingly, peaks that were strongly increased after irradiation were already weakly present 

in non-irradiated samples. This could imply a weak fragmentation already caused by ambient 

light. MALDI-TOF measurements with non-irradiated and irradiated EGFP samples 

identified the mass of fragment e-A (20016 ± 72.3 Da), e-Nt14 (14137.7 Da), e-B 

(15993.3 Da), and e-D (10044 Da) (Appendix Fig. 8). The mass of fragment e-D could only 

be determined when splitting the broad maximum at m/z = 10017 (grey in Appendix Fig. 8) 

into a sharp peak at m/z = 10008, corresponding to the double-charged e-A fragment, and a 

maximum at m/z = 10045 (Appendix Fig. 9).  

For all MALDI-TOF measurements, the standard deviations of the calculated masses of 

differently charged but identical molecules were approximately 100-150 Da. When detecting 

the same peak, we also registered standard deviations of 35 Da on average. Contrasting our 

expectations, this shows that the MALDI-TOF data did not resolve the mass of the protein 

and the protein fragments with atomic precision.  
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Table 13: Detailed analysis of GFP fragmentation patterns upon high-intensity irradiation  

 

1  Band strength response upon irradiation with a 445 nm high-intensity laser.  
2  N- and C-terminal location, verified via immunoblot. For EGFP, only one terminus held an epitope; thus, 

molecules could be classified as N-terminal (N) and non-N-terminal (N).  
3  Complementary fragment pair (I, II, III, or IV) according to results from denaturing PAGE, immunoblot, 

MALDI-TOF, and ESI-TOF mass spectrometry.  
4  ± 100-150 Da (standard deviation).  

( )* Schägger gradient gels are optimal to resolve molecules < 30 kDa [149]. For molecules of higher 𝑀𝑊, 

inaccuracies in 𝑀𝑊 estimation might be a consequence.   

 

  

Fusion 

protein  

(kDa) Band 

~𝑴𝑾, 

PAGE  

(kDa) 

Response 

upon  

irrad. 1 Terminus 2 

Compl. 

fragment 

pair 3 

MALDI-

TOF 

(Da) 4 

ESI- 

TOF  

(Da) 

1xGFP 

(36.4 kDa)  

intact 

construct 

(40)* ↓ N, C - 36449 - 

 
sf-A (38)* → N, C - - - 

 
sf-B (33)* ↑ C I 27997 - 

 
sf-C 27 ↑ N III  - - 

 sf-Ct25 25 ↑ C II - - 

 
sf-D 24 → - - - - 

 
sf-E 18 ↑ N II - - 

 
sf-F 16 ↑ C III - - 

 
sf-G 8 ↑ N I  8340 8344 

EGFP 

(30.0 kDa) 

intact 

construct 

30 ↓ N - 30084 30025 

 e-A 22 ↑ N  I 20016 20030 

 e-B 18 ↑ N IV 15992 - 

 e-Nt14 14 ↑ N IV 14138  

 e-C 13 → N - 12456 - 

 e-D 10 ↑ N I 10044 - 
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In order to narrow down the precise masses of some fragments, the irradiated 1xGFP and 

EGFP fusion proteins were measured with ESI-TOF mass spectrometry by Walter Stelzer, at 

our group, Chair of Biopolymer Chemistry at TUM (Appendix Fig. 10). The noisy mass 

spectrum for irradiated 1xGFP (Appendix Fig. 10A) shows three prominent peaks which 

correspond to multiple-charged molecules with a mass of 8344.36 ± 0.03 Da. No other 

maximum could be detected.  

When analyzing irradiated EGFP with ESI-TOF mass spectrometry, two peaks could be 

detected only when deconvoluting the data (Appendix Fig. 10B), a maximum at 20030 Da 

and at 30025 Da, which coincides with the proteins actual mass 30025.67 Da. A putative 

maximum near 10 kDa cannot be clearly determined due to high noise for masses below a 

10-12 kDa threshold. Remarkably, all three masses determined with ESI-TOF mass 

spectrometry are congruent to results with MALDI-TOF equipment and observations from 

PAGE. It should also be noted that masses from PAGE and masses from MALDI-TOF 

analysis match better for fragments < 15-20 kDa, possibly due to a bad resolution for higher 

molecular weights by Schägger gel analysis (Table 13). Reconstructing possible cleavage 

sites, PAGE results for lower masses are prioritized against those with higher masses as a 

consequence.  

In sum, we found that the light-induced fragmentation of GFP is not an arbitrary process. It 

involves the cleavage at specific areas of the GFP domain in our proteins. This results in 

complementary fragment pairs I, II, III, and IV (Table 13), assuming that the cleavage site 

represented by fragment pair I is identical for both GFP variants. From the combination of 

PAGE, immunoblot, and mass spectrometry results, it was possible to reconstruct cleavage 

sites at residue resolution.  

The photodegradation of GFP occurs at the Cα atom of the former Thr65 within 

the mature fluorophore. 

The analysis of GFP upon high-intensity laser irradiation (λ = 445 nm, 300 mW) repeatedly 

demonstrated a prominent pattern: a small N-terminal and a large C-terminal fragment, 

complementary to the full-sized protein (fragment pair I) (Table 13). The combination of 

exact fragment masses and the sequences that coincide with terminal parts of the intact 

protein can be used in order to determine a first potential cleavage site (Figure 34).  
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Figure 34: GFP is fragmented at the fluorophore upon high-intensity irradiation. A) Bottom and side view 

of GFP with the highlighted fluorophore. The fluorophore (sGFP: Thr65, Tyr66, Gly67; EGFP: Cys65, Tyr66, 

Gly67; white) divides the GFP molecule into a small N-terminal (orange) and a large C-terminal part (blue). It 

is located in the center of the beta-barrel tertiary structure. B) The irradiation of 1xGFP, a sfGFP fusion protein, 

and an EGFP fusion protein [18] with high-intensity laser light (λ = 445 nm) causes a covalent bond breakage. 

The protein cleavage can be located at the fluorophore by relating the size of the emerged fragments  

(*: fragment size determined by MALDI-TOF spectrometry; °: fragment size determined by ESI-TOF 

spectrometry). C) Hypothetical product after the covalent bond breakage of 1xGFP (36418 Da). The 

comparison between calculated masses (grey) and the measured masses of the fragments (8344 Da and 

27997 Da) indicate that the protein might be fragmented between the Cα atom of the former residue 65 and the 

imidazolinone, dividing the whole fusion protein into a small N-terminal (orange) and a large C-terminal 

fragment (blue). The mass of the small fragment suggests an addition of a hydroxyl group, hypothetically due 

to radical formation and the presence of H2O. For a better comparison, the residue numbers refer to the residue 

sequence position in the isolated sfGFP [81]. D) Hypothetical product after the covalent bond breakage of EGFP 

(30026 Da). 
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For 1xGFP, a monomeric sfGFP fusion protein (36418 kDa, matured fluorophore and 

formylmethionine as the starting residue), the masses of the N-terminal fragment (8344 Da) 

and C-terminal fragment (27997 ± 124 Da) helped to reconstruct the approximate position of 

the cleavage site (Figure 34B). They revealed that the fragmentation takes place directly 

after the Cα atom of the former Thr65 (small fragment) and before the imidazolinone of the 

transformed Tyr66 and Gly67 (large fragment). When we compare the mass of the N-

terminal fragment (8344 Da) with the mass of a possible fragment cleaved at the Cα atom 

(8328 Da) (Figure 34C), it becomes apparent that the Cα atom is likely to be modified, 

potentially with a hydroxyl group (8345 Da). Hypothetically, this could be caused by radical 

formation as a result of the irradiation. 

The fragment masses from the investigated EGFP fusion protein (30025.67 Da) [18] can be 

assigned to a cleavage site exactly between the former fluorophore-forming residues Cys65 

and Tyr66, the same position as detected for 1xGFP (Figure 34B). The mass of N-terminal 

fragment (10044 Da) supports the hypothesis of the hydroxyl group modification at the Cα 

atom since the calculated mass for a suchlike fragment would be 10045 Da (Figure 34D). 

The measured mass for the C-terminal fragment (20016 ± 72.3 Da) coincides with the 

calculated fragment size as well. 

This demonstrates that the cleavage is located at the fluorophore (Figure 4) in the spatial 

center of the beta-barrel structure of GFP (Figure 34A). In the past, the position N-terminally 

to the fluorophore (residue 65) was classified as the fragmentation site for photoswitchable 

fluorescent proteins Kaede, EosFP, and IrisFP upon near-UV irradiation [105-109] or for 

GFP-Ala65-Ser66-Gly67 under very high temperatures [110]. Seemingly, this position can 

be – very figuratively – understood as the weakest bond of an intensively irradiated GFP.  

The chemical mechanism of the fragmentation, however, is not understood. Therefore, the 

exact fragment sizes have to be known. Since the mass spectrometric analysis could not 

resolve the exact fragment masses in order to pinpoint the cleavage site on an atomic 

resolution, there is no basis for a mechanistic reconstruction.  
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EGFP is cleaved at Phe99, a residue relevant to protein folding that is not in 

direct proximity to the fluorophore.  

Besides fragment pair I, the masses for fragment pair IV (exclusively for EGFP, 

30025.67 Da) could be determined via mass spectrometry (Table 13). The N-terminal 

fragment (14138 Da) and the C-terminal fragment (15992 Da) strongly indicate that EGFP 

is cleaved at Phe99 (Figure 35A&B).  

  

  

Figure 35: EGFP is cleaved at Phe99 upon high-intensity irradiation. A) The irradiation of an EGFP fusion 

protein [18] with high-intensity laser light (λ = 445 nm) causes a covalent bond breakage at Phe99. The cleavage 

site was reconstructed from the fragments masses determined by MALDI-TOF spectrometry, n = 1 (*). B) The 

calculated fragments (14162 Da and 15982 Da) and the measured (14138 Da and 15962 Da) coincide well. 

However, the precise cleavage site, N- or C-terminal of the Phe99 Cα atom, could not be determined. The residue 

numbers refer to the residue sequence position in the isolated EGFP [84]. C) Side view of EGFP with the 

highlighted Phe99 (cyan) and the fluorophore (grey). The cleavages at Phe99 divides the GFP into a N-terminal 

(orange) and a C-terminal part (blue). Bottom panel: Cutting EGFP along its vertical axis reveals that Phe99 

(cyan), Met153 (red), and Val163 (red), are located in line but in three different beta-strands. Studies in the past 

demonstrated that these three residues are essential for GFP folding [150, 167, 168].  
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Surprisingly, Phe99 is not proximal to the fluorophore and its side chain is located outside 

the beta-barrel (Figure 35C). Together with Met153 and Val163, it defines three essential 

residues responsible for GFP folding [150, 167, 168]. In the past, the mutant 

F99S/M153T/V163A (“Cycle3”) was found to have a highly increased fluorescence intensity 

and a blue-shifted excitation maximum (λ = 395 nm) [80, 152, 167-169]. When cutting the 

GFP beta-barrel along its vertical axis (Figure 35C), it becomes visible that residue 99, 153, 

and 163 are located in three different beta-strands and in one straight line parallel to the 

vertical axis [152]. The sfGFP variant, in contrast, contains the “Cycle3” mutations 

(Figure 31C) and does not break at position Phe99 which was supported by results from 

PAGE and mass spectrometry. 

Other candidate cleavage sites include Phe145, His148, Phe165, and Ile167.  

The precise characterization of all cleavage sites is not feasible from the current data, due to 

weak resolution of fragment masses in gradient gel analysis. Nevertheless, identifying the 

fragmentation of EGFP at Phe99 helped to gauge two further cleavage areas (fragment pair 

II and III) in the sfGFP fusion protein. Previously, we could determine several candidate 

residues (Figure 31C). Four of them, Phe145, His148, Phe165, and Ile167 are in proximity 

to the fluorophore and next to the residues 99, 181, 163, and 153 (“Cycle 3” mutant) 

(Figure 36). Possibly, the region around residue 99 and the highlighted residues of the 

adjacent beta-strands is destabilized upon high-intensity irradiation.   

In theory, all of the previously described fragmentations would entail the loss of 

fluorescence  [163-165]. FCS results however imply that – at least – some of the fusion 

proteins are cut C-terminally to the beta-barrel, thereby remaining fluorescent and exhibiting 

a faster molecular diffusion (Appendix Fig. 6). In fragment analysis, only one molecule, the 

N-terminal sf-C (27 kDa), fits to this specification. Thus, a possible fragmentation at Gly228 

is conceivable (Figure 31C) as GFP molecules with a truncated C-terminus up to position 

227 are reported to remain fluorescent [163]. It should be noted that the approximate mass 

of 27 kDa of the fragment must be treated with caution since gradient PAGE analysis in this 

thesis systematically overestimates the masses for fragments > 20 kDa. Further supporting 

mass spectrometric measurements could finally clarify this theory. 
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Figure 36: Further fragmentation of sfGFP upon high-intensity irradiation may take place proximally to 

Ser99/His181/Ala163/Thr153. A) Four positions Phe145, His148, Phe165, and Ile167 were speculated to be 

candidate residues for GFP fragmentation. The residue numbers refer to the residue sequence position in the 

isolated sfGFP [81]. The highlighted residues are proximal to the fluorophore (A: white ellipse; B: purple group) 

and close to “Cycle 3” mutant-related residues 99, 181, 163, and 153 (black). A schematic overview (A) and a 

corresponding protein structure (B) illustrate the position of the relevant residues. The arrows represent beta-

strands (with residues). Residues at possible fragmentation sites are marked according to their corresponding 

fragments (orange = N-terminal, blue = C-terminal).  

 

The effect of GFP photodegradation on homo-FRET-based approaches is 

negligible but might be considerable for other methods using photobleaching.  

The new insights into GFP photodegradation lead to a substantial question: How strong is 

the impact of light-induced degradation on the design of experiments that rely on 

photobleaching as performed in chapters 5.1 and 5.2 of this thesis?  

According to the previous considerations, it can be assumed that the effect of GFP 

photodegradation on techniques that exploit fluorescence anisotropy in combination with 

photobleaching is negligible. GFP photodegradation was shown to be accompanied with the 

partition of GFP in two fragments (e.g., at Cα atom of residue 65 or at Phe99). This 

necessarily leads to the loss of fluorescence in the majority of the cases, with no detectable 

effect on anisotropy as a consequence. The putative fragmentation at Gly228 is the only 

possibility that GFP photodegradation would directly affect the fluorescence anisotropy of 

the molecule. The densitometric analysis of gradient gels shows that the fragment that 
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corresponds to the fragmentation at Gly228, sf-C, exhibits a proportion of around 13% of 

total fragment band intensity. This indicates only a minor presence of the potential Gly228 

fragments in the irradiated sample. Thus, solely little influence on the steady-state and time-

resolved anisotropy can be assumed. Indeed, the oligomeric state of interacting coiled-coil 

sequences as well as the number of concatenated sfGFP subunits were determined without 

introducing a respective correction factor (Table 9, Table 12). Although the overall bias is 

expected to be minor, a better understanding of GFP photodegradation and the development 

of photodegradation-resistant GFP variants would help to eliminate this source of error. 

The photobleaching of GFP is not only used in homo-FRET-based methods, but also in a 

number of different applications such as fluorescence recovery after photobleaching (FRAP) 

to measure protein diffusion [94, 170, 171] or fluorescence loss in photobleaching (FLIP) to 

determine the dynamics of membrane proteins [172, 173]. Until now, the implicit assumption 

in these methods is that photobleaching reduces the fluorescence intensity of GFP and leaves 

the protein intact. Our findings however suggest that the protein integrity upon 

photobleaching is not guaranteed. The extent to which photodegradation has an influence on 

these techniques is not clearly evident and should be elucidated in future studies.  
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6.3 Outlook 

In future approaches, the applicability of these techniques could be extended in order to 

determine the stoichiometry of membrane-bound proteins. Most of the membrane-spanning 

proteins are assumed to form non-covalent assemblies [174]. There are already techniques, 

such as the ToxR, TOXCAT, BLaTM, or the GALLEX system, that can resolve homo- and 

hetero-dimerization in vivo. These tools are able to define the strength of transmembrane 

domain interaction very well, yet, they cannot distinguish dimers from trimers or higher 

oligomers [136, 175-177]. Moreover, when investigating integral membrane proteins in vitro, 

methods that are classically used to determine the stoichiometry of soluble protein assemblies 

are stretched to their limits. If one wants to study transmembrane proteins integrated into a 

lipid bilayer, techniques that are based on hydrodynamic measurements – most prominently, 

analytical ultracentrifugation or size exclusion chromatography – are not suitable. The here 

presented method to investigate protein stoichiometry via fluorescence anisotropy may thus 

inspire the future investigation of membrane-bound oligomers.  

In parallel GFP photobleaching experiments, GFP was demonstrated to undergo covalent 

bond breakage when irradiated with high-intensity visible light. This was never shown 

before. The cleavage site could be localized vicinal to the fluorophore. Further experiments 

could specify the exact position of this site as well as the second cleavage area that could 

only be vaguely indicated in this thesis. This could substantiate the understanding of limits 

in fluorescent protein application and could help to improve future GFP variants. Beyond 

that, a technical application where proteins that are linked to the N- and C-terminal to GFP 

are gradually separated via irradiation-based cleavage might be promising. 
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* Statistically significant (unpaired Student’s t-test); p < 0.05 

** Statistically strongly significant (unpaired Student’s t-test); p < 0.01 

*** Statistically extremely significant (unpaired Student’s t-test); p < 0.001 

∆𝑟𝑆𝑆(𝑥) Steady-state anisotropy difference between irradiated samples and non-irradiated 

controls for an increased fraction of photobleached fluorophores 𝑥 

∫ 𝐹𝐸𝑚 Area under the fluorescence emission spectrum 

𝜇 Mean in a normally distributed dataset 

𝑎 Empirically determined parameter to correctly describe the steady-state anisotropy data 

for photobleached fluorophores 

A Absorbance 

aa Amino acids 

AEX Anion exchange chromatography 

Ala Alanine (A) 

Amp Ampicillin 

AP Alkaline phosphatase 

APS Ammonium persulfate  

Arg Arginine (R) 

Asn Asparagine (N) 

Asp Aspartic acid (D) 

BCIP 5-bromo-4-chloro-3-indolyl phosphate 

bp Base pairs 

BSA Bovine serum albumin 
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CAnh Bovine carbonic anhydrase 
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𝐷 Diffusion coefficient 

d Path length 

ddH2O Double-distilled water 

dH2O Deionized water 
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dNTP Deoxyribose nucleoside triphosphate 

𝐸 Homo-FRET efficiency 

EC Molar attenuation / extinction coefficient 

EDTA Ethylenediaminetetraacetic acid 
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𝐺 Calibration factor for anisotropy measurements 
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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Homo-FRET FRET between identical fluorophores 
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𝐼𝑖  Fluorescence intensity after irradiation at time point 𝑖 
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LMU Ludwig Maximilans Universität, Munich 

Lys Lysine (K) 
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MALDI-TOF Matrix-assisted laser desorption/ionization – time of flight 

Met Methionine (M) 
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𝑀𝑊 Molecular weight  

𝑀𝑊𝑛𝑜𝑛 Molecular weight of non-repeated elements 

𝑀𝑊𝑟𝑒𝑝 Molecular weight of one repeated protein domain 

𝑁 Number of fluorophores in a cluster that interact via homo-FRET 

n Sample size 

NaXHXPO4  NaH2PO4 / Na2HPO4 buffer 

NBT Nitro blue tetrazolium 

NMR Nuclear magnetic resonance 

ns Statistically not significant (unpaired Student’s t-test) 

𝑁𝑆𝑆 𝑁, calculated from steady-state anisotropy with parameters from time-resolved 

anisotropy 

𝑁𝑥 𝑁, calculated from steady-state anisotropy for fractionally photobleached (𝑥) samples 

𝑜 1st variable to describe the curvature of an exponential response  

OD600 Optical density at λ = 600 nm 

p Two-tailed probability value (unpaired Student’s t-test) 

𝑝 2nd variable to describe the curvature of an exponential response 

PAGE Polyacrylamide gel electrophoresis 

pa-GFP Photoactivatable variant of GFP 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PDB Protein database catalogue number 

Phe Phenylalanine (F) 

pI Isoelectric point 

PIE Pulsed interleaved excitation 

Pro Proline (P) 

𝑞 Variable to describe the y-intercept of an exponential response 

QY Fluorescence quantum yield 

𝑟 Anisotropy 

𝑅/𝑅0 Fluorophore proximity: absolute distance divided by Förster radius 

𝑅0 Förster radius / distance 

𝑟0 Intrinsic / initial / limiting / fundamental anisotropy of a fluorophore 

𝑟1 Steady-state anisotropy 

r2 Coefficient of determination 

𝑟∞ Anisotropy limit for 𝑡 approaching infinity 

𝑟𝐸𝑇  Anisotropy of the indirectly excited fluorophores 

𝑅𝑀 Molecular radius 
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ROP Regulator protein Rop responsible for DNA replication 

rpm Revolutions per minute 

𝑟𝑆𝑆 Steady-state anisotropy 

𝑟𝑆𝑆 𝑛𝑜𝑛 Steady-state anisotropy of non-irradiated controls 

S0 Ground state (Jablonski diagram) 

S1 Excited singlet state (Jablonski diagram) 

SDS Sodium dodecyl sulfate 

SEC Size-exclusion chromatography 

Ser Serine (S) 

sfGFP Superfolder variant of GFP 

𝑡 Time 

T Absolute temperature 

𝑡½  Half-life 

T1 Excited triplet state (Jablonski diagram) 

𝑇∞ Room temperature 

TAE Tris-acetate/EDTA 

TBS-T TBS containing polysorbate 20 “Tween” 

TEMED Tetramethylethylenediamine 

TEV Tobacco etch virus 

Thr Threonine (T) 

TRIS Tris(hydroxymethyl)aminomethane 

Trp Tryptophan (W) 

TUM Technical University of Munich 

Tyr Tyrosine (Y) 

UV Ultraviolet light 

UV280 Ultraviolet light at λ = 280 nm 

v/v Volume per volume 

Val Valine (V) 

𝑉𝑀 Molecular volume 

w/v Weight per volume 

𝑤0 Radial diameter of the confocal volume 

wt Wild-type 

𝑥 Fraction of inactive fluorophores 

xg Times gravity 

z Charge  

ε Molar attenuation coefficient, “extinction coefficient” 

ζ Refractive index 

𝜂 Dynamic viscosity of the medium 
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𝜂∞ Viscosity at room temperature 

λ Wavelength 

λem. Wavelength of fluorophore emission 

λex. Wavelength of fluorophore excitation 

𝜏 Fluorescence lifetime 

𝜏𝐷 Diffusion time 

𝜙 Rotational correlation time 
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11  Appendix 

11.1 Amino acid sequences of proteins in this thesis  

 

Appendix Fig. 1: Sequence of 1xGFP. 

 

 

Appendix Fig. 2: Sequence of EGFP.  
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2xGFP – 5xGFP 

MDVEAWLGARS(RGMSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKL

PVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLV

NRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTP

IGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELASTGGGSGSGSGGGSNGM

KKASENLYFQGGIRRMNGGGSGSGSGGGSMSSTRGMSKGEELFTGVVPILVELDGDVNGHKFSVRGE

GEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIS

FKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFK

IRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGM

DELASTGGGSGSGSGGGSNGMKKASENLYFQGGIRRMNGGGSGSGSGGGSMSST)repeated element 

SPHGCSYKGDYKDHDGHMHHNHHGHHNHHHHHH 

sfGFP-GCN4-p1 

MGHHNHHGHHNHHHHHHPRGMSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI

CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKF

EGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADH

YQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELASTGGGSGSGSG

GGSNGMKKASAVSRMKQLEDKVEELLSKNYHLENEVARLKKLVGERGIRRMNGGGSGSGSGGGSMSS

TSPHGCSYKGDYKDHDGHMHHNHHGHHNHHHHHH 

sfGFP-GCN4-pII 

MGHHNHHGHHNHHHHHHPRGMSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI

CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKF

EGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADH

YQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELASTGGGSGSGSG

GGSNGMKKASAVSRMKQIEDKIEEILSKIYHIENEIARIKKLIGERGIRRMNGGGSGSGSGGGSMSS

TSPHGCSYKGDYKDHDGHMHHNHHGHHNHHHHHH 

sfGFP-ph3a 

MGHHNHHGHHNHHHHHHPRGMSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFI

CTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKF

EGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADH

YQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELASTGGGSGSGSG

GGSNGMKKASAVSRIYKIEQKIYRIEQKIYRIEQKIYKIEQKIYGIRRMNGGGSGSGSGGGSMSSTS

PHGCSYKGDYKDHDGHMHHNHHGHHNHHHHHH 
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EGFP-CC-Di 

MHHHHHHSSGVDLGTENLYFQSNIGSGLLASKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDAT

YGKLTLKFICTTGKLPVPWPTLVTTLCYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGN

YKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKTRHNIE

DGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITGGGGGGIAA

LKQEIAALKQENAALKQEIAALKQE 

EGFP-CC-Tet 

MHHHHHHSSGVDLGTENLYFQSNIGSGLLASKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDAT

YGKLTLKFICTTGKLPVPWPTLVTTLCYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGN

YKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKTRHNIE

DGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITGGGGGGELA

AIKQELAAIKQELAAIKQELAAIKQE 

EGFP-CC-Pent 

MHHHHHHSSGVDLGTENLYFQSNIGSGLLASKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDAT

YGKLTLKFICTTGKLPVPWPTLVTTLCYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGN

YKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKTRHNIE

DGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITGGGGGGGGG

GKIEQILQKIEKILQKIEQILQKIEQILQG 
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11.2 Raw data and data from collaboration partners 

11.2.1 Size exclusion chromatography (SEC) 

 

Appendix Fig. 3 Elution profiles of GFP-coiled-coil fusion proteins, analyzed via size exclusion 

chromatography (SEC). A) SEC analysis of EGFP-coiled-coils, originally introduced by Cristie-David et al. 

(2017) (loading concentrations: GFP, 106 µM; CC-Di, 142 µM; CC-Tet, 101 µM; CC-Pent, 21 µM) [18]. 

B) SEC analysis of GFP (106 µM) and sfGFP-coiled-coil fusion proteins GCN4-p1 (40 µM) and GCN4-pII 

(20 µM). For sfGFP-based fusion proteins, there was a strong monomer peak detectable. This indicates partial 

dissociation of the complexes when the sample is separated on the column. C) SEC analysis of sfGFP-ph3a 

(46 µM). D) SEC analysis of sfGFP-pAA (50 µM). The samples were loaded in a 25 mM HEPES (pH 7.5) 

buffer, containing 100 mM NaCl, 2 mM EDTA, and 30 % glycerol. The chromatography buffer was identical 

to the sample buffer but without any glycerol. 
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11.2.2 Time-resolved anisotropy  

 

Appendix Fig. 4: Time-resolved fluorescence anisotropy of sfGFP concatemers detected with two 

different custom-built setups. The data was recorded by Ganesh Agam, LMU Munich. Purified sfGFP 

concatemers (1xGFP, 2xGFP, 3xGFP, 4xGFP, 5xGFP) were diluted to 2 µM in 30% (v/v) glycerol in 

fluorescent-free PBS. Their time-resolved anisotropy decays were analyzed with two custom-built setups.  

A) The first setup comprised a multiparameter fluorescence detection (MFD) pulsed interleaved excitation 

(PIE) equipment to monitor time-dependent fluorescence anisotropy decay [161]. It is usually used to detect 

small organic fluorophores. B) The second custom-built setup comprised a polarized and pulsed 468 nm laser 

for the excitation and a FLS1000 spectrometer equipped with photomultipliers for the detection of the emission. 

Raw data was smoothened using a Savitzky-Golay filter with a window size of 51 and a polynomial order of 3. 

The homotransfer rate 𝑘𝐹𝑅𝐸𝑇 was calculated from the anisotropy decay from B), assuming the model of a 

hindered rotor, eq. (7). [47].  

  



 137 

 

 

Appendix Fig. 5: Time-resolved fluorescence anisotropy of GFP-based coiled-coil fusion proteins. The 

data was recorded Ganesh Agam, LMU Munich. Time-resolved anisotropy decay was detected via custom-built 

setup comprising a polarized and pulsed 468 nm laser for the excitation and a FLS1000 spectrometer equipped 

with photomultipliers for the detection of the emission. Raw data was smoothened using a Savitzky-Golay filter 

with a window size of 51 and a polynomial order of 3. The homotransfer rate 𝑘𝐹𝑅𝐸𝑇 was calculated from the 

anisotropy decay using eq. (7). In order to reduce molecular rotation, the proteins were kept in sample buffer 

containing 30% glycerol.   
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11.2.3 Fluorescence correlation spectroscopy (FCS) 

 

Appendix Fig. 6: The molecular diffusion of GFP fusion proteins is increased after irradiation with a 

high-intensity 445 nm laser. The data was recorded via fluorescence correlation spectroscopy (FCS) by 

Ganesh Agam, LMU Munich. According to the Einstein-Stokes model for spherical particles, eq. (15), the 

molecular diffusion is a function of molecular size. Initially, no change in motility and molecular size was 

expected due to irradiation, as photobleaching should not structurally affect the molecule in theory. However, 

the diffusion coefficient of 1xGFP (36.4 kDa) increased from 67.5 µm2/s for the unbleached sample to 

108.0 µm2/s after photobleaching (𝑥 > 0.9), indicating higher motility in aqueous solution. A similar 

acceleration of molecular movement was detected for 2xGFP (67.6 kDa) and 3xGFP (98.9 kDa). For GFP alone 

(26.9 kDa), diffusion coefficients of ~80 µm2/s in aqueous solution have been published [90, 138]. Samples 

were diluted to 10 nM in fluorescence free PBS. Note that diffusion could only be measured for proteins that 

retained fluorescence (λex: 488 nm; λem: 512 nm).

 

11.2.4 Mass Spectrometry  

In order to characterize the light-induced fragmentation of GFP by finding residue specific 

or even higher resolved fragmentation sites, the exact masses of the fragments had to be 

determined. Therefore, MALDI-TOF and ESI-TOF mass spectrometry were used and the 

fragments of non-irradiated and irradiated 1xGFP (Appendix Fig. 7, Appendix Fig. 10) and 

EGFP (Appendix Fig. 8, Appendix Fig. 10) were compared.  

MALDI-TOF measurements were executed by Dr. Martin Haslbeck at the Chair of 

Biotechnology at TUM, Garching.  

ESI-TOF measurements were executed by Walter Stelzer at our group, Chair of Biopolymer 

Chemistry at TUM, Freising. 
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Appendix Fig. 7: MALDI-TOF spectrum of non-irradiated and irradiated the sfGFP fusion protein 

1xGFP. The samples were prepared, spotted and measured in a collaboration, see Method section. There were 

two detector settings used, one for m/z above 11000 (A) and another for m/z below 11000 (B). Six peaks can 

be determined that correspond to the intact construct at differently charged states. This can be observed for the 

unbleached as well as for the bleached sample. With these peaks, an average mass of 36449 ± 109 Da (standard 

deviation) could be calculated for the intact protein which is similar to the mass calculated from the primary 

structure (36410 Da). Besides the peaks corresponding to multiply-charged 1xGFP, there are four maxima that 

significantly grew during the irradiation: peaks at m/z = 27983.1, 13936.4, 9380.7, and 8341.0. 
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Appendix Fig. 8: MALDI-TOF spectrum of non-irradiated and irradiated the EGFP fusion proteins. The 

samples were prepared, spotted and measured in a collaboration, see Method section. There were two detector 

settings used, one for m/z above 11000 (A) and another for m/z below 11000 (B). The average mass for the 

intact EGFP fusion protein was calculated from all identified peaks to be 30084 Da (marked black). The huge 

standard deviation of 879 Da, though, indicates that some of the peaks might be falsely assigned to the EGFP 

chimera. We assume that the strong peak is the equivalent of the 13 kDa contaminant, visible in the PAGE 

analysis (band e-C). Five maxima can only be detected for bleached EGFP: peaks at m/z = 19865.8, 15993.3, 

14137.7, and 6673.0. The broad maximum at m/z = 10017.0 (grey) is very special as it might be a compound 

of (i) the 3+ charged original intact fusion protein, (ii) the 2+ charged 20 kDa fragment, or (iii) a complementary 

piece to 20 kDa fragment. In all three cases, one could expect a strong maximum at 10,000. However, only the 

latter two possibilities would result in a significantly increased peak for the irradiated sample. 

 

Appendix Fig. 9: MALDI-TOF spectrum of irradiated EGFP at 10 kDa. A peak at 10008 Da and a clearly 

distinguishable shoulder with 10045 Da as a maximum is visible. The peak at 10008 Da putatively corresponds 

to the 3+ charged intact EGFP molecule and/or the 2+ charged 20 kDa fragment. The maximum at 10045 Da 

possibly represents the 1+ charged N-terminal fragment e-D. 
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Appendix Fig. 10: ESI-TOF spectrum of photobleached GFP fusion proteins. The sample was desalted and 

stepwise eluted from a tC18 Sep-Pak (Waters) column with 60% acetonitrile, 0.1% formic acid. It was measured 

with a Synapt G2 HDMS (Waters). A) Raw data spectrum of the photobleached sfGFP construct. A pattern of 

three prominent peaks can be distinguished from the relatively strong noise. From the three peaks, a mass of 

8344.36 ± 0.03 Da could be calculated. B) Deconvoluted spectrum of the photobleached EGFP construct. Two 

major peaks can be distinguished, one at 200030 Da, and the other at 30025 Da. Below 10-12 kDa (grey area), 

the noise is increased and thus a potential peak at around 10 kDa cannot be clearly distinguished.  
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