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1. INTRODUCTION 

 

In this thesis, research is described aimed at developing tools of single-molecule mi-

croscopy (SMM) to image individual proteins and analyze their dynamic behavior inside 

cells of living zebrafish (Danio rerio) embryos. In this study, the zebrafish model is im-

aged using SMM in order to investigate mobility patterns of proteins that are anchored 

in the plasma membrane as well as proteins traversing the cell nuclei. This thesis pro-

vides novel applications of SMM for studying mobility patterns of individual molecules 

in an intact vertebrate biological system, and offers insights into the in vivo dynamics of 

the single molecules under investigation.  

 

1.1 THE ORIGINS OF SINGLE-MOLECULE STUDIES 

 

Because of the emphasis placed on molecules as the minimal functional units of bio-

logical systems, research at the single-molecule level plays an important role in a range 

of fields of biological investigations. Over the years, a myriad of scientific experiments in 

biology has been conducted with a focus laid on the population level. The outcomes of 

such experiments are established based on the information retrieved from ensemble 

analyses, which take into consideration the generalized behavior of the studied popu-

lation (Shashkova and Leake, 2017). For instance, in ensemble studies performed on cell 

cultures, it is often expected that members of the populations – comprising thousands 

of cells – will all exhibit a similar type of action in response to a certain treatment or other 

biochemical stimuli. While producing the mean of all the observations can eliminate 

potential outliers present in the data, such as cells exhibiting anomalous behavior, the 

same approach risks losing valuable information rooted in the biological heterogeneity 

of all cell populations (Leake, 2013; Rubin, 1990). 

 

The ensemble analyses of biochemical properties lead to a loss of information regarding 

any deviations in measured parameters, and can ultimately result in misinterpretations 

of the underlying physiological relevance of existing molecular subpopulations. There-

fore, studies at the single-molecule level are especially important in the scientific fields 

where biological diversity is rife, such as biophysics, systems and synthetic biology (Lenn 

and Leake, 2012). Ultimately, single-molecule examinations are critical to any research 
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area where enhancement of both the effective spatial and temporal resolution might 

shed new light on the processes taking place at the molecular level. Modern techniques 

enable researchers to directly investigate biochemical interactions of the signal trans-

ductions dynamics, which facilitates a more detailed understanding of crucial biological 

processes, such as protein trafficking, localization, and clustering (Kusumi et al., 2012; 

Lommerse et al., 2004; Shashkova and Leake, 2017; Shashkova et al., 2017) 

 

One of the most important techniques that is employed to examine biological pro-

cesses at the single-molecule resolution and that is currently undergoing rapid tech-

nical development is the SMM in which fluorescence microscopy is utilized (Miller et al., 

2018). This form of SMM has transformed into a valuable method used in many biophys-

ical, biochemical and cell biological studies. Fluorescence SMM allows for observations 

of the real-time behavior of individual biomolecules, allowing researchers to observe 

their dynamics and other, detailed features. Proteins, having multiple biological func-

tions, have constituted the primary focus for the majority of SMM studies, and previous 

research on protein activities performed by SMM helped us better understand a variety 

of biochemical processes, including protein-DNA interactions or kinetics of protein 

transport (Yokota, 2020). Single-molecule fluorescence microscopy has uncovered 

many fundamental biological processes that were not studied previously due to the 

limitations imposed by ensemble averaging, including studies of the bacterial flagellar 

motor rotation (Sowa et al., 2005), protein folding and translocation (Bryan et al., 2014), 

signal transduction (Wollman and Leake, 2016), DNA replication and remodeling (Reyes-

Lamothe et al., 2010), oxidative phosphorylation (Lenn and Leake, 2016), cell division 

mechanisms (Biteen et al., 2008), mitochondrial protein dynamics (Kuzmenko et al., 

2011), and many others.   

 

1.2 FLUORESCENCE AND FLUOROPHORES USED IN SMM 

 

The phenomenon of fluorescence occurs when a fluorophore, in a form of an atom or 

an entire molecule, absorbs a photon and subsequently reemits a photon. Upon absorp-

tion of a photon, electrons in the fluorophore transit from a ground state to a higher 

energy state, in a process that takes less than one femtosecond. After the switch to this 

excited state, the electron returns to the ground state. This return is accompanied by 

the emission of a photon, which has a smaller level of associated energy, and therefore 
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the wavelength of the emission light is longer than the wavelength of the excitation 

light (Shashkova and Leake, 2017). The loss of energy occurs due to vibrations that result 

from the oscillations of the atomic orbitals based on the difference in charge distribu-

tions between the electrons and the nuclei. The shift in wavelength between the exci-

tation and emission light is named after Sir George Stokes, who was the first person to 

properly describe the physical foundations of fluorescence (Zimmer, 2009).  

 

A class of fluorophores that is widely used in SMM comprises autofluorescent proteins, 

such as green and yellow fluorescent proteins (GFP and YFP, respectively). GFP was iso-

lated from the jellyfish Aequorea victoria and was first described in 1962 (Shimomura et 

al., 1962). Around 30 years later, the gene encoding GFP was cloned and in 1992 the first 

studies were performed in which GFP was expressed in living cells (Chalfie et al., 1994; 

Prasher et al., 1992). Nowadays, GFP cDNA is often fused to a cDNA encoding a protein 

of interest and the resulting fluorescent fusion protein is expressed in biological models 

such as cell cultures, microorganisms or transgenic plants or animals, enabling the de-

tection of this protein in these models by fluorescence microscopy. A variety of GFP mu-

tants are available with modified biophysical characteristics, including the S65T mutant 

with increased GFP photostability and fluorescence output, the F64L mutant with in-

creased folding efficiency at 37°C, and the A206K mutant without self-oligomerization 

properties (Zacharias et al., 2002). Moreover, numerous GFP color mutants have been 

designed, such as T203Y for a yellow fluorescent protein (YFP), or Y66W for a cyan (CFP) 

one (Lippincott-Schwartz and Patterson, 2003). Other autofluorescent proteins, which 

are differently colored have been isolated, such as a red fluorescent protein (RFP), which 

was originally found in Discosoma sp., and served afterwards as the template for several 

derivatives, of which DsRed and mCherry are most commonly used (Miyawaki et al., 

2012; Shaner et al., 2004). In addition, many photoconvertible fluorescent proteins, e.g., 

mEos, mMaple or Dendra, are currently available and can convert between different ex-

citation-emission spectra of emitted light after illumination with lower (mostly UV) 

wavelengths. Photoconversion can be used for specific applications such as lineage 

tracing and protein turnover studies (Baker et al., 2010). Nonetheless, despite all the ben-

efits offered by the use of these autofluorescent proteins, these fluorophores are highly 

unstable and undergo irreversible photobleaching after a certain time spent exposed 

to excitation light. Photobleaching is caused by the accumulation of free radicals pre-

sent in the surrounding aqueous solutions that cause chemical damage to the structure 
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of the fluorescent proteins. Repetitive fluorophore excitation also contributes to the 

photobleaching events, as the excited fluorophores might not necessarily emit photon 

energy in the form of fluorescent light, but enter the dark (triplet) state instead. Being 

trapped in this state, fluorophores are increasingly vulnerable to undergoing a multi-

tude of photochemical reactions, ultimately resulting in an irreversible loss of their flu-

orescence, a phenomenon known as photobleaching (Donnert et al., 2009). 

 

As an alternative for labeling proteins with autofluorescent proteins, a multitude of ap-

proaches has been designed (Filonov et al., 2011; Los et al., 2008; Stagge et al., 2013; Lip-

pincott-Schwartz and Patterson, 2003). Organic fluorescent dyes with superior charac-

teristics can be attached to proteins of interest through linkers, including HALO- and 

SNAP-tags. In such cases, the DNA encoding the protein of interest is first genetically 

fused to the protein tag, i.e., HALO- or SNAP-tag, which consists of a DNA repair protein 

(in the case of SNAP), or a haloalkane dehalogenase enzyme (in the case of HALO). Fol-

lowing that, the biological sample expressing this fusion protein is incubated with a sec-

ondary probe, which is able to covalently bind to the protein tag. The secondary probes 

are fluorescently labelled with organic dyes, such as coumarin, tetramethylrhodamine, 

Alexa Fluor dyes, and others. Thus, this methodology enables the use of brighter and 

more photostable fluorophores when compared to the use of traditional fluorescent 

proteins. Multiple other labelling strategies are currently being developed or are already 

available. These include quantum dots, which are nanoparticles that are extremely 

bright and photostable, spontaneously blinking dyes (Bentolila et al., 2005), such as hy-

droxymethyl Si-rhodamine, HMSiR, which exploit reversible, pH-dependent chemical 

reactions and enable performing SMM at defined pH values in aqueous solutions (Uno 

et al., 2014), and temporally blinking dyes, such as PAINT, which do not require fluoro-

phore switching and instead employ dyes that freely diffuse until their interactions with 

target molecules via permanent or transient binding (Giannone et al., 2010).  

 

1.3 THE DEVELOPMENT OF SINGLE-MOLECULE MICROSCOPY (SMM) 

 

SMM represents a family of powerful imaging techniques with a high spatial resolution 

that are used to visualize biological structures at the molecular scale. Due to diffraction, 

an image of a point source of light, visualized using a lens-based microscope, is not a 

single point but a point spread function (PSF). The PSF is usually an Airy disc pattern 
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with a central Gaussian peak, being the diffraction maximum, that is surrounded by less 

intense concentric rings. This PSF results in the blurring of any structures with a size 

that is smaller than the size of this central peak. This diffraction limit determines the 

resolution of an optical system and as a result, the capacity of an optical microscope to 

resolve the subcellular localization of single molecules and complexes thereof. In a prac-

tical sense, the resolution of a microscope is defined as the smallest separation distance 

between two point-like objects at which they can still be distinguished as individual ob-

jects. Therefore, the majority of resolution criteria, including the Sparrow limit and the 

Rayleigh criterion, refer to the properties and the geometry of the PSF (Sheppard, 2017). 

The Rayleigh criterion, for instance, states that two point sources of light are only re-

solved when the center of the Gaussian peak of one Airy disc overlaps with the middle 

of the first dark ring that surrounds the other one, or is further removed from the center 

of the other disc. Otherwise, the two PSFs merge and the two sources cannot be distin-

guished. The Rayleigh criterion enables the calculation of the resolution of a given mi-

croscopy setup and is described by equation 1: 

 

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ	𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛!,# =
0.61𝜆
𝑁𝐴 	(1) 

 

where 𝜆 denotes the light wavelength, and NA is the numerical aperture of the objective 

used in the system. Hence, for an optical system using an objective with an NA of 1.49, 

often employed in SMM studies, the resolution in the visible light spectrum (𝜆 from 380 

to 680 nm) ranges between 155 and 278 nm (Chen et al., 2016; Lelek et al., 2021). 

 

In general, SMM techniques are based on the premise that the spatial coordinates of 

single fluorescent molecules can be identified with high precision by determining the 

location of the center of their PSFs, if these PSFs never overlap. Using this approach, the 

localization precision is bound by the signal to noise ratio (SNR), but not by the wave-

length of light or the pixel size (Lelek et al., 2021). Microscopy techniques that make use 

of this localization method most often keep the concentration of active fluorescent mol-

ecules low to avoid the overlap between the PSFs of the individual fluorescent mole-

cules. Examples of this approach include super-resolution techniques, such as photoac-

tivated localization microscopy (PALM) and stochastic optical reconstruction micros-

copy (STORM), which are based on low concentrations of fluorescent molecules, result-

ing from photoactivation or photoswitching of only a subpopulation of fluorophores. 
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Both PALM and STORM have been extensively used in cancer biology research, includ-

ing the visualization of exosomes in human breast and cervical cancer cells (Chen et al., 

2016; Lelek et al., 2021). 

 

Thus far, many different technical approaches have been applied to perform fluores-

cence SMM. Imaging at the single-molecule level requires detection of signals from in-

dividual fluorophores and hence low background fluorescence levels. This can be 

achieved through limitations imposed on the illumination volumes, thereby reducing 

the number of excited fluorophores present in the illuminated sample. The first devel-

oped microscopy technique designed to reduce the illumination volume was confocal 

microscopy, established by Minsky in 1961 (Minsky, 1988). In this technique, a pinhole 

that is conjugate to the sample plane is placed in front of a detector. The incident light 

that is focused on the pinholes reaches the detector, whereas the out-of-focus light 

does not pass through the pinhole and thus does not reach the detector. Consequently, 

the use of confocal microscopes significantly improves the SNR in the recorded images 

since it removes out-of-focus fluorescence. 

 

The earliest reports of SMM, which focused on imaging myosin and its ATPase in an 

aqueous solution, utilized total internal fluorescence (TIRF) microscopy, which dramat-

ically decreases the background signal by reducing the illumination volume (Funatsu 

et al., 1995). TIRF microscopy is founded on the optical principle of evanescent waves, 

which are generated when an incident light beam is totally reflected at the interface 

between two media with a different refractive index. This phenomenon occurs when 

the first medium has a larger refractive index than the second medium, and when the 

light rays reach the interface at an angle of incidence larger than the critical angle, 

which is achieved when the angle of refraction is 90° or larger. In fluorescence micros-

copy, TIRF occurs when a laser beam arrives at the interface between a coverglass and 

the aqueous environment of a sample. The critical angle for water and glass media 

equals approximately 62°, above which, at the interface, a total internal reflection of the 

laser beam into the coverglass occurs instead of it being transmitted through the water. 

As a result, an evanescent wave is created just above the coverglass that can be used to 

excite fluorophores located within 100 to 150 nm above the coverglass. Hence, TIRF is 

suitable for the detection of single molecules that are associated with the plasma mem-

branes of cells or molecules that are immobilized on glass coverslips (Shashkova and 
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Leake, 2017; Yokota, 2020). TIRF microscopy has been used as an SMM tool to study, 

among other biodynamic processes, cytoskeleton assembly mechanisms, microtubule 

interactions, presynaptic filament dynamics, single lipopolysaccharide transfer onto the 

toll-like 4 receptors, and capping of individual actin filaments in vertebrate organisms 

(Kim, 2018; Ross and Dixit, 2010; Stoppin-Mellet et al., 2020, Fujiwara et al., 2016; Kuhn 

and Pollard, 2007; Umemura et al., 2008) 

 

In other early SMM studies, conformational dynamics of single proteins and other mol-

ecules were studied by single-molecule Förster resonance energy transfer (smFRET). 

This technique employs the principle of energy transfer between fluorescent donor and 

acceptor molecules. If these molecules are close to each other, i.e., within less than 10 

nm from each other, the donor in an excited state relays its energy to an acceptor, which 

then gets excited and subsequently emits light. FRET is commonly utilized in research 

focusing on molecular interactions, such as protein-protein and protein-nucleic acid as-

sociations, as well as on conformational changes of enzymes and nucleosomes, protein 

folding, and dynamics of intrinsically disordered proteins (Buning and van Noort, 2010; 

Koopmans et al., 2007; König et al., 2015; Metskas and Rhoades, 2020; Ha et al., 1999) 

 

1.4 MICROSCOPY SETUPS USED FOR SMM 

 

SMM techniques require a wide-field microscope equipped with standard, continuous-

wave lasers for fluorophore excitation together with a camera sensitive enough to de-

tect single molecules. A plethora of both commercial and custom, open-source hard-

ware implementations have been developed. Most of SMM setups utilize scientific or 

industry grade, powerful lasers with a power of at least 100 mW (Holm et al., 2014; 

Kwakwa et al., 2016). A dichroic filter with multiple passbands might be selected to re-

flect excitation laser lines onto the sample and transmit emission wavelengths to the 

detector. In the case of multicolor microscopy, multiple laser lines can be combined and 

co-aligned using dichroic mirrors. The fluorescence emission of the specimen is imaged 

through an objective lens. Typically, 60X to 100X oil immersion objectives with a NA of 

1.4 or higher are used to ensure efficient photon collection (Fig. 1A). Most commercial 

microscopes for SMM contain in-built automated control systems to keep specimens in 

focus. When imaging molecules located close to the interface of the sample and the 

coverslip, such as cellular membranes, TIRF microscopy along with its derivative, highly 
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inclined and laminated optical sheet illumination (HILO), can be used to reduce the out-

of-focus background and improve SNR (Fig. 1B). Several methods exist that facilitate 

SMM imaging in three dimensions, for example by inserting a cylindrical lens into the 

optical path (Lelek et al., 2021; Mashanov et al., 2003). 

 

For high sensitivity detection of the emitted light, an electron-multiplying charge-cou-

pled device (EM-CCD) or a scientific complementary metal-oxide-semiconductor 

(sCMOS) camera is generally used. The EM-CCDs enable the detection of single photons 

with reduced noise levels and are particularly suited for structures with low photon 

counts. On the other hand, sCMOS cameras are less sensitive to signals with low photon 

counts, but have higher frame rates that allow imaging larger Field of Views (FoVs), and 

achieve SNRs similar to EM-CCDs for bright fluorescent dyes. At the detector, the pixel 

size should be approximately equal to the PSF standard deviation, typically in the range 

of 100 to 150 nm. The optimal magnification should be determined individually, taking 

into account specific background and photon numbers, both inherent to the micros-

copy setup chosen (Thompson et al., 2002; Tokunaga et al., 2008).  

 

1.5 SMM TO STUDY PROTEIN DYNAMICS IN VIVO  

 

The applications of SMM have also been extended to study the dynamic behavior of the 

proteins inside living zebrafish (Schaaf et al., 2009). Zebrafish embryos, due to their op-

tical clarity, are excellent model organisms for visual analyses of biodynamic processes 

and for research using fluorescently labeled molecules (Canedo and Rocha, 2021; 

Detrich et al., 2011; Garcia et al., 2016; Gore et al., 2018; Lieschke and Currie, 2007). Fur-

thermore, the high fecundity and short generation time of the model facilitate genetic 

screens and the identification of mutant phenotypes (Haffter et al., 1996; Reisser et al., 

2018). Using TIRF to reduce out-of-focus excitation, the mobility pattern of YFP fused to 

the membrane anchor of the human H-Ras protein was determined in the apical mem-

branes of cells in the outer epidermal layer of two-day-old zebrafish embryos. This study 

showed the differences between cultured cells and proper in vivo models at the single-

molecule level, thereby underlining the importance of applying SMM in intact living or-

ganisms. 
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In the research described in this thesis, we aimed to further extend the possibilities of 

SMM in zebrafish embryos beyond imaging of proteins in the epidermal cell mem-

branes. Therefore, to enable visualization of proteins in the cytoplasm or nuclei of cells 

anywhere in the zebrafish embryos, two microscopy approaches have been used that 

until recently had not been employed as SMM tools before: Light-Sheet Fluorescence 

Microscopy (LSFM) and Two-Photon Excitation Fluorescence Microscopy (2PEFM).  

In LSFM, two objectives, illumination and a detection objective, are positioned orthogo-

nally to each other. A plane of excitation light, called a light sheet, is sent from the illu-

mination objective through the specimen, exciting only the fluorophores present at the 

detection focal plane. Photons emitted by the fluorophores in the illuminated sample 

section are collected by the detection objective. This microscopy technique enables fast 

imaging with a low background signal as well as optical sectioning of specimens. How-

ever, the use of LSFM in SMM applications has been limited due to spatial constraints 

imposed by the geometry of the objectives, meaning that the size of the objectives with 

high NAs, necessary for the SMM imaging, has not always been compatible with the 

designs of many LSFM setups. This problem can be circumvented by the use of long-

working-distance air objectives for the illumination, or by using LSFM configurations 

that employ a modified light path, such as prism-based LSFM (PCLSM) and reflected 

LSFM (RLSFM) (Bernardello et al., 2021). LSFM has been used to visualize fluorescently 

labelled molecules in aqueous solutions, cell nuclei of salivary glands extracted from C. 

tentans, and nuclei of cultured cells (Gebhardt et al., 2013; Ritter et al., 2010). 

 

In 2PEFM, a fluorophore is simultaneously excited with two photons. The use of two 

photons means that approximately half the energy per photon is required to excite a 

molecule, extending the wavelength of the excitation light to the near-infrared (NIR) 

spectrum. Two-photon excitation (2PE) is achieved by using pulsed laser sources in 

combination with focusing the laser beam (Benninger and Piston, 2013). The pulsed la-

ser sources generate high peak intensities that are necessary for 2PE, whereas the av-

erage laser power remains relatively low, reducing linear absorption, heating, and pho-

totoxic damage to the sample (Soeller and Cannell, 1999). Focusing the laser beam with 

the objective lens ensures the selective excitation of fluorescent molecules in the con-

focal volume, which means that the background fluorescence is eliminated without the 

use of a pinhole. A major benefit of the 2PEFM technique is that biological tissues are 

exposed to less light scattering and absorption at NIR than at visible wavelengths, 
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allowing for imaging fluorescent signals located deeper in the tissues of a biological 

model. The 2PEFM technique has, for instance, been used to perform live imaging of 

transient neuronal Ca2+ fluxes in rodent brains (Schwille et al., 1999; Stosiek et al., 2003).  

 

 
FIGURE 1: Representative image of the SMM setup used to visualize and analyze single fluorescent 

peaks. (A) A schematic of an SMM setup used to visualize single molecules. Fluorescently labelled mole-

cules present in a sample are excited by an incident laser beam and images are acquired using an objec-

tive with a high NA. The collected fluorescence signals pass through the dichroic mirror and are then 

recorded by a camera. (B) An example of an image obtained through SMM (below) and its color-coded 

version (above), presented to visualize differing intensity levels. (C) A 3D signal reconstruction of a frame 

presented in (B). Based on this 3D fluorescence intensity map, a 3D Gaussian fitting can be performed, 

and by determining the center of the Gaussian peak the location of the fluorescent molecules in the 

sample can be determined with high precision. 

 

1.6 ANALYSIS OF THE DATA OBTAINED THROUGH SMM IMAGING 

 

An extensive analysis of the mobility patterns of single molecules requires detailed 

quantification of the localization and displacements of molecules throughout the im-

aging process (Fig. 1B). In this doctoral thesis, we employ various methods that have 
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been designed to describe the dynamic behavior of the investigated populations of 

molecules. This analysis begins with the localization of the molecules with high posi-

tional accuracy, by fitting the detected fluorescence intensity signals to a three-dimen-

sional Gaussian function (Fig. 1C). The peak of the Gaussian function denotes the loca-

tion of a molecule, whereas the height of this function, which provides information on 

the intensity, and its full width at half maximum (FWHM) are both used as selection 

tools to differentiate between single fluorescent molecules and their aggregates. The 

band-pass filters, in turn, are the tools used to reject signals having unwanted parame-

ters and background noise (Fig. 1C) In order to distinguish different subpopulations of 

molecules and to establish values of diffusion coefficients and the potential existence of 

confinement areas, custom-designed, Particle Image Correlation Spectroscopy (PICS) 

software is used (Semrau and Schmidt, 2007). This software does not track individual 

particles but determines correlations between the location of molecules in consecutive 

frames. In this way, cumulative probability distributions of all correlations are plotted, 

and by subtracting all random correlations, distribution plots of all squared displace-

ments between consecutive frames are generated. By fitting these plots to population-

based models, the number of molecular fractions present in the studied populations 

and their mean squared displacements are determined. Subsequently, this procedure 

is repeated for different time lags. To evaluate whether any of the populations confine 

to specific areas, the mean squared displacement values of the populations are plotted 

against the time lag. These plots are then fitted either to a free Brownian diffusion 

model, represented by a linear function, in which the molecules move freely and are 

unconstrained, or a confined diffusion model, represented by an exponential function 

that reaches a plateau, in which the molecules also move freely, but their movement is 

confined to a specific area surrounded by impermeable barriers. 

 

It is well established that many proteins fulfil their biological functions not as a mono-

mer but in the form of polymers. It has been suggested that more than 35% of protein 

molecules in cells are polymeric (Goodsell and Olson, 2000). Single-molecule imaging 

can be used to quantify the number of biomolecules in a polymer or a cluster, which 

facilitates understanding the stoichiometry of these complexes (Marianayagam et al., 

2004). Single-step photobleaching (SSP) analysis is a straightforward and powerful 

method that allows for the counting of molecules within a protein complex. The stoichi-

ometry is determined by observing the number of discrete descending steps as an 
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effect of photobleaching of individual fluorophores comprising the complex. In this doc-

toral thesis, the SSP analysis is performed using the ImageJ plug-in TrackMate (Tinevez 

et al., 2017). The detection of individual particles is performed by determining a maxi-

mum intensity value in a circular selection with a predetermined diameter, which de-

notes an individual molecular complex. The TrackMate software also enables trajectory 

reconstruction of the localized particles and determines, therefore, whether they show 

the same type of dynamic behavior throughout this trajectory, or rather switch between 

different molecular subpopulations with different mobility patterns. 

 

1.7 H-RAS AND THE GLUCOCORTICOID RECEPTOR (GR): MODEL PROTEINS FOR 

SINGLE-MOLECULE STUDIES IN THE MEMBRANE AND THE NUCLEUS 

 

Two model proteins have been used in this doctorate project. For investigations of the 

protein mobility patterns in the plasma membranes of epidermal cells in the living 

zebrafish embryos, the human H-Ras proteins have been used (Chapters 2 and 3). For 

studies focusing on the mobility patterns of nuclear proteins in cells of zebrafish embryo 

yolk syncytial layer (YSL), the glucocorticoid receptors (GR) have been utilized (Chapter 

4). 

 

H-Ras is an important signaling protein that is mainly localized at the plasma mem-

brane in numerous cell types of vertebrate organisms, though some fractions have also 

been reported to exist in membranes of endosomes, the endoplasmic reticulum and 

the Golgi apparatus. It is a member of the Ras protein family that activate intracellular 

signaling cascades and regulate crucial biological processes taking place in various 

cells, such as growth, proliferation, and differentiation (Malumbres and Barbacid, 2003). 

Ras proteins are small GTPases that switch between an inactive, GDP-bound state, and 

an active, GTP-bound state that delivers signals from the tyrosine kinase receptors acti-

vated by growth factors at the cell surface, to promote proliferation and survival pro-

grams. Upon growth factor binding, the receptors transmit the extracellular signal 

through its transmembrane domain, resulting in the growth factor activation and phos-

phorylation of the tyrosine kinase receptor. The phosphorylated receptor recruits the 

son of sevenless (SOS) protein via several adaptor proteins, such as GRB2. The SOS pro-

tein, being a guanine nucleotide exchange factor, leads to the Ras activation by ex-

changing GDP by GTP. Subsequently, the active, GTP-bound form of Ras binds to the 
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RAF kinase, promoting its dimerization and activation. Activated RAF phosphorylates 

and activates MEK, which, in turn, phosphorylates and activates ERK. Finally, activated 

ERK phosphorylates a number of substrates, including the transcription factors Elk-1, 

and serum response factors (SRFs), which then trigger transcriptional programs related 

to cell cycle progression, protein translation, angiogenesis, metastasis, and cell death 

evasion (Fig. 2A) (Downward, 2003; Samatar and Poulikakos, 2014). Various isoforms of 

Ras proteins exist, such as H-Ras, K-Ras and N-Ras, which largely differ in their carboxyl-

terminal hypervariable region (HVR), formed by 25 amino acids. The most carboxyl-ter-

minal part of the HVR is an anchor that is responsible for attaching Ras proteins to the 

cytoplasmic leaflet of the cell membranes upon posttranslational lipidations. In H-Ras, 

the anchoring domain consists of the CAAX motif, which is responsible for signaling the 

posttranslational, prenyltransferase-mediated addition of farnesyl or geranylgeranyl li-

pid groups that anchor the H-Ras protein in the cytoplasmic leaflet of the plasma mem-

brane (Brunsveld et al., 2009; Willumsen et al., 1984).  

 

 
FIGURE 2: Biochemical signaling pathways of the model molecules employed in the research de-

scribed in this thesis. (A) The H-Ras protein is an early-stage player in the signaling pathway leading to 

cell cycle control and apoptosis evasion. After activation by a growth factor, a receptor tyrosine kinase 
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recruits several proteins, which results in Ras activation by exchanging GDP with GTP. Subsequently, in 

its active, GTP-bound form, Ras activates RAF kinase, what starts the activation cascade leading to the 

ERK activation. Ultimately, ERK phosphorylates a number of substrates in the cell nucleus, which execute 

transcriptional programs related to cell cycle progression, protein translation, angiogenesis, metastasis, 

and cell death evasion (B) The GR protein is an important factor that controls many processes ranging 

from cell metabolism to blood pressure. Upon activation by a glucocorticoid ligand (i.e., cortisol), the GR 

translocates to the nucleus. In the nucleus, the GR acts as a transcription factor (TF) and regulates the 

expression of many genes by binding to specific DNA sequences, called glucocorticoid response ele-

ments (GREs), and by interacting with other TFs participating in RNA transcription. Legend: GRB2 – 

growth factor receptor-bound protein 2, SOS – son of sevenless, Elk-1.- transcription activator, SRF – serum 

response factor. 

 

The GR is a well-studied steroid receptor, which mediates the effects of glucocorticoids, 

such as the endogenous stress hormone cortisol. Upon activation by cortisol, the bio-

logical function of the GR is to maintain metabolism and energy homeostasis. The re-

ceptor is also involved in controlling blood pressure through the inhibition of vasodila-

tors, and has been implicated in memory formation as well as the proper functioning of 

the cells involved in the immune system response. Because of their suppressive effects 

on the immune system, synthetic glucocorticoids, such as prednisone or dexame-

thasone, are widely used clinically as anti-inflammatory drugs. Upon activation by a glu-

cocorticoid ligand (i.e., cortisol), the GR translocates to the nucleus, where it acts as a 

transcription factor (TF). The GR regulates the expression of a large number of genes by 

binding to specific DNA sequences, called glucocorticoid response elements (GREs), 

and the stimulation of the expression of GRE-dependent genes, what is generally 

known as transactivation. Alternatively, the activated GR may also interfere with the ac-

tivity of other TFs, including nuclear factor kappa B (NF-�B), a mechanism that is com-

monly referred to as transrepression (Fig. 2B) (Groeneweg et al., 2014; Keizer et al., 2019). 

Both the human and the zebrafish genomes contain only one gene encoding a GR pro-

tein, and it has been shown that the zebrafish GR displays a high level of similarity to its 

human counterpart at the structural and functional levels (Schaaf et al., 2008; Kadmiel 

and Cidlowski, 2013; Liu et al., 2019). 

 

1.8 OUTLINE OF THE DOCTORAL THESIS 

 

The aim of the project described in this doctoral thesis is to extend the applications of 

SMM techniques to study the dynamics of single proteins in vivo. The outcomes of the 
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thesis show that it is possible, using TIRF, LSFM and 2PEFM techniques, to study the 

mobility patterns of single and fully functional proteins in living zebrafish embryos, both 

at the plasma membranes as well as in the nuclei of embryonic cells. Furthermore, the 

results shed new light on the single-molecule dynamics of the model proteins used and 

offer new perspectives on single-molecule data interpretation. This thesis consists of 

three experimental chapters: 

 

 
FIGURE 3: Single-Molecule Microscopy (SMM) techniques employed in the research described in this 

thesis. (A) TIRF microscopy has been used to determine mobility patterns of the full-length H-Ras pro-

teins, its membrane anchors and genetic mutants. In the TIRF microscopy technique, an incident laser 

beam is positioned against the coverglass-sample interface at the angle larger than the critical angle, 

creating an evanescent wave that excites fluorophores in the epidermal cell membranes of the zebrafish 

embryo. Analysis of the TIRF microscopy data allows for differentiation between different protein 
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subpopulations and determination of their initial diffusion coefficients and the size of their confinement 

areas. (B) 2PEF microscopy dramatically reduces photobleaching and has been used to image H-Ras 

membrane anchors over a prolonged period of time as well as to reconstruct their molecular trajectories. 

Fluorophore excitation with two photons takes place only in the focal plane of an image, due to the high-

est photon density in that area. In the two-photon excitation mode, out-of-focus fluorescence signal is 

eliminated. This technique enables determination of different dynamic states exhibited by a single H-Ras 

anchor particle, and visualization of anomalous diffusion patterns, such as ‘hop’ diffusion. (C) LSF micros-

copy has been used to determine mobility patterns of GR proteins in the yolk syncytial nuclei of zebrafish 

embryos. In this technique, illumination and detection objectives are separated and positioned orthogo-

nally to each other. The light sheet created by the illumination objective enables excitation of the fluoro-

phores located deeper in the zebrafish embryo tissues and, for instance, studies on the dynamics of tran-

scription factors in the cell nucleus. 

 

In chapter 2, SMM is applied in vivo, using the zebrafish embryo model. The dynamics 

of the membrane protein H-Ras is studied using a TIRFM setup and compared with 

those of its membrane-anchoring domain, C10H-Ras, and several H-Ras mutants (Fig. 

3A). The results confirm the presence of a fast- and a slow-diffusing subpopulation of 

molecules, which both confine to microdomains within the plasma membrane. The 

constitutively active mutant H-RasV12 exhibits higher diffusion rates and is confined to 

larger domains than the wild-type H-Ras and its inactive mutant H-RasN17. Subse-

quently, it is demonstrated that the structure and composition of the plasma mem-

brane have an imperative role in modulating specific aspects of H-Ras mobility patterns 

and that differences between individual cells within the epidermis of the embryo largely 

contribute to the overall data variability 

 

In chapter 3, the dynamics of GFP fused to the H-Ras membrane-anchoring domain, 

C10H-Ras, is studied using a 2PEFM setup. With the two-photon excitation mode, which 

substantially increases the stability of the fluorescent proteins, it is possible to follow 

single C10H-Ras particles over a long time and reconstruct their molecular trajectories 

(Fig. 3B). The trajectories exhibit that the slow-diffusing population of GFP-C10H-Ras fu-

sion proteins show a dynamic behavior that is referred to as 'hop diffusion', and is char-

acterized by long periods of slow diffusion in a confined area that are intermitted by 

brief periods of relatively fast diffusion, i.e., hops, over longer distances. 

 

In chapter 4, an LSFM setup is utilized for imaging individual GRs inside nuclei of YSL 

cells in living zebrafish embryos over a prolonged time. The optical configuration of the 
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setup can readily make this SMM approach available in many laboratories, whereas a 

dedicated sample-mounting system ensures sample viability and mounting flexibility 

(Fig. 3C). To validate the robustness of the LSFM setup, the GR mobility patterns are an-

alyzed with and without the administration of dexamethasone. As anticipated, dexame-

thasone administration significantly alters the dynamics of GR. By further characteriza-

tion of the sources of variation in the in vivo results, it is found that most of the variability 

in the results comes from imaging different areas within an individual zebrafish embryo. 

 

In chapter 5, the outcomes of this thesis are summarized and discussed. Future per-

spectives of the SMM techniques for in vivo applications are provided. 
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