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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.

11 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),
sighal 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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1. INTRODUCTION

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 muilti-
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., 2017; 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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1. INTRODUCTION

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

. . 0.611
Rayleigh Resolution, ,, = NA D

where A 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 (41 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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1. INTRODUCTION

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 Forster resonance energy transfer (smFRET).
This technigue 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; Kénig 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, 2027;
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-

ganismes.
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1. INTRODUCTION

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,

21



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 Ca?* fluxes in rodent brains (Schwille et al., 1999; Stosiek et al., 2003).

Sample expressing fluorescently

labelled molecules /’_\
= i 3D signal

Intensity map reconstruction

High NA objective

X axis

Excitation laser

beam " R
Dichroic mirror

.

Image frame

Gaussian
fitting

Peak signal Residual signal

<> &

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

Camera
(EM-CCD/sCMOS)

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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1. INTRODUCTION

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 Image] 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
sighaling 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).
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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-OB), 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:

A. Chapter 2 B. Chapter 3 C. Chapter 4
TIRF Microscopy 2PEF Microscopy LSF Microscopy
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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-Ras"? exhibits higher diffusion rates and is confined to
larger domains than the wild-type H-Ras and its inactive mutant H-RasN'”. 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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2. ANALYSIS OF THE H-RAS MOBILITY PATTERN IN VIVO SHOWS
CELLULAR HETEROGENEITY INSIDE EPIDERMAL TISSUE

Radoslaw J. Gora, Babette de Jong, Patrick van Hage, Mary Ann Rhiemus, Fjodor van

Steenis, John van Noort, Thomas Schmidt, Marcel J.M. Schaaf

ABSTRACT

Developments in single-molecule microscopy (SMM) have enabled imaging individual
proteins in biological systems, focusing on the analysis of protein mobility patterns in-
side cultured cells. In the present study, SMM was applied in vivo, using the zebrafish
embryo model. We studied dynamics of the membrane protein H-Ras, its membrane-
anchoring domain, C10H-Ras, and mutants, using total internal reflection fluorescence
microscopy (TIRFM). Our results consistently confirm the presence of fast- and slow-dif-
fusing subpopulations of molecules, which confine to microdomains within the plasma
membrane. The active mutant H-Ras"? exhibits higher diffusion rates and is confined
to larger domains than the wild-type H-Ras and its inactive mutant H-Ras\". Subse-
quently, we demonstrate that the structure and composition of the plasma membrane
have an imperative role in modulating H-Ras mobility patterns. Ultimately, we establish
that differences between cells within the same embryo largely contribute to the overall
data variability. Our findings agree with a model where the cell architecture and the
protein activation state determine protein mobility, underlining the importance of SMM

imaging to study factors influencing protein dynamics in an intact living organism.

Keywords: H-Ras, zebrafish, single-molecule microscopy, total internal reflection fluo-

rescence microscopy, membrane microdomains, diffusion
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2.1 INTRODUCTION

Plasma membranes mostly consist of proteins and lipids that move laterally within the
fluidic membrane plane and interact with each other in both random and organized
manners (Singer and Nicolson, 1972). Until now, it has remained unclear what the origins
are of many of such interactions and how the organization and mobility of all mem-
brane constituents are governed (Gheber, 2018). Furthermore, not much is known about
the role of structural complexes, such as the subjacent actomyosin cortex, in the dy-
namics of proteins and lipids in the plasma membrane. Subsequently, definitions of
membrane domains and their sizes remain inconsistent. These domains include clath-
rin-coated pits and lipid rafts, and are believed to compartmentalize the membrane,
facilitate the assembly of signaling complexes, and serve as the platforms for response
amplification to the extracellular signaling molecules (Kusumi et al., 2012). For instance,
it is now estimated that lipid rafts, cholesterol-enriched membrane domains, are pre-
dominantly transient complexes of 10-200 nm in size. Such lipid rafts are able to adjust
their size and stability in response to ongoing membrane trafficking or signal transduc-

tion processes (Eggeling et al., 2009; Jacobson et al., 2019).

An important signaling protein that is present in the plasma membrane of many cell
types in vertebrate organisms is H-Ras. The H-Ras protein is a member of the Ras pro-
tein family, which consists of small GTPases that activate intracellular signaling cas-
cades, and thereby regulate crucial biological processes taking place in various cells,
such as growth, proliferation, and differentiation (Malumbres and Barbacid, 2003). Gain-
of-function mutations in genes encoding Ras proteins are found in ca. 25% of human
cancers, which makes Ras proteins interesting targets of cancer therapies (Hobbs et al,,
2016). These proteins are mainly localized at the plasma membrane, though some frac-
tions have also been reported to be present in membranes of endosomes, the endo-
plasmic reticulum, and Golgi apparatus. Various Ras isoforms exist, which differ pre-
dominantly in their so-called hyper variable region (HVR), formed by 25 amino acids pre-
sent in their carboxyl-terminal end. The most carboxyl-terminal part of the HVR com-
prises an anchoring domain, which is responsible for anchoring Ras proteins in the cy-
toplasmic leaflet of the cell membranes upon posttranslational modifications, mostly

the addition of lipid groups. In H-Ras, this domain comprises a CAAX motif, which can
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be farnesylated, and two cysteine residues that can be (reversibly) palmitoylated

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

Single-molecule microscopy (SMM) has been used in many studies to visualize individ-
ual molecules in the plasma membrane to study and characterize their organization
and mobility. This technique is mostly performed using advanced fluorescence micro-
scope techniques, such as light sheet fluorescence microscopy (LSFM) or total internal
reflection fluorescence microscopy (TIRFM). The used microscopy setups are equipped
with a laser for excitation of the fluorescent molecules and with a highly sensitive
charged-couple device (CCD) or a complementary metal oxide semiconductor (CMQOS)
camera for capturing the emitted photons. Molecules subjected to SMM experimenta-
tion are often fluorescently labeled. There are several options for selecting a suitable
fluorescent label, based on the biological model used or a spectrum of excitation laser
light available in the setup (Chudakov et al., 2010; Harms et al., 2001; Seefeldt et al., 2008).
Most often, autofluorescent proteins, such as Green or Yellow Fluorescent Proteins
(GFP, YFP) fused with an endogenous protein, are used, as they are not toxic to living

organisms and their use does not require permeabilization or fixation of the cells.

The mobility of Ras proteins or Ras membrane anchors fused to autofluorescent pro-
teins has been studied and characterized by SMM in cultured cells with a positional ac-
curacy of up to 30 nm and a temporal resolution in the span from 5 to 50 milliseconds
(Harms et al,, 1999; Lommerse et al,, 2004; Lommmerse et al., 2005). It was demonstrated
that populations of H-Ras molecules in the plasma membrane segregate into a slow-
and a fast-diffusing fraction. The slow-diffusing fraction of H-Ras proteins, which is also
referred to as immobile fraction because its displacements are very close to the posi-
tional accuracy, contains 10-40% of molecules depending on the cell type, and increases
in size upon activation of H-Ras by administration of insulin or EGF to the cells, or by
making a mutation in the protein that induces constitutive activation (e.g. as in H-Ras'?)
(Lommerse et al., 2004; Lommerse et al.,, 2005; Murakoshi et al., 2004). Studies in which
the H-Ras anchoring domain was fused with YFP (referred to as YFP-CIOH-Ras) showed
that the anchor exhibits similar mobility patterns to the non-activated, full-length H-Ras

protein and to other anchors of human Ras proteins (e.g., K-Ras) (Lommerse et al., 2006).
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Studying cultured cells has the advantage of easier control and manipulation when
compared to living organisms. Nevertheless, experiments involving cultured cell mod-
els do not take into consideration the influence of cell-cell interactions and extracellular
stimuli that are present within a tissue. Furthermore, they do not take into account fac-
tors an entire organism might be presented with that alter the context of the cells under
investigation, such as changes due to the diurnal cycle or the response to a stressor.
Therefore, in order to performm SMM studies with more translational value, we extended
the applicability of the single-molecule research to a more physiologically relevant sys-
tem, using the zebrafish embryo as a model organism for studying protein mobility pat-
terns in vivo. Due to their optical clarity, zebrafish embryos serve as excellent model or-
ganisms for visual analyses of physiological processes and for research using fluores-
cently labeled cells and proteins (Canedo and Rocha, 2021; Detrich et al., 2011; Garcia et
al., 2016; Gore et al., 2018; Lieschke and Currie, 2007). The high fecundity and short gen-
eration time of the zebrafish facilitate genetic screens and identification of mutant phe-
notypes (Haffter et al., 1996; Reisser et al,, 2018). Apart from that, genetically modified

zebrafish embryos can be readily created by use of microinjection techniques.

In several zebrafish models for cancer, oncogenic transformation of specific cell types is
induced in embryos by overexpression of human H-Ras, in particular its constitutively
active mutant H-Ras"". For example, transformation of melanocytes and melanoma for-
mation is induced upon H-Ras"? overexpression in these cells (Feng et al., 2010; Michai-
lidou et al., 2009; Santoriello et al., 2010), whereas H-Ras""? overexpression in neural pro-
genitor cells results in the formation of brain tumors (Mayrhofer et al., 2017). A similar,
constitutively active mutant form of human K-Ras in myoblasts leads to the initiation of
rhabdomyosarcoma (Langenau et al., 2007). Thus, the zebrafish embryo is a highly suit-

able model for studying the signaling pathways induced by human Ras proteins.

In a previous study, we used a TIRFM-based approach to perform SMM in zebrafish, and
we analyzed the dynamics of YFP-CIOH-Ras in epidermal cells of two-day-old embryos.
The observed mobility patterns in the zebrafish embryos were different from those
found in cultured cells, which underlined the importance of performing this type of
studies in vivo. Therefore, in the present study, we extended this application of the in
vivo SMM technique to the full-length H-Ras protein. In addition to the wild-type H-Ras,

we used a constitutively active and inactive H-Ras mutant (H-Ras"'? and H-RasN,
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respectively) to examine how the protein activity influences the patterns of diffusion
and confinement of the H-Ras molecules. Furthermore, we studied the alterations in
the mobility pattern during embryonic development and after treatment with Latrun-
culin B (LatB), a chemical inhibitor of actin polymerization, and with Methyl-B-cyclodex-
trin (MBCD), which disrupts membrane organization by depleting cells of cholesterol.
Ultimately, we performed experiments with YFP-CIOH-Ras and the full-length H-Ras in
human embryonic kidney cells (HEK293T) to compare the results obtained in the
zebrafish embryos with results obtained in cultured cells using the same experimental

protocol.

Our findings reveal that for YFP-C10H-Ras, YFP-H-Ras, YFP-H-Ras"? and YFP-H-Ras\", in
epidermal cells of the zebrafish embryos and in cultured HEK293T cells, a slow- and a
fast-diffusing population of molecules can be distinguished and that both populations
show confined diffusion. Differences in the fast-diffusing fraction initial diffusion coeffi-
cients and confinement sizes are also detected between the full-length, wild-type H-
Ras and its constitutively active, oncogenic mutant, H-Ras'2. In addition, we show that
treatment with both LatB and MBCD significantly influences values of initial diffusion
coefficients as well as sizes of confinement area, pointing to a dominant role of plasma
membrane composition in regulating H-Ras protein dynamics. Interestingly, in
zebrafish embryos, the mobility pattern does not change during embryonic develop-
ment and the variability between individual embryos is smaller than the variability be-
tween different experimental days and between different areas in the epidermis of one

embryo.

2.2 RESULTS

The mobility pattern of YFP-CIOH-Ras and YFP-H-Ras in HEK293T cells

As an initial step in our SMM study, the YFP fusion proteins of the H-Ras anchoring do-
main and full-length H-Ras protein (YFP-CIOH-Ras and YFP-H-Ras respectively) were
studied in cultured HEK293T cells using our TIRFM setup. These experiments aimed to
compare findings obtained using the TIRFM setup with data previously obtained in cell
cultures (Bobroff, 1986; Lommerse et al, 2005), and with our previous findings in
zebrafish embryos (Schaaf et al.,, 2009). Prior to the SMM imaging, cells were transiently

transfected with YFP-CIOH-Ras and YFP-H-Ras expression vectors and screened in
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order to analyze the expression levels and subcellular localization of the fluorescent pro-
teins. Images of HEK293T cells expressing YFP-CIOH-Ras, obtained through confocal la-
ser scanning microscopy, indicated predominant membrane localization of the signal
coming from the YFP fused with the CIOH-Ras membrane anchor, which is in line with
patterns observed before in mouse fibroblast and human embryonic kidney cells (3T3-

Al4 and ts201, respectively) (Lommerse et al,, 2004; Lommerse et al.,, 2005).
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FIGURE 1: Single-Molecule Microscopy (SMM) analysis: protein localization and mobility patterns of
YFP-C10H-Ras and YFP-H-Ras in HEK293T cells. (A) SMM intensity map showing signal of a YFP-CI0OH-
Ras molecule located in the basal membrane of a HEK29T cell. A scale bar corresponds to 2 um. (B) 3D
representation of the image shown in (A), depicting fluorescence intensities of each pixel. One visible
intensity peak is shown that is attributed to a single YFP-CIOH-Ras molecule. Over these peaks, two-di-
mensional Gaussian surfaces were fitted. (C) Representative cumulative distribution plot of squared dis-
placements determined using Particle Image Correlation Spectroscopy (PICS) analysis. Data points are
shown in red, and the two populations biexponential model that best fits the data points in blue (formula
shown). Fitting of the data points to the two populations model allows for calculation of a relative size of
the subpopulations (a) and their mean squared displacements (rZ and r#). This procedure was repeated
for each of the time lags used. (D) Fraction size of the fast-diffusing population (a), plotted against the
time lag. (E) Mean squared displacements plotted against the time lag for the fast-diffusing fraction (r2).
(F) Mean squared displacements plotted against the time lag for the slow-diffusing fraction (). Results
of the fits are summarized in Table 1. To establish the values of dynamic parameters, at least 3 individual
HEK293T cells per each H-Ras construct (YFP-CIOH-Ras and YFP-H-Ras) were imaged on each of the 3
different experimental days Each datapoint is presented in the form of a mean + s.e.m., and the 95% c.i.
of the mathematical fit is shown. Shapiro-Wilk statistical test was performed to check for normality of the
data set. Statistical analysis was performed using an unpaired t-test with the resulting P-value P(a, 12, 72)
> 0.05 at a t;44 Of 25 ms. Pearson correlation coefficients (R?) are presented to show fitness of the data to

the model of confined diffusion.

Three days after transfection, YFP-CIOH-Ras and YFP-H-Ras expression levels in
HEK293T cells were significantly decreased. The sparse distribution allowed for identifi-
cation of single YFP-CIOH-Ras molecules in the basal cell membrane, using our TIRFM
setup. Diffraction-limited fluorescence intensity peaks were observed and Gaussian
curves were fitted over these peaks (Fig. 1AB). FWHM and intensity values of the Gauss-
ian distributions corresponding to signals from single YFP molecules were established
in fixed HEK293T cells, taking into consideration only these molecules that displayed
single-step photobleaching, indicating that their signal originated from an individual
YFP molecule. These values were subsequently used to determine cutoff values for peak
selection. The signal-to-noise ratio (SNR), defined as the quotient between the average
intensity of a single fluorophore (2215 counts) and the standard deviation of the back-
ground signal (74 counts), approximated to 30. The positional accuracy equaled approx-
imately 22 nm in one dimension for the localization of these single molecules. Image
sequences were acquired using a time lag of 25 ms, and the mobility pattern of the
proteins was determined by Particle Image Correlation Spectroscopy (PICS) software

(Semrau and Schmidt, 2007). Using a multistep analysis, information was yielded for five
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different time lags: 25, 50, 75, 100, and 125 ms. By means of the PICS software, correla-
tions between the location of molecules in consecutive frames were determined, and
cumulative probability distributions of the displacements were generated for each time
lag. The data were then fitted to a one- or two-population model (Fig. 1C). The two-pop-
ulation model fitted significantly better, indicating the presence of two fractions of mol-
ecules with different mobility patterns. Using these curves, the relative size of the fast-
diffusing fraction () and the mean squared displacements of the fast and slow diffusing

fractions (rZ and r2) were established for each time lag.

Subsequently, for both YFP-CIOH-Ras and YFP-H-Ras, the parameters a, rZ, and r2 were
plotted against the chosen time lags (Fig. IDEF). The relative size of the fast-diffusing
fraction a was constant over all time lags (Fig. 1D), and equaled 77.8 + 0.4% and 78.0 £
0.5% for YFP-CIOH-Ras and YFP-H-Ras, respectively. The curves presenting the relation-
ship between mean squared displacements (rZ and r2) and the time lag for the fast and
slow diffusing fractions are non-linear and reach a plateau (Fig. 1EF). We therefore fitted
these curves using a confined diffusion model, in which the movement of YFP-CIOH-
Ras and YFP-H-Ras is confined within an area of size L with an initial diffusion coefficient
D, (Bobroff, 1986; Lingwood and Simons, 2010; Schaaf et al., 2009). The mobility patterns
of the two fusion proteins were remarkably similar. For YFP-CIOH-Ras, D, of the fast-
diffusing fraction equaled 1.40 + 0.20 um? s and the size of the confinement area L
equaled 480 + 7 nm. For YFP-H-Ras, the fast-diffusing fraction had a D, of 1.22 + 0.13 um?
s1and was confined in an area of which L equaled 576 + 11 nm. The slow-diffusing frac-
tions of YFP-CIOH-Ras and YFP-H-Ras moved dramatically slower (D, of 0.158 + 0.056
pum?s?and 0.173 + 0.036 um? s7') and were confined in smaller areas (L of 157 +5 nm and

219 + 8 nm, respectively).

The mobility pattern of YFP-CIOH-Ras and YFP-H-Ras in epidermal cells of zebrafish

embryos

In order to successfully image membrane proteins in living zebrafish embryos, we fo-
cused our observation on the outer epidermal cell layer in the tail fin of 2 days-post-
fertilization (dpf) zebrafish embryos (Fig. 2). Embryos were injected at the one-cell stage
with DNA constructs encoding YFP-CIOH-Ras and YFP-H-Ras in order to stably express
the YFP-tagged H-Ras anchor and the full-length H-Ras protein in the zebrafish tail fin.
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This outer cell layer of the skin (the superficial stratum) is a homogenous layer of hex-
agonal cells (Fig. 2, epifluorescence mode) and forms the upper part of the skin (the
epidermis) together with an underlying cell layer. The localization of GFP-C10-HRas in
the cells in this layer is illustrated by a representative confocal microscopic image of a 1
dpf embryo taken from a transgenic zebrafish line expressing this fusion protein in all

cells (Fig. 3A).

The tail fins of 2 dpf zebrafish embryos are morphologically stable enough to resist cov-
erage with a 0.75-mm-thick sheet of agarose, which was used in order to gently press
the tail fin towards the surface. This enables the evanescent field to excite the fluoro-
phores present in the outer membrane of cells in the outer epidermal cell layer. For
imaging, we focused on the tail fin region of the zebrafish embryo, while the rest of the
zebrafish body was immersed in a drop of water. Zebrafish vital functions, such as heart-
beat and the blood flow in the cardiovascular system, were checked under a stereoflu-

orescence microscope post-imaging.

As in HEK293T cells, we observed fast- and slow-diffusing protein fractions in zebrafish
embryos (Fig. 3B). The fast-diffusing fraction size a equaled 65.0 + 0.5% for the YFP-CIOH-
Ras, and 65.9 + 0.6% for YFP-H-Ras. In both of the fractions, molecules followed a con-
fined diffusion pattern (Fig. 3CD), with sizes of the confinement areas L for the fast-dif-
fusing fractions being approximately 3 to 4 times larger than for the slow-diffusing ones
(see Table1, part1.1and 1.2). The initial diffusion coefficient D, of the fast-diffusing fraction
equaled 110 + 0.15 um? s for YFP-CIOH-Ras and 0.71 + 0.05 um? s for YFP-H-Ras. The
initial diffusion coefficients for the slow-diffusing fractions were at least 8 times lower
than the ones for their fast-diffusing counterparts. When we compared these data to
those obtained in the HEK293T cells, we found a significant difference between the mo-
bility patterns of YFP-H-Ras in HEK293T cells and in epidermal cells of zebrafish em-
bryos. The initial diffusion coefficients D, of both the fast- and the slow-diffusing frac-
tions were significantly lower in the zebrafish embryonic cells (see Table 2). No signifi-
cant differences were found between the YFP-CI10-H-Ras mobility patterns in HEK293T

cells and in zebrafish embryos.
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FIGURE 2: Schematic overview of SMM applied to a living zebrafish embryo. A zebrafish embryo was

injected with an expression vector for a YFP fusion protein shortly after fertilization. At 2 dpf, it was placed
on a coverslip coated with poly-L-lysine in a drop of egg water. The tail region of the embryo was covered
with a 0.75-mm-thick agarose (2%) sheet. On the lower left part of the figure, an epifluorescence picture
is presented of the outer layer of the epidermis showing the fluorescent signal of YFP-C10-H-Ras in the
cell membranes. Morphologically, the cells in this layer are homogenous and are characterized by a hex-
agonal shape. On the lower right part, a TIRFM image of an area within the FOV of the epifluorescence
picture is presented, with examples of individual YFP molecules shown in circles. A scale bar corresponds

to5um.
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The mobility pattern of YFP-CIOH-Ras in zebrafish embryos at different developmental

stages

To study the stability of the data obtained in the zebrafish embryos over different devel-
opmental stages, we analyzed the mobility patterns of YFP-CIOH-Ras at 48, 56, 72 and
80 hours post-fertilization (hpf). At each stage, the values for the parameters a, r, and
rZ2 were determined for each time lag, and D, and L were determined for both fast- and
slow-diffusing populations (Table 1, part 1.3, Fig. S1). The results showed that a difference
in the developmental stage of the zebrafish embryo did not significantly influence any
of these parameters (Table 2). This means that the CIOH-Ras mobility patterns remain

stable within the time frame of our experiments.
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FIGURE 3: Mobility patterns of YFP-CI0H-Ras and YFP-H-Ras in epidermal cells of the zebrafish em-
bryos. (A) Confocal microscopy image of the outer epidermal cell layer of a 2 dpf zebrafish embryo from
the transgenic line Tg(bactin:GFP-CIOH-Ras)“"®, showing the fluorescence signal from GFP-CIOH-Ras.
A scale bar corresponds to 50 um. (B) Fraction size of the fast-diffusing population (a), plotted against the

time lag. (C) Mean squared displacements plotted against the time lag for the fast-diffusing fraction (r2).
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(D) Mean squared displacements plotted against the time lag for the slow-diffusing fraction (). Results
of the fits are summarized in Table 1. To establish the values of dynamic parameters, 3 different embryos
per each H-Ras construct (YFP-CIOH-Ras and YFP-H-Ras) were imaged on each of the 3 (6 for YFP-C10H-
Ras) different experimental days. Each datapoint is presented in the form of a mean £ s.e.m., and the 95%
c.i. of the mathematical fit is shown. Shapiro-Wilk statistical test was performed to check for normality of
the data set. Statistical analysis was performed using an unpaired t-test with a resulting P-value of P(a,
r?, rf) > 0.05 at a t;,, of 25 ms. Pearson correlation coefficients (R?) are presented to show fitness of the

data to the model of confined diffusion.

The mobility pattern of YFP-H-Ras"? and YFP-H-RasN"” in epidermal cells of zebrafish

embryos

To study the effect of the activation state of the H-Ras protein, the constitutively active
H-Ras'? mutant (with a valine replacing a glycine at position 12) and the inactive mutant
H-RasN" (with an asparagine replacing a serine at position 17) were used. The fusion pro-
teins YFP-H-Ras, YFP-H-Ras"? and YFP-H-RasN"” were expressed in 2 dpf zebrafish em-
bryos, and the mobility patterns of the each of these constructs were analyzed. Again,
we observed fast- and slow-diffusing fractions of molecules. The size of the fast-diffusing
fraction did not differ significantly between the constructs, and equaled 66.0 + 0.5% for
YFP-H-Ras, 61.7 + 0.7% for YFP-H-Ras""?, and 63.2 + 0.2% for YFP-H-Ras"" (Fig. 4A). All
fractions showed confined diffusion. Initial diffusion coefficients D, for the fast-diffusing
fraction equaled 0.70 + 0.05 pm? s for YFP-H-Ras, 1.05 + 0.06 pm? s for YFP-H-Ras""?,
and 0.72 + 0.07 um? s for YFP-H-RasN”, with the diffusion coefficient for YFP-H-Ras""?
being significantly higher than those for the other two constructs (Fig. 4B). Similarly, the
size of the confinement area L for YFP-H-Ras"? (572 + 7 nm) was significantly higher than
those for YFP-H-Ras and YFP-H-RasN'7 (421 + 8 nm and 444 + 9 nm, respectively). The
initial diffusion coefficients and the sizes of the confinement areas for the slow diffusing
fractions of YFP-H-Ras"? and YFP-H-RasN"” did not show any significant difference from
the values determined for the wild-type YFP-H-Ras (0.022 + 0.003 pm?2s'and 103+ 5 nm;
for detailed results, see Table 1, part 1.4, Table 2, and Fig. 4C).
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FIGURE 4: Mobility patterns of YFP-H-Ras and its mutants, YFP-H-Ras""2 and YFP-H-RasV\", in epider-
mal cells of the zebrafish embryos. (A) Fraction size of the fast-diffusing population (a), plotted against
the time lag. (B) Mean squared displacements plotted against the time lag for the fast-diffusing fraction
(r2). (C) Mean squared displacements plotted against the time lag for the slow-diffusing fraction (r?). Re-
sults of the fits are summarized in Table 1. To establish the values of dynamic parameters, 3 different em-
bryos per each H-Ras genetic mutant (YFP-H-Ras, YFP-H-RasV? and YFP-H-Ras\") were imaged on each
of the 3 different experimental days. Each datapoint is presented in the form of a mean + s.e.m., and the
95% c.i. of the mathematical fit is shown. Shapiro-Wilk statistical test was performed to check for normal-

ity of the data set. Statistical analysis was performed, using a one-way ANOVA (P-value P(a) > 0.05 and
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P(r?,r#) < 0.05 at a t;,, of 25 ms) with a Tukey's range post-hoc test (for details of the post-hoc test results,
see Table 2). (DEF) Caterpillar plots presenting the effect range of a different experimental day, different
embryos within an experimental day, and different areas within an embryo to an overall variability in (D)
the fast-diffusing fraction size, (E) mean squared displacement of the fast-diffusing fraction, and (F) the
slow-diffusing fraction. Effect ranges represent the relative deviation of group intercepts from the overall
mean with 95% confidence intervals. Red lines indicate the overall mean of the data, while black points
denote groups that significantly deviate from the overall mean among experimental days, individual em-
bryos, and areas within an embryo. The data points are sorted based on their deviation from the total
average, beginning with the ones most negatively deviating from the overall mean. The values in (D) were
logit-transformed and the values in (E) and (F) were logarithm-transformed to meet the statistical hy-

potheses of the hierarchical linear model.

The mobility pattern of YFP-H-Ras and YFP-H-Ras? in epidermal cells of zebrafish

embryos after treatment with Latrunculin B and Methyl-B-cyclodextrin

In order to understand how actin microfilaments and cholesterol affect H-Ras mobility,
2-day-old zebrafish larvae expressing YFP-H-Ras or its constitutively active mutant, YFP-
H-Ras"?, were incubated with Latrunculin B (LatB) or Methyl-B-cyclodextrin (MBCD). Af-
ter the treatment with LatB or MBCD, SMM was performed and we observed a fast- and
a slow-diffusing fraction of molecules in all experimental groups. Interestingly, the size
of the fast-diffusing fractions significantly increased after LatB and MBCD treatment for
YFP-H-Ras (from 64.4 + 0.4% to 76.2 £ 0.5% and 77.5 + 0.3% after LatB and MBCD treat-
ment, respectively) (Fig. 5A) and YFP-H-Ras\"? (from 63.7 + 0.9% to 79.6 + 1.5% and 75.9 +
0.4% after LatB and MBCD treatment, respectively) (Fig. 5D). Additionally, treatment
with LatB and MBCD significantly increased the initial diffusion coefficients and the
sizes of the confinement areas of the fast-diffusing fraction for both YFP-H-Ras and
YFP- H-Ras'? (Fig. 5BE).

For YFP-H-Ras, treatment with LatB increased this diffusion coefficient from 0.89 + 0.10
pM2sTto0 3.92 + 0.46 um? s, while treatment with MBCD changed it to 3.56 + 0.41 um? s
. The size of the confinement area of the fast fraction grew from 462 + 8 nm to 837 +10
nm after LatB treatment and to 801 + 9 nm after MBCD treatment (Table 1, part 1.5, Fig.
5B). For the YFP-H-Ras"? mutant, treatment with LatB increased the diffusion coeffi-
cient of the fast-diffusing fraction from 1.35 + 0.12 um? s to 2.86 + 0.45 pm? s, while
treatment with MBCD altered it to 2.67 + 0.31 um? s™. The size of the YFP-H-Ras"? fast

fraction's confinement area increased from 589 + 6 nm to 723 + 14 nm after LatB
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treatment and to 800 + 11 nm after MBCD treatment (Table 1, part 1.5, Fig. 5E). Taken
together, these data show that treatment with LatB and MBCD abolished differences
between H-Ras and H-Ras"? dynamics by increasing the diffusion coefficient and con-

finement area of the fast-diffusing fractions.

TABLE 1: Summary of the mobility patterns’ analysis for YFP-CIOH-Ras, YFP-H-Ras, YFP-H-Ras"?, and

YFP-H-RasN".

Experiment Doeo Doso Leo Leo a [%]
[um?s7] [Hm?s7] (nm] [nm]

1.1. YFP-C10H-Ras: comparison between HEK293T cells and zebrafish embryos
HEK293T 140+ 0.20 0.158 + 0.056 480+ 7 157+5 778+ 0.4
Zebrafish 110+ 0.15 0.128 + 0.057 467+9 147 +6 65.0+0.5
1.2. YFP-H-Ras"™: comparison between HEK293T cells and zebrafish embryos
HEK293T 122+ 0.3 0.173 £ 0.036 576+ 219+8 78.0+0.5
Zebrafish! 0.71+0.05 0.022 £ 0.003 421+8 103+5 659+ 0.6
1.3. YFP-CI0H-Ras in zebrafish embryos: developmental study
48 hpf 1.84 £ 0.44 0.114 + 0.036 507 +10 170+7 682+13
56 hpf 154+ 0.07 0.199 £ 0.047 6105 197+6 60.6 £0.5
72 hpf 127 £ 0.04 0.128 + 0.032 616+3 124 +2 629104
80 hpf 110 £ 0.20 0.107 £ 0.026 572+19 153+3 524 +0.4
1.4. YFP-H-Ras (W™ N'7:V2) in zebrafish embryos: comparison of the mutants
YFP-H-Ras"VT2 0.71+0.05 0.022 £ 0.003 421+8 103+5 659+ 0.6
YFP-H-RasN"” 0.72+0.07 0.030 £ 0.002 444 £9 100 +2 63.2+0.1
YFP-H-RasV2 1.05+0.06 0.055 +0.006 572+7 132+5 61.8+£0.8
1.5. YFP-H-Ras(“™ V) in zebrafish embryos: effect of Latrunculin B (LatB) and Methyl-B-cyclodex-
trin (MBCD) treatment
YFP-H-Ras"Tin vehicle 0.89+0.10 0.330 £ 0.060 462+8 250 £ 4 64.4 + 0.4
YFP-H-Ras"T + LatB 392+ 0.46 0.399 + 0.087 837 +10 2213 762+05
YFP-H-Ras"T + MBCD 356+ 0.41 0.304 £ 0.019 801+9 2902 775+03
YFP-H-Ras'? in vehicle 1.35+0.12 0.257 £0.029 589+6 266+ 6 63.7+0.9
YFP-H-Ras'? + LatB 2.86+0.45 0.647 + 0.098 723 +14 260+ 3 79.6+15
YFP-H-Ras'? + MBCD 2.67 £ 0.3] 0.434 £ 0.084 80011 242+ 4 759+ 0.4

'Results of YFP-H-Ras used for comparison between the models are extracted from the experiment in
which YFP-H-Ras, YFP-H-Ras'"? and YFP-H-RasN"” are compared (part 1.4).

?Results used to compare the YFP-H-Ras mobility between the HEK293T cells and zebrafish embryos in
part 1.2.

Dorpy Dosp — Initial diffusion coefficients for fast- and slow-diffusing fractions, respectively; Lgp, Lsp — Sizes

of the confinement area of fast- and slow-diffusing fractions, respectively; a — Fast-diffusing fraction size.
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FIGURE 5: Mobility patterns of YFP-H-Ras and the constitutively active mutant YFP-H-Ras"?, in epi-

dermal cells of the zebrafish embryos after treatment with Latrunculin B (LatB) and Methyl-g-cy-

clodextrin (MBCD). (A, B, C) Plots representing mobility patterns of the wild-type YFP-H-Ras. (A) Fraction

size of the fast-diffusing population (a), plotted against the time lag. (B) Mean squared displacements

plotted against the time lag for the fast-diffusing fraction (r2). (C) Mean squared displacements plotted

against the time lag for the slow-diffusing fraction (rZ). (DEF) Plots representing mobility patterns of the

constitutively active YFP-H-RasV'2. (D) Fraction size of the fast-diffusing population («), plotted against the

time lag. (E) Mean squared displacements plotted against the time lag for the fast-diffusing fraction (r2).
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(F) Mean squared displacements plotted against the time lag for the slow-diffusing fraction (). Param-
eters obtained upon curve fitting are presented in Table 1. To establish the values of dynamic parameters,
3 different embryos per each treatment group (vehicle, LatB and MBCD) and construct (YFP-H-Ras"?,
YFP-H-Ras) were imaged on each of the 3 different experimental days. Each datapoint is presented in the
form of a mean + s.e.m., and the 95% c.i. of the mathematical fit is shown. Shapiro-Wilk statistical test was
performed to check for normality of the data set. Statistical analysis was performed using a one-way
ANOVA (for both H-Ras"" and H-Ras""? P-value P(r#) > 0.05 and P(a, r?) < 0.05 at a t;,, of 25 ms) with a

Tukey's range post-hoc test (for details of the post-hoc test results, see Table 2).

TABLE 2: Statistical analysis performed for the values of mean squared displacements and fast-diffusing

fraction sizes obtained experimentally for the time lag of 25 ms.

Mean squared

Statistical Fraction size:

Mean squared displacement: .
o . displacement: slow-
fast-diffusing fraction (r2)

significance fast-diffusing fraction (a)

diffusing fraction (r2)

YFP-CIOH-Ras: HEK293T

cells vs zebrafish em- P >0.05 P >0.05 P >0.05
bryos!

YFP-H-RasWT: HEK293T

cells vs zebrafish em- P <0.001 P < 0,001 P >0.05
bryos!

YFP-CI0H-Ras in

zebrafish embryos: de- P > 0.05 P >0.05 P >0.05
velopmental stage?

YFP-H-Ras"“T, YFP-H- p(WT, N17) > 0.05 p(WT, N17) > 0.05

Ras"2, and YFP-H-RasN"7 P(WT, V12) < 0.001 P(WT, V12) = 0.016 P >0.05

in zebrafish embryos?

P(N17, V12) < 0.001 P(N17, V12) = 0.0T1

YFP-H-Ras"T in zebrafish

P(Vehicle, LatB) < 0.001

P Vehicle, LatB) = 0.042

LatB and MBCD?

P(LatB, MBCD) > 0.05

embryos treated with P(Vehicle, MBCD) < 0.001 P > 0.05 P(Vehicle, MBCD) = 0.032
LatB and MBCD? P(LatB, MBCD) > 0.05 P(LatB, MBCD) > 0.05
YEP-H-Ras“2 in zebrafish P(Vehicle, LatB) = 0.029 P(Vehicle, LatB) = 0.026
embryos treated with P(Vehicle, MBCD) = 0.043 P > 0.05 P(Vehicle, MBCD) < 0.001

P(LatB, MBCD) > 0.05

For comparisons between two biological models, HEK293T cells and zebrafish embryos, an unpaired t-
test was used.

2For comparisons of protein mobility patterns in zebrafish embryos between different developmental
stage, genetic mutants of YFP-H-Ras, and different chemical treatments, a one-way ANOVA was used. In
case the differences between groups were significant in the one-way ANOVA, results of multiple groups
comparison are shown, performed by a Tukey's range post-hoc test.

NS - non-significant (P > 0.05); *- P < 0.05; *** - P < 0.001.
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The sources of variability of the results

Finally, we analyzed the sources of variability of the results obtained in zebrafish em-
bryos for YFP-H-Ras and the two mutants, YFP-H-RasV? and YFP-H-Ras\". For this pur-
pose, we first studied the correlation between the number of individual molecules
within images and the parameters a, 1, and rZ. Correlation coefficients between the
number of molecules and the corresponding parameters were low (0.22, 0.19 and 0.28,
respectively), indicating that the correlation between the number of molecules in an
image and the parameters describing protein mobility is very weak. Thus, we report that

the number of molecules has a negligible impact on the H-Ras mobility analysis.

TABLE 3: Summary of the variance values (6?) per source parameter and their percentage contribution

(%) towards the total variance for the given parameter.

a r# r#
Source of variation
02 % 02 % 02 %
Experimental Day 0.188 331 0.097 492 om 356
Embryo 0.122 215 0.018 9.0 0.004 1.4
Imaging Area 0173 30.4 0.066 337 0157 50.5
Residual’ 0.085 149 0.016 8.1 0.039 125

'Residuals account for variance that cannot be explained by the experimental design.

Secondly, the contribution of three factors to the overall variability in the results was
analyzed. These factors were: different experimental days, different individual embryos,
and different areas imaged within a single embryo. By use of hierarchical linear mixed
models, we generated caterpillar plots for a, 2, and r2 , which present random effects
distribution, being the deviation of the group intercept from an overall mean, and the
contribution of each of the three factors to the overall mean of a given parameter
(Fig. 4DEF). Subsequently, we quantified the percentage contribution of each of the se-
lected sources of variation towards the overall data variability (Table 3). These caterpillar
plots and the quantitative source of variation analysis both show that, for every param-
eter, most of the random effects come from imaging embryos on different experimental
days (contribution to the total variability of 33.1% for the fraction size, 49.2% for the fast-
diffusing fraction diffusion coefficient) and imaging different areas within the epidermis
of the same zebrafish embryo (contribution of 50.1% for the slow-diffusing subpopula-
tion diffusion coefficient). Interestingly, imaging different embryos from the same

zebrafish batch was the smallest source of variability for all parameters, and did not
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introduce nearly as much variability as imaging different areas within the same individ-

ual embryo (Table 3).

2.3 DISCUSSION

In the present study, we have applied single-molecule microscopy to an in vivo model
system, using living zebrafish embryos. As our model molecule we have used a YFP-
fusion of H-Ras, a signaling protein that is anchored in the cytoplasmic leaflet of the
plasma membrane. Based on the observed mobility patterns in epidermal cells of the
embryos, two fractions of H-Ras molecules were distinguished: a fast- and a slow-diffus-
ing one, which both show confined diffusion. The fast fraction contained the majority of
molecules and showed an initial diffusion coefficient that is approximately 10 to 15 times
higher than that of the slow-diffusing fraction. This fraction showed similar mobility for
wild-type H-Ras, the constitutively inactive H-Ras mutant H-RasN7, and the C10-H-Ras
membrane anchor fused to YFP. However, the fast fraction of a constitutively active H-
Ras mutant (H-Ras"?) exhibited a higher diffusion coefficient and a larger confinement
area. Treatment of the zebrafish embryos with LatB and MBCD significantly increased
initial diffusion coefficients of the fast-diffusing fractions for both wild-type H-Ras and
its constitutively active, oncogenic mutant, H-Ras"?, together with their fraction sizes.
Interestingly, the largest variation in these experiments was not found between individ-
ual embryos, but between different experimental days and the areas within a single

embryo.

In this study, the observation of a fast- and a slow-diffusing fraction of H-Ras molecules
that were both confined was highly consistent between experimental models used, i.e.,
between cultured human embryonic kidney (HEK293T) cells and epidermal cells of
zebrafish embryos, between different stages of the zebrafish embryonic development,
and between the full-length H-Ras protein, its constitutively active and inactive mu-
tants, and its membrane anchor (C10H-Ras). These fast- and slow-diffusing fractions
have been found before in several single-molecule microscopy studies on H-Ras or
CI0H-Ras (the latter also in zebrafish embryos), with diffusion coefficients comparable
to those found in the present study (Lommerse et al., 2004; Lommerse et al., 2005; Lom-

merse et al,, 2006; Schaaf et al., 2009). However, confinement of these fractions was not
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always observed, which in most cases may have been due to the shorter time ranges

used in these studies, combined with larger variation or smaller sample sizes.

Although the observed mobility patterns were remarkably stable in our experiments,
we did observe some important differences. First, the full-length H-Ras protein dis-
played lower diffusion coefficients in the epidermal cells of the embryos compared to
the diffusion coefficients found in the HEK293T cells. This difference was observed for
both fractions of this protein, but was not found for any of the fractions of the CIOH-Ras
protein. Apparently, the cell type plays a role in determining the mobility of full-length
H-Ras, but is less important for the dynamics of the membrane anchor, which suggests

that interactions between H-Ras and cytoplasmic components are involved.

Second, the constitutively active mutant protein H-Ras'"? showed increased mobility of
its fast-diffusing fraction when compared to the wild-type H-Ras protein, the inactive
mutant H-RasN'” and the anchoring domain CIOH-Ras, which was reflected in an in-
creased initial diffusion coefficient and a larger confinement area for the active mutant.
In a previous study on the mobility of this mutant in cultured mouse embryonic fibro-
blasts (3T3 cells), this increased mobility was not observed (Lommerse et al,, 2006). In
addition to the shorter time range, larger variation, and smaller sample sizes mentioned
earlier as an explanation for such discrepancies, the cell type used may also be a possible
factor underlying the absence of this effect in the earlier study. Since wild type H-Ras,
the constitutively inactive mutant H-RasM7, and the anchoring domain C10H-Ras display
a similar mobility pattern which is distinct from the pattern observed for the constitu-
tively active mutant H-Ras""?, we suggest that the vast majority of H-Ras proteins is in
an inactive state in epidermal cells of zebrafish embryos at this stage of development,
and that endogenous H-Ras signaling, activated by growth factors such as EGF, is ap-

parently not significantly affecting the dynamics of the H-Ras protein.

This different mobility of the H-Ras"? compared to the inactive forms of H-Ras is in line
with the ability of the active mutant to induce oncogenic transformation in a variety of
cell types in zebrafish upon overexpression, although phenotypic effects of H-Ras'?
were not observed in our study since the formation of tumors does not start before 4
weeks of age (Feng et al., 2010; Michailidou et al., 2009; Santoriello et al., 2010). The alter-

ation in the mobility pattern most likely results from an altered affinity of H-Ras proteins
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for specific plasma membrane microdomains upon activation, which has already been
studied in great detail (Hancock and Parton, 2005; Plowman et al., 2005; Prior et al., 2007,
Prior et al., 2003; Zhou et al., 2018). Studies using electron microscopy and other tech-
nigues, such as fluorescence recovery after photobleaching (FRAP), Forster resonance
energy transfer (FRET) and fluorescence correlation spectroscopy (FCS) have revealed
that the inactive, GDP-loaded H-Ras (as well as its minimal membrane anchor) can form
nanoclusters that are located in small (<15 nm) lipid rafts (Plowman et al., 2005; Prior et
al., 20071; Prior et al., 2003). These rafts are domains that are smaller than 10-100 nm in
size and are dependent on the presence of cholesterol (Garcia-Parajo et al., 2014; Ling-
wood and Simons, 2010; Nickels et al,, 2015; Zhou and Hancock, 2015). Interestingly, a
similar dependence on cholesterol was observed for nanoclusters of activated (GTP-
loaded) N-Ras, but not for K-Ras nanoclusters or active forms of H-Ras, indicating the
formation of alternative nanoclusters in distinct membrane domains that are slightly
smaller and cholesterol-independent for these Ras proteins (Plowman et al., 2005; Prior
et al., 20071; Prior et al,, 2003). Such a preferential dependence on lipids suggests that
each type of Ras nanoclusters has a unique lipid composition and might, therefore, re-
flect varying lipid-binding properties between different Ras proteins and between their
active and inactive forms (Zhou et al,, 2018). It has been demonstrated that the choles-
terol-dependent nanoclusters of GDP-bound H-Ras are rich with anionic lipids, such as
phosphatidylinositol 4,5-biphosphate (PIP2), which enables H-Ras to activate PI3K that
binds to PIP2via the P110 subunit (Ghosh et al., 1996; van Rheenen et al., 2005). In addi-
tion, phosphatidylserine (PtdSer) and phosphatidylinositol 4-phosphate (Pl4P) are
found in clusters of both GDP- and GTP-bound H-Ras, but only K-Ras localization and
clustering on the plasma membrane are sensitive to varying PtdSer concentrations, en-
abling PtdSer content-sensitive sorting of H- and K-Ras into spatially distinctive lipid
assemblies (Zhou et al,, 2014). These results show that Ras nanoclusters assemble a dis-
tinctive set of plasma membrane phospholipids, which corresponds to their specific ef-

fector activation profiles (Zhou and Hancock, 2015; Zhou et al.,, 2018).

The increased diffusion coefficient and confinement zone of the fast-diffusing fraction
observed for H-Ras"2 in our study most likely reflect the different diffusion properties of
the domains in which the activated protein is preferentially localized. Apparently, the
lower affinity for lipid rafts results in an increase in diffusion rate and confinement zone

size. These confinement zones in the plasma membrane have been suggested to reflect
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membrane compartmentalization resulting from the structure of the membrane cyto-
skeleton, a filamentous actin meshwork associated with the cytoplasmic surface of the
plasma membrane, and to various transmembrane proteins anchored to and aligned
along the actin filaments (Fujiwara et al., 2002; Kusumi et al., 2010). It could be argued
that the diffusion of non-active H-Ras clusters in lipid rafts is even more hindered by
these cytoskeleton-based boundaries than the clusters of activated H-Ras molecules,
due to their larger size. In line with this proposition, the disruption of the cytoskeleton
by LatB treatment increased the fast-diffusing fraction’s confinement zone size for both

the wild-type H-Ras and its constitutively active mutant, H-Ras'.

Furthermore, we demonstrate that MBCD administration also increases the initial dif-
fusion coefficients and size of confinement areas for wild-type H-Ras and H-Ras'2. In the
presence of this compound, the differences between the mobility patterns of the non-
activated and activated form of H-Ras were no longer observed. MBCD depletes cells of
cholesterol, thereby disrupting the formation of lipid rafts, which is in line with the larg-
est effect of this compound on the non-active H-Ras form with its larger affinity for lipid
rafts. It has previously been shown that LatB disrupts clustering of the non-active H-Ras
forms, and it has therefore been suggested that an intact cytoskeleton is required for
lipid raft formation (Plowman et al., 2005). Since it has also been shown that cholesterol
depletion disrupts the actin cytoskeleton, the interaction between lipid rafts and the
cytoskeleton may be bidirectional (Kwik et al., 2003). This interaction is in line with our

findings that LatB and MBCD have a similar effect on H-Ras mobility.

In addition, it has been shown that GTP-loading increases the probability of H-Ras clus-
ters to be transiently (< 1s) immobilized (Murakoshi et al., 2004), and that interactions
with cytoplasmic proteins, such as Galectin-1and Sur-8, are involved in the formation of
these immobile H-Ras clusters, which are cholesterol-independent and are considered
to be the sites where active signaling occurs (Belanis et al., 2008; Hancock and Parton,
2005; Herrero et al., 2016; Li et al., 2000; Shalom-Feuerstein et al,, 2008; Zhou et al., 2018).
The slow-diffusing fraction observed in our study has a diffusion rate similar to this pre-
viously identified immobile population (Murakoshi et al., 2004), hence we suggest that
the slow-diffusing population contains the actively signaling H-Ras molecules. In con-
trast to the previous experiments performed in cultured cells, the size of this fraction in

the current study was not increased for the active form of H-Ras (Lommmerse et al., 2005;

58



2. ANALYSIS OF THE H-RAS MOBILITY PATTERN IN VIVO SHOWS CELLULAR HETEROGENEITY INSIDE
EPIDERMAL CELLS

Murakoshi et al., 2004). Furthermore, the size of the slow-diffusing H-Ras fraction de-
creased significantly for both wild-type H-Ras and H-Ras"? upon treatment with LatB
and MBCD, which underlines the indispensable role of the structure and composition

of the plasma membrane in the process of H-Ras clusters’ immobilization.

Using the mobility data obtained in zebrafish embryos, we studied the factors that con-
tributed to the variation in these data. Interestingly, differences between individual em-
bryos had only a modest effect on the overall variation in the results. However, different
experimental days and different areas of the embryonic epidermis that we imaged both
appeared to be factors that showed a large contribution to the overall variation in the
data. The area that we imaged had a size of 16.6x16.6 um, which is approximately the
area of a single cell. Thus, we assume that cell-to-cell variation within the epidermal tis-
sue was a main source of the observed variation. This also indicates that the cellular
context largely determines H-Ras mobility, and that differences between cells within
the epidermal tissue of one individual embryo are larger than the differences in average
cellular context in the tissue between embryos. The observation that the membrane
anchor CIOH-Ras fused to YFP shows a mobility pattern similar to the full-length YFP-
H-Ras fusion protein indicates that the structure of the inactive, GDP-loaded protein
does not define the mobility patterns and that, therefore, interactions with structural
elements of the cell, such as specific membrane domains and the cytoskeleton, are de-
termining the dynamics of H-Ras in the absence of an activating stimulus. A role of the
endogenous zebrafish H-Ras signaling pathway in this cell-to-cell variability cannot be

excluded.

In addition to the cell-to-cell variation, day-to-day variation also contributed to the total
variability. As there was not much variability originating from the use of different
zebrafish embryos, we suggest that these differences may stem from minimal changes
in mounting and imaging procedures, even though the experiments were performed
by the same researcher. This source of variation may in future studies be minimized by
imaging an identical, well-defined region of the larval tail fin. Furthermore, small differ-
ences in treatment conditions might affect embryonic development, alter complex
metabolic pathways and induce stress responses, which may cause the observed differ-
ences in the values of the measured dynamic parameters on different experimental

days. Finally, The AB/TL zebrafish wild type strain that was used is not an inbred strain,
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and its genetic heterogeneity might underlie batch-to-batch variation. This source of
variation can in future studies be minimized by utilizing embryos from an isolated and

identical couple of adult zebrafish.

In conclusion, in the present study we have used a previously developed TIRFM-based
approach to perforrmm SMM in an intact vertebrate organism. Our study confirms that
this technology is highly useful for studying the molecular behavior of individual recep-
tors and signaling molecules, and enables further in vivo studies to unravel exact mo-
lecular mechanisms governing molecular interactions and their role in physiological
and pathological processes, such as skin cancer, wound healing, or tissue regeneration
(Kaufman et al., 2016; Kawakami et al., 2004). We have studied the mobility pattern of H-
Ras in the epidermis of living zebrafish embryos, and our data show the consistent pres-
ence of a fast- and a slow-diffusing fraction of H-Ras molecules, which both show con-
finement. Activation of H-Ras changes the mobility and confinement of the fast-diffus-
ing fraction, which is dependent the presence of specific membrane microdomains. In-
terestingly, our data demonstrate that epidermal tissue shows a large degree of heter-

ogeneity between individual cells.

2.4 MATERIALS AND METHODS

Zebrafish. Wild-type ABTL zebrafish (Danio rerio) and zebrafish from the transgenic line
Tg(bactin:GFP-CIOH-Ras)“™ were grown and maintained according to standard proto-
cols (http://ZFIN.org), exposed to a 14h light and 10h dark diurnal cycle at 28°C. Fertiliza-
tion was performed by natural spawning at the beginning of the light period. Eggs were
collected and raised in egg water (60 ng/ml Instant Ocean Sea salts, Cincinnati, OH, USA)
at 28°C. All experiments performed on living zebrafish embryos were done in compli-

ance with the directives of the local animal welfare commmittee of the Leiden University.

Cell cultures, transfection, and fixation. In all cell culture experiments, authenticated
human embryonic kidney cells (HEK293T) were used (ATCC, VA, USA). Cells were
screened for mycoplasma contamination on a monthly basis. Cells were cultured in
DMEM (Dulbecco’s Modified Eagle Medium, Invitrogen, Waltham, MA, USA) supple-
mented with penicillin and streptomycin (10 ug ml, Invitrogen), Glutamax (10 ug ml-,

Invitrogen) and 10% fetal calf serum (Invitrogen) at 37°C in a humidified atmosphere
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containing 5% of CO.. Cells were passaged every 3 to 4 days and kept in use for a maxi-
mum of 12 passages. Before transfection, cells were transferred onto a sterile, glass co-
verslip (diameter 25 mm, Marienfeld, Lauda-Konigshofen, Germany) placed in a well of
a 6-well plate. At a confluency level of 20-30%, cells were transfected with 1 ug of DNA
per well, using FUGENE 6, according to the manufacturer’s protocol (Roche Molecular
Biochemicals, Indianapolis, USA). The transfection efficiency, determined by fluores-
cence microscopy screening at 48h after transfection (EVOS M7000 Cell Imaging Sys-
tems, ThermoScientific, Waltham, MA, USA), was approximately 30%. Cells were imaged
at least 4 days post-transfection to lower the expression level of the YFP-fused proteins
and to be able to efficiently observe single molecules. Prior to the single-molecule mi-
croscopy experiments, DMEM was replaced by PBS (phosphate-buffered saline; 150 mM
NaCl, 10 mM Na;HPO4/NaH:PO4, pH 7.4) kept at room temperature. Finally, the co-
verslips with cells were mounted on a microscope holder, and 500 ul of room-tempera-
ture PBS was pipetted onto the cells. For single-step photobleaching experiments,
transfected cells were fixed using 4% paraformaldehyde (PFA) in PBS overnight, at 4°C.
Immediately before the experiments, the cells were washed three times, 5 minutes
each time, with PBS. Finally, the cells were rinsed twice with PBST (PBS with Tween™-

20, 0.1%), for 5 minutes each time.

Microinjection of DNA in zebrafish embryos. The cDNAs encoding YFP-CIOH-Ras, YFP-
H-Ras, YFP-H-Ras""?, and YFP-H-RasN'” were cloned from pcDNA3Z3.1(+) mammalian ex-
pression plasmids into pCS2(+) plasmids, which then served as vectors for expression of
the fluorescent proteins of interest. DNA plasmid microinjections were performed at
concentration dose of 30 pg per embryo at the 1-2 cell stage, resulting in a mosaic ex-
pression of the fluorescent protein in the zebrafish embryos at later stages. Microinjec-
tions were done using a Femtojet microinjector (Eppendorf, Hamburg, Germany) and a
micromanipulator with pulled microcapillary pipettes. The procedure of microinjections
was controlled under a stereomicroscope (M165C, Leica Microsystems, Wetzlar, Ger-
many). Injected eggs were then left to develop in an incubator at 28°C. Viability and
development of the eggs after microinjections was checked on a daily basis using fluo-

rescence stereo- or confocal microscopy.

Treatment of zebrafish embryos with Latrunculin B (LatB) and Methyl-B-cyclodextrin

(MBCD). Inhibition of actin polymerization was induced using a protocol described
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previously (Kugler et al., 2019). LatB (Sigma-Aldrich, USA) was dissolved in 96% ethanol
to a 500 uM stock concentration. At 48 hpf, zebrafish embryos were dechorionated and
treated with 100 nM LatB, dissolved in egg water, for 1 hour. A control group was treated
with diluted vehicle (0.02% ethanol) only. After LatB treatment, zebrafish were immedi-
ately transferred and imaged under the SMM setup. Treatment with MBCD was based
on protocols described before (Bello-Perez et al., 2020; Silva et al., 2019). MBCD (Sigma-
Aldrich, USA) was dissolved in PBS (pH 7.4) to a stock concentration of 400 nM. Analo-
gously to the LatB treatment, dechorionated zebrafish embryos were treated with
MBCD, in a final concentration of 40 nM, at 48 hpf. A control group was treated with
diluted vehicle (10x diluted PBS in egg water) only. After MBCD treatment, zebrafish

were immediately transferred and imaged under the SMM setup.

Fluorescence stereomicroscopy. For screening zebrafish embryos expressing YFP-fused
proteins, a Leica M205FA fluorescence stereomicroscope (Leica Microsystems) was

used. Images of the zebrafish embryos were taken using a Leica DFC 345FX camera.

Confocal laser-scanning microscopy. A Leica SPE confocal laser-scanning microscope
(Leica Microsystems) was used to investigate the fluorescent signal in the zebrafish em-
bryo. Excitation was done using an argon laser at 514 nm. Images were obtained using
a 20x and 40x non-immersion objectives (NA 0.70, NA 0.80, respectively), and a 63x wa-

ter immersion objective (NA 1.20).

Total internal reflection fluorescence microscopy (TIRFM). Glass coverslips were washed
with 99% ethanol (twice), HPLC-grade water (twice), KOH (1M, twice), and acetone (99%,
thrice). Each wash was followed by a 30-minute-long sonication period at 50°C. If not
used immediately, the coverslips were stored in acetone. Prior to the mounting of the
zebrafish embryos, the glass coverslips were coated with 50 pg ml? of poly-L-lysine
(Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes, followed by a double wash with de-
ionized water and drying with nitrogen gas. Two-day-old zebrafish embryos were equil-
ibrated at room temperature for an hour, anaesthetized with 0.02% aminobenzoic acid
ethyl ester (tricaine, Sigma-Aldrich) and dechorionated using tweezers. Subsequently, a
single zebrafish embryo was placed on a coverslip with a lateral side against the co-
verslip, while excess water was aspirated. The tail of the embryo was pressed against the

surface of the coverslip by a thin agarose sheet (2%, thickness 0.75 mm). A drop of egg
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water was added to cover the rest of the embryo’s body. All the TIRFM measurements
were performed at room temperature. The coverslip with the embryo was placed on a
microscope holder and mounted on the TIRFM setup. This setup was a custom-made
microscope with a 100x oil-immersion objective (NA 1.45, Nikon, Tokyo, Japan). Excita-
tion was performed using a 515 nm laser (iChrome MLE, Toptica Photonics, Germany),
the field of view was set to a 100x100 pixels region with a pixel size of 166 nm, and the
laser power equaled to 20% of the maximal laser power (40 mW). The incident laser
beam was set at the critical angle against the coverslip-water interface, thus being to-
tally reflected and creating the evanescent wave for excitation of fluorophores close to
the coverslip-sample interface. Emission light was filtered using a long pass filter
(ET5701p, Chroma Technology, VT, USA), and image sequences were collected using an
on-chip multiplication gain CCD camera (model 512B, Cascade, Roper Scientific, Tucson,
AZ, USA). Each image sequence contained 1200 frames separated by a 25 ms time lag,

resulting in the total acquisition time of 30 seconds.

Analysis of protein diffusion patterns. The analysis of the position of individual mole-
cules was done as described previously. Fluorescence intensity signals corresponding
to YFP molecules were fitted to a two-dimensional Gaussian surface, using previously
custom-developed software. (Groeneweg et al,, 2014; Lommmerse et al., 2004; Lommerse
et al., 2005). The software, in the form of a code written in MATLAB programming envi-
ronment (The MathWorks, Natick, MA), can be obtained by directly contacting Thomas
Schmidt (Leiden Institute of Physics, Leiden University). Subsequently, the correspond-
ing signals were filtered based on their full width at half maximum (FWHM) value and
their intensity count, based on the microscopy setup. The FWHM and intensity thresh-
old values were obtained in the single-step photobleaching experiments (performed
using fixed HEK293T cells), by averaging the Gaussian distributions of 20 different YFP
molecules in the last step prior to the photobleaching-induced final intensity drop (us-
ing TrackMate plug-in, Imagel). The location of a molecule was defined by the center of
the Gaussian curve. Positional accuracy dx of the peak localization equaled approxi-

mately 22 nm (Groeneweg et al., 2014; Schutz et al., 1997).
To study the mobility pattern of the proteins, Particle Image Correlation Spectroscopy

(PICS) software was used, which has been previously described (Semrau and Schmidt,

2007). The PICS software, in the form of a code written in MATLAB programming
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environment (The MathWorks, Natick, MA), can be obtained by directly contacting
Thomas Schmidt or Stefan Semrau (Leiden Institute of Physics, Leiden University)
(Semrau and Schmidt, 2007). A multistep analysis was performed for each image se-
guence acquired, yielding information for five different time lags of 25, 50, 75, 100, and
125 ms. In PICS analysis, individual particles are not tracked, but correlations between
the location of molecules in consecutive frames are determined. This way, cumulative
probability distributions of the squared displacements were generated for each of the
time lags, and fitted to one- or two-population model. The former is described by the

equation:

P(Tz,tlag) =1- exp< 2( ) )> (D),
ag

which describes the probability that a particle exhibiting Brownian motion at the arbi-
trary origin is found within a circle of a radius r at the time lag t;,4, and its mean square
displacement equals 7§ (tlag) 4Dt,,,. However, in case that the populations of the mol-
ecules can be differentiated into two different populations equation (1) is transformed

into:

r? r?
P(r%,tyy) =1— [a - exp <—m> +(1—a)-exp <‘m)] @,

where the mean square displacement of fast-diffusing and slow-diffusing populations
are denoted by r2 and rZ, and their relative sizes by a and 1 — a, respectively (Schaaf et
al., 2009). Hence, a represents the fraction size of the fast-diffusing H-Ras molecules and

is represented as a percentage of the total population.

To examine whether any of these populations confine to a certain area, the values of 1
and r? were plotted against the time lag. For the larger time lags the variance increases
due to the smaller number of statistically independent measurements of r? (Kusumi et
al,, 1993). The positional accuracy dx led to a constant offset in r2of 4 - (dx)?, which, in our
case, equaled 0.0049 um?2. The plots were fitted by a free Brownian diffusion model, with
a diffusion coefficient D in the fitted equation riz(tlag) = 4Dt,4, Or by a confined diffusion

model described by the equation:
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L? 12-Dy - ¢,
() =5 [1= e (-5 )| ®

in which the molecules move freely with an initial diffusion coefficient D,, but are con-

fined by impermeable barriers within an area described by a square of a side length L.

Experimental design. In every experiment, three different zebrafish embryos were se-
lected for the TIRF microscopy imaging. In each of the selected embryos, at least three
separate areas were imaged. The data shown reflect a minimum of three independent
experiments, each performed on three different days. Six independent experiments
were done for YFP-CI0H-Ras (18 individual embryos), and three for the wild-type YFP-H-
Ras, YFP-H-RasV”, and YFP-H-Ras"? (9 individual embryos per H-Ras construct). For
studying the influence of the developmental stage on the YFP-CIOH-Ras dynamics, an
analogous design was implemented (3 experiments, 3 individual embryos per each ex-
periment), yet the embryos were selected and imaged at 48-, 56-, 72-, and 80-hour post
fertilization. For studying the influence of zebrafish treatment with LatB and MBCD on
the YFP-CIOH-Ras and YFP-H-Ras'"? dynamics, an analogous design was implemented
(3 experimental days, 3 individual embryos selected per vehicle, LatB treatment and
MBCD treatment groups). In the case of transfected HEK293T cells, three independent
experiments were performed for both YFP-CIOH-Ras and wild-type YFP-H-Ras. In each
of those experiments, three different coverslips with growing cells were selected from

a 6-well-plate, and at least three different cells were imaged on each of the coverslips.

Statistical Analysis. Values of the fast-diffusing population sizes and squared displace-
ments were averaged per experimental day for each time lag in all individual groups
(i.e., YFP-CIOH-Ras, YFP-H-Ras, YFP-H-RasN", and YFP-H-Ras"?). Statistical analysis of the
data (presented in Table 2) was performed for the experimental time lag of 25 ms by
comparing: (a) results obtained for HEK293T cells expressing YFP-CIOH-Ras and wild-
type YFP-H-Ras; (b) results obtained zebrafish embryos expressing YFP-CIOH-Ras at 48-
, 56-, 72-, and 80-hour post fertilization; (c) results obtained from zebrafish embryos ex-
pressing wild-type YFP-H-Ras, YFP-H-RasN'”, and YFP-H-Ras""? (d) results obtained from
zebrafish embryos expressing wild-type YFP-H-Ras and YFP-H-Ras'? after treatment

with LatB and MBCD. In addition, a comparison between biological models was
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performed, using results obtained for YFP-CI0OH-Ras and wild-type YFP-H-Ras for both
zebrafish embryos and HEK293T cells. Intragroup variability analysis was carried out be-
tween all experimental groups belonging to the same biological model and construct
expressed. Initial diffusion coefficients and confinement area sizes were obtained
through a confined model fit, by pooling and averaging values of mean square displace-
ments for each individual H-Ras construct, biological model, treatment, and time post-

fertilization.

In order to check if data were normally distributed, a Shapiro-Wilk statistical test was
performed. Significance of the results was performed using a Student's t-test for com-
parison of means between two, normally distributed, groups. When multiple groups
were compared, a one-way ANOVA was implemented with a Tukey range test for post
hoc analysis. Ultimately, the source of potential variability of the data was examined
by using a hierarchical linear model to account for nested structure of the data (i.e., dif-
ferent areas within an embryo, different embryos within an experimental day). The val-
ues of the r2 were logarithm-transformed and the a logit-transformed to meet the hy-

potheses of the statistical model.
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FIGURE S1: Mobility patterns of YFP-CIOH-Ras in
epidermal cells of the zebrafish embryos at differ-
ent developmental stages. (A) Fraction size of the
fast-diffusing population (a), plotted against the
time lag. (B) Mean squared displacements plotted
against the time lag for the fast-diffusing fraction
(r?). (C) Mean squared displacements plotted
against the time lag for the slow-diffusing fraction
(r?). Results of the fits are summarized in Table 1. To
establish the values of dynamic parameters, 3 differ-
ent embryos were imaged on each of the 3 different
experimental days at 48-, 56-, 72-, and 80-hour post
fertilization. Each datapoint is presented in the form
of a mean £s.e.m., and the 95% c.i. of the mathemat-
ical fit is shown. Shapiro-Wilk statistical test was per-
formed to check for normality of the data set. Statis-
tical analysis was performed using a one-way
ANOVA (P-value P(a, rZ, 17) > 0.05 at a t;,, of 25 ms)

with a Tukey's range post-hoc test.
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3. MULTIFOCAL TWO-PHOTON EXCITATION FLUORESCENCE MICROS-
COPY REVEALS HOP DIFFUSION OF H-RAS MEMBRANE ANCHORS IN
EPIDERMAL CELLS OF ZEBRAFISH EMBRYOS

Radoslaw J. Gora, Redmar C. Vlieg, Sven Jonkers, John van Noort, Marcel J.M. Schaaf

ABSTRACT

Developments in fluorescence microscopy techniques have enabled imaging of indi-
vidual fluorescently labelled proteins in biological systems, and in the current study a
single-molecule microscopy (SMM) technique has been applied in vivo, using the
zebrafish embryo model. We have used multifocal two-photon excitation fluorescence
microscopy (2PEFM) to study the dynamics of a GFP-fused H-Ras membrane-anchoring
domain, GFP-CI0H-Ras, in epidermal cells of living embryos. In previous studies, a fast
and a slow diffusing population of GFP-CI0H-Ras molecules had been found. The appli-
cation of the muiltifocal 2PEFM technique enabled us to focus on the slow diffusing pop-
ulation, which appears to occur in clusters that diffuse within microdomains of the epi-
dermal cell membranes. Based on their mobility on a short timescale (< 1s) we could
distinguish between a subpopulation that was diffusing and one that was virtually im-
mobile. Owing to the multifocal 2PEFM imaging mode, we were able to dramatically
reduce photobleaching which enabled us to follow the GFP-CIOH-Ras particles over a
prolonged time (3 — 15 s) and reconstruct their molecular trajectories of the diffusing
subpopulation. These trajectories exhibited that the CIOH-Ras particles continuously
switch between a diffusing state and brief bursts of increased diffusion. As a result, they
display an anomalous mobility pattern that can be referred to as hop diffusion. Taken
together, this study demonstrates that multifocal 2PEFM offers a powerful approach to
studying individual particles for prolonged periods of time, and that using this approach

we were able to uncover the hopping behavior of GFP-C10H-Ras.

Keywords: H-Ras, zebrafish, single-molecule microscopy, two-photon excitation fluo-

rescence microscopy, membrane microdomains, anomalous diffusion, hop diffusion
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3.1 INTRODUCTION

Dissection of complex molecular processes, such as the dynamic behavior of proteins
and lipids in the phospholipid membranes of living cells, requires an advanced techno-
logical approach that goes beyond traditional ensemble averaging techniques and a
static molecular overview (Yokota, 2020). Single-molecule microscopy (SMM) tech-
nigues provide such advanced technology, and they have enabled scientists to detect
individual molecules and quantitatively analyze their dynamics with unprecedented
spatial and temporal resolution (e.g. Harms et al., 2001; Kusumi et al., 1993; Kusumi et al.,
2012; Luo et al., 2020; Murakoshi et al,, 2004). SMM is predominantly performed using
advanced fluorescence microscopy approaches that include, among others, total inter-
nal reflection fluorescence (TIRF), highly-inclined and laminated optical sheet (HILO),
and light-sheet fluorescence microscopy (LSFM) (e.g. Bernardello et al., 2021; Lommerse
et al,, 2006; Miller et al., 2018; Schaaf et al., 2009; Shashkova and Leake, 2017). Microscopy
setups designed for imaging of individual fluorescent molecules are generally equipped
with a laser beam used to excite fluorophores, and with a highly sensitive charged-cou-
ple device (CCD) or a complementary metal-oxide-semiconductor (CMOS) camera for
efficient recording of the emitted photons (Axelrod, 2001). Numerous possibilities exist
for the optimal fluorescent labelling of the molecules of interest, depending on the bi-
ological model and the properties of the imaging setup used (Chudakov et al., 2010;
Seefeldt et al, 2008). Fluorescent labelling of proteins can, for example, be achieved
through genetic fusion with traditional autofluorescent proteins, such as Green or Yel-
low Fluorescent Proteins (GFP, YFP), or photoactivable variants of these proteins (Li and

Vaughan, 2018).

Until now, the majority of SMM studies have been performed in cultured eukaryotic, and
often immortalized, cell lines (e.g. Chen et al,, 2014; Gebhardt et al., 2013; Groeneweg et
al.,, 2014; Ha et al,, 1999; Keizer et al,, 2019; Lommerse et al., 2004; Lommerse et al., 2005).
These cell lines often show artefacts, have a limited translational value, and do not take
into consideration the influence of cell-cell interactions as well as their interplay with
the extracellular environment that occurs in an intact organism. Therefore, there is a
need for the development of SMM techniques that can be applied to living organisms.
For this purpose, we use zebrafish embryos, which are increasingly utilized in biomedi-

cal research as a vertebrate animal model, and are well suited for SMM imaging due to
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their optical clarity and because they are relatively easy to manipulate (Gore et al., 2018;
Lu et al,, 2015; Mione and Trede, 2010). The SMM techniques used for these in vivo studies
should produce a limited background signal, make use of a large field of view (FoV),
facilitate maintaining a biological sample alive over a prolonged period, and, preferably,
not interfere with the natural biological processes of a sample by reducing, for instance,

phototoxic and physicochemical stressors.

Thus far, we have extended SMM studies to living zebrafish embryos by investigating
the mobility patterns of a yellow fluorescent protein (YFP) genetically fused to the hu-
man H-Ras protein, (YFP-H-Ras"), its constitutively active and inactive genetic mutants
(YFP-H-Ras'? and YFP-H-RasN, respectively), and its membrane anchor (YFP-CIOH-
Ras) (Gora et al., 2021; Schaaf et al., 2009). The H-Ras protein is a member of the Ras
protein family, which consists of small GTPases that activate intracellular signaling cas-
cades, and thereby regulate crucial biological processes taking place in various cells,
such as growth, proliferation, and differentiation (Malumbres and Barbacid, 2003). By
use of the TIRFM technique and a dedicated mounting procedure, where the embryo
tail tightly adheres to the coverslip, we succeeded in detecting individual, YFP-bound
H-Ras proteins anchored to the apical cell membranes of cells in the outer epithelial
layer of the epidermis, and in analyzing the dynamics of these molecules (Gora et al,,
2021).

Using this approach, we were able to validate the results of previous studies, as we dis-
tinguished a fast- and a slow-diffusing fraction of H-Ras molecules, which both exhib-
ited a confined type of diffusion. The fast-diffusing population contained most of the H-
Ras proteins and was characterized by an initial diffusion coefficient that was approxi-
mately 10 to 15 times higher than the diffusion coefficient of the slow-diffusing H-Ras
molecules. In addition, we discovered that a constitutively active H-Ras mutant (H-
Ras'?) exhibited a significantly higher diffusion coefficient and a larger confinement
area than wild type H-Ras. These increased dynamic parameters of the H-Ras'? fast-
diffusing fraction are generally considered to reflect preferential localization to specific
membrane microdomains which have been suggested to result from local differences
in lipid composition and the structure of the membrane cytoskeleton combined with
transmembrane proteins anchored to the actin filaments (Fujiwara et al., 2002; Kusumi

et al., 2012; Murakoshi et al.,, 2004). Therefore, we also studied the effect of zebrafish
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treatment with methyl-B-cyclodextrin (MBCD) and latrunculin B (LatB), which are
known to disrupt the formation of a specific type of cholesterol-rich membrane micro-
domain, so-called lipid rafts, by cholesterol depletion or by inhibiting the formation of
actin filaments respectively (Kwik et al., 2003). Both compounds significantly increased
initial diffusion coefficients of the fast-diffusing fractions for the wild type H-Ras and its
constitutively active, oncogenic mutant, H-Ras""?, together with their fraction sizes. The
largest effects were observed for the non-activated wild type H-Ras, which is in line with

its higher affinity for lipid rafts (Hancock and Parton, 2005; Prior et al., 2001).

Due to the limited penetration depth of the TIRFM technique, the applicability of this
approach is restricted to proteins in the apical membrane of the outer epidermal cell
layer. In the present study, we have explored the possibilities of a novel in vivo SMM
approach using a multifocal two-photon excitation fluorescence microscopy (2PEFM)
setup in order to develop a method with wider applicability (van den Broek et al., 2013).
The 2PEFM is based on the near-simultaneous excitation of a fluorescent molecule with
two photons, each containing approximately half the energy required to excite a mole-
cule. The absorption of the two photons needs to occur within the fluorophore relaxa-
tion time of 10°s, which means that 2PEFM can only be performed using very high light
intensities, which are achieved using pulsed laser sources with high peak intensities (in
the range of kW-GW) and relatively low average laser power (2-5 W). This allows for lower
laser beam absorption by a specimen being imaged and, therefore, reduced heating
and phototoxic damage to the sample (Soeller and Cannell, 1999). Since the excitation
lightis generally in the near-infrared (NIR) wavelengths, and since biological tissues face
less light scattering and absorption at NIR than at visible wavelengths, this makes
2PEFM a powerful technique for deep-tissue imaging. In addition, the background flu-
orescence is strongly reduced in 2PEFM, because the excitation of molecules is re-
stricted to the confocal volume and the large anti-Stokes spectral difference between
the excitation and emission light facilitates their spectral separation. To reduce the
bandwidth limitations of the two-photon confocal microscopy, 2PEFM, we have com-
bined it with multifocal scanning microscopy. In our multifocal microscope, a polygonal
array of excitation light spots is generated in the image plane by passing the incident
beam through a diffractive optical element (DOE). A two-dimensional fluorescence im-

age is then created by scanning the array of spots across the sample plane within the
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camera exposure time, ensuring that the entire field of view (FoV) to be spanned by

such an array of spots is homogenously illuminated.

In the present study, we have used a multifocal 2PEFM setup to analyze the mobility
pattern of GFP fused to the human H-Ras membrane-anchoring domain (referred to as
GFP-CIOH-Ras) in epidermal cells of two-day-old zebrafish embryos. The multifocal
2PEFM technique enabled us to visualize GFP-C10H-Ras molecules of the slow-diffusing
fraction. We show that these molecules occur in clusters that move through the plasma
membrane, and that this population consists of a diffusing and an immobile fraction.
By following the mobility of the diffusing molecules over a long time, in the range of 3
to 15 seconds (i.e., 12-60 frames), we showed that these diffusing GFP-CIOH-Ras mole-
cules alternate between a diffusing state and a state with an increased diffusion rate

which is referred to as ‘hopping’.

3.2 RESULTS

Imaging of GFP-CIOH-Ras molecules in epidermal cells of zebrafish embryos using
2PEFM

To analyze the in vivo mobility pattern of the H-Ras membrane anchor, the GFP fusion
protein of the H-Ras membrane-anchoring domain, GFP-CI0OH-Ras, was studied in 2
days-post-fertilization (dpf) zebrafish embryos using a 2PEFM setup. We focused our
observations on the apical membrane of the outer epidermal cell layer, i.e., the superfi-
cial stratum, in the tail fin of the embryos from a Tg(bactin: GFP-CIOH-Ras)"“™ trans-
genic line (Fig. 1). The embryos from this line stably express the GFP-tagged H-Ras
membrane anchor in virtually all cells, including the epidermal cells in their tail fin,
which is illustrated by a homogenous GFP-CIOHRas localization in pentagonal and hex-
agonal cells of the outer epidermal cell layer (Fig. 1). The 2 dpf zebrafish embryos were
placed on a coverslip and the tail fin region was covered with a 0.75-mm-thick sheet of
agarose, which was used to gently press the tail fin towards the surface and, therefore,
further reduce the possible movement of the anaesthetized embryo on the coverslip
during the imaging. The rest of the zebrafish body was covered with a drop of water.
Zebrafish vital functions, including heartbeat and the blood flow in its cardiovascular

system, were controlled under a stereofluorescence microscope post-imaging.
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FIGURE 1: Schematic overview of SMM applied to a living zebrafish embryo. A zebrafish embryo from
a Tg(bactin: GFP-CIOH-Ras)™ transgenic line stably expressed the GFP-tagged H-Ras anchor in the
zebrafish tailfin. At 2 dpf, it was placed on a coverslip coated with poly-L-lysine and coated with a drop of
egg water. The tail region of the embryo was covered with a 0.75-mm-thick agarose (2%) sheet. On the
lower right part of the figure, a picture of the outer layer of the epidermis is presented, showing the fluo-
rescent signal of GFP-CI0H-Ras in the cell membranes. This picture was taken using a one-photon exci-
tation fluorescence microscopy technique. Morphologically, the cells in this layer are homogenous and
are characterized by pentagonal and hexagonal shapes. On the lower left part, a 2PEFM image of an area
with the same FOV is presented, with clearly visible localizations of the GFP particles within the zebrafish

outer epidermal layer. Scale bar: 5 pm.
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Image sequences with a time lag of 200 ms were acquired using the 2PEFM setup. As
a first step in the analysis, we investigated the characteristics of the fluorescence inten-
sity peaks detected in our images (Fig. 2A). We fitted the intensity peaks to a Gaussian
surface, using custom-made software developed previously (Harms et al., 2001; Schutz
et al, 1997a). Interestingly, we observed particles with varying maximum intensity
counts, as shown in the density plots for these parameters (Fig. 2BCD), indicating that
GFP particles of varying molecular compositions occur in our molecular populations
which indicates clustering of GFP-CIOH-Ras molecules. The extremum of the FWHM
density plot equaled 327 nm, whereas the extremum of the density plot for the maxi-

mum intensity value equaled 893 counts.

In order to study possible changes in the peak characteristics over time, we generated
the density plots for the maximum intensities of the peaks in the first and the last 50
frames of five different image sequences, which all comprised a total of 600 frames. A
clear difference in the density plot of the maximum intensity values was observed, as
the extremum of the density dropped from 875 counts (median of 943) in the first 50
frames to 567 (median of 582) in the last 50 frames of the time lapses (Fig. 3D). There
was a wide distribution in the peak intensity in the first frames of the image sequence
as a result of the clustering of molecules, but these intensities converge to a level of
around 500-600 counts in the final frames, most likely as a result of photobleaching of
molecules within the clusters which near the end of the image sequence mainly contain

only a single fluorescent molecule.

In a subsequent, more detailed analysis of clustering and photobleaching events, all
GFP peaks were identified using the Imagel plug-in TrackMate (Tinevez et al., 2017). In
the plug-in, a circular selection with a diameter of 5 pixels was drawn around each of
the located GFP particles. The located GFP particles were sorted according to their in-
tensity levels, defined by the pixel with the highest intensity value within the circular
selection (Fig. 3E). Using this analysis, we studied the alterations in the characteristics of
the individual intensity peaks over time (Fig. 2F). The circular selections representing
GFP clusters were followed over time, and their maximum intensity counts were aver-

aged.
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FIGURE 2: Structural analysis of the H-Ras anchor populations observed in the 2PEFM setup. (A)
2PEFM image of the GFP particles with a selection of three particles with differing intensities in circles
(upper panel); localization map of the GFP particles in the same image, acquired through a custom-made
MATLAB software (lower panel). (B) 2D Gaussian curves fitted onto the three particles selected in (A). The
graph in yellow denotes an intensity profile example of a trimeric GFP, the one in red a dimeric GFP, and
the one in blue a single GFP molecule. (C) Examples of density plots of the intensity values in the first
frame of a time lapse. Values of the three particles selected in (A) are overlayed, indicating the wide spec-
trum of GFP multiplicities present in our molecular population. (D) Density plots of the intensity counts
in the first and the last 50 frames of the time lapse consisting of 600 individual frames. Notable is the
switch in the most abundant GFP populations, from polymeric GFPs in the first 50 frames to monomeric
GFP molecules. (E) The 2PEFM image from (A) with a GFP particles attributed a circular selection of 5
pixels in diameter, with intensity of each selection determined by the pixel with the highest intensity
count within the selection, performed by an Image] plug-in, TrackMate (lower panel). (F) Visualization of
a photobleaching event, with an example of a GFP trimer. Three distinctive intensity levels are depicted,
denoting a step-like decrease of their intensity count. (G) Single-step photobleaching experiment. Inten-
sity values of the GFP circular selections were acquired from five individual 2PEFM time lapses, and are
depicted as the means with the corresponding standard error values (in grey). The background intensity
is defined as a mean intensity count of all the pixels falling outside the peak selections within each frame,
and are depicted as the means with the corresponding standard error values (in black). Molecules se-
lected in (A) are overlayed and followed over time, indicating their step-like intensity drop. I, intensity

count; N, number of localized molecules; Background, mean background intensity.

The background intensity of an image was defined as the average intensity count of all
pixels that fell outside the circular selections. Then, we followed three peaks with vary-
ing initial intensity values over time, and it appeared that all three peaks exhibited step-
wise photobleaching. The intensity level prior to the final photobleaching step was in
the range of 500-600 intensity counts (Fig. 2G), indicating that this intensity level corre-
sponded to a population of single fluorescent GFP molecules. This finding was further
confirmed by the analysis of the average peak intensity count per image, which de-
creased over time and stabilized during the final stage of the time-lapse around this
intensity range (Fig. 3G, grey line). The outcome was in line with the single GFP signals
being the most abundant among all detected intensity peaks at this stage, as a result
of the photobleaching. Based on these results, we concluded that it is possible to detect
single GFP molecules with our 2PEFM setup, and that most of the detected GFP-CIOH-

Ras molecules formed clusters in the plasma membrane.
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Analysis of the mobility pattern of GFP-CIOH-Ras molecules in epidermal cells of

zebrafish embryos using 2PEFM

Subsequently, the mobility patterns of the GFP-fused H-Ras membrane anchoring do-
mains were analyzed using Particle Image Correlation Spectroscopy (PICS) software
(Semrau and Schmidt, 2007). In this analysis, correlations between the locations of mol-
ecules in consecutive frame pairs were determined. Based on this analysis, cumulative
probability distributions of the displacements were generated for each time lag. These
curves were then fitted to a one-, (Eqg. 1) a two- (Eq. 2), or a three-population (Eqg. 3) model
(Fig. 2A,; for further reference, see Materials and Methods section). The one-population
model fitted the 2PEFM data with a Pearson’s correlation coefficient of 0.948, whereas
the two-population model much better reflected the mobility patterns of the GFP-
C10H-Ras, and the correlation coefficient of the fit equaled 0.999. Since the three-popu-
lation models yielded a similar correlation coefficient, we used the two-population
model for further analysis, which best fitted the experimental data with the least num-
ber of populations. Using this model, which suggests the presence of two fractions of
molecules with different diffusion rates, the relative size of the fast-diffusing fraction (a)
and the mean squared displacements of the fast- and slow-diffusing fractions (rZ and
2, respectively) were determined. By using a multistep analysis to investigate the GFP-
C10H-Ras dynamics, these parameters were determined at five different time lags: 200,
400, 600, 800, and 1000 ms.

Subsequently, the parameters a, 12, and r were plotted against the time lag (Fig. 2BCD).
The relative size of the GFP-CIOH-Ras fast-diffusing fraction a was stable over all time
lags (Fig. 2B, Table 1), and equaled 49.5 + 0.4%. For both the fast- and the slow-diffusing
fraction, the plots presenting the mean squared displacements (r? and r2) as a function
of the time lag reached a plateau (Fig. 2CD). Hence, we fitted these curves to a confined
diffusion model (Eg. 4), in which the H-Ras membrane anchors move with an initial dif-
fusion coefficient D, and their mobility is confined to a squared area with sides of length
L (Bobroff, 1986; Lingwood and Simons, 2010; Schaaf et al.,, 2009). Based on our analysis,
the D, of the fast-diffusing fraction equaled 0.066 + 0.005 um? s and the size of its con-
finement area L equaled 253 + 3 nm. The slow-diffusing fraction of the GFP-CIOH-Ras
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FIGURE 3: Mobility patterns of GFP-CI0OH-Ras in epidermal cells of the zebrafish embryos. (A) Cumu-
lative probability distribution function of the GFP-C10H-Ras squared displacements calculated for the
2PEFM datasets. Data points are shown in red, and their population fits in dashed green for a one-popu-
lation model, in dashed blue for a two-population model, and in dashed black for a three-population
model. No significant difference was observed between the fitting of the two- and the three-population
models, which both best fitted the cumulative probability distribution. Fitting of the data points to the
two-population model allowed for calculation of the mean squared displacements of these populations
(r2 and r#). This procedure was repeated for each of the time lags used. (B, C, D) Plots representing mo-
bility patterns of the GFP-CIOH-Ras inside the zebrafish embryos from the Tg(bactin: GFP-CI0OH-Ras)"?
transgenic line. (B) Fraction size of the fast-diffusing population (a), plotted against the time lag. (C) Mean
squared displacements plotted against the time lag for the fast-diffusing fraction (r2). (D) Mean squared
displacements plotted against the time lag for the slow-diffusing fraction (). To establish the values of
dynamic parameters for the GFP-CI0OH-Ras from the Tg(bactin: GFP-CIOH-Ras)™ line, 5 different em-
bryos were imaged on each of the 5 different experimental days. Parameters obtained upon curve fitting
are presented in Table 1. Each data point is presented in the form of a mean + s.e.m., and the 95% c.i. of
the mathematical fit is shown. Shapiro-Wilk statistical test was performed to check for normality of the

data set. Statistical analysis for all treatment groups was performed using a one-way ANOVA (P-value P(a,
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r?,1#) > 0.05 at a t;, of 200 ms) with a Tukey's range posthoc test (for details of the post-hoc test results,

see Table 2).

hardly diffused with a D, of 0.80 - 10+ 0.10 - 103 um? s, and was confined to a smaller
area (L of 94 £+ 5 nm). Since the mean squared displacements of this population were
similar to the offset value in this plot (0.0031 um?, based on the positional accuracy of
~28 nm), the molecules in this population may be considered immobile. When the data
were analyzed using the one-population model, the D, of this single population equaled

0.116 + 0.011 pm?2 s’ and the confinement area size L equaled 302 + 54 nm (Fig. S1).

Interestingly, the initial diffusion coefficients and confinement area sizes of the two
GFP-CI0OH-Ras subpopulations that were determined in the zebrafish epidermal cells
using 2PEFM imaging did not correspond to the findings previously obtained for YFP-
C10H-Ras in the same cells using a TIRFM setup (Gora et al., 2021; Schaaf et al., 2009). In
particular, the fast-diffusing fraction, as identified in the previous TIRFM experiments,
was not detected in the current study. In addition, the slow-diffusing YFP-CIOH-Ras
population previously identified using TIRFM showed a mobility pattern highly similar
to that of the fast-diffusing subpopulation that was discerned using 2PEFM imaging in
this study (Gora et al.,, 2021; Schaaf et al., 2009). This suggests that using the current ap-
proach we are not able to detect the fast-diffusing population of GFP-CI0H-Ras mole-
cules that we previously observed using TIRFM. Moreover, the slow-diffusing population
that was previously identified in our TIRFM experiments was observed in the present
study, and this population could be further divided into a slow-diffusing and an immo-

bile subpopulation based on the novel data.

Comparison of the GFP-CIOH-Ras dynamics between 2PEFM and TIRFM with different

temporal resolutions

In order to determine whether the absence of the fast subpopulation of GFP-CIOH-Ras
molecules is a result of the temporal resolution of the 2PEFM, we determined dynamic
parameters for GFP-C10H-Ras by using the TIRFM setup and imaging the same batches
of zebrafish embryos. We imaged embryos with a time lag of 25 ms, which had also
been used in previous studies (Gora et al., 2021; Schaaf et al,, 2009), and a time lag of 200
ms, which corresponds to the time lag used in the 2PEFM experiments (Fig. 4A). With

both time lags, we could distinguish a fast- and a slow-diffusing fraction of molecules
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using the analysis based on a two-population model (Fig. 4B), and all fractions showed
confined diffusion, but generally, the mobility of GFP-C10H-Ras decreased with increas-
ing time lag (Fig. 4CD). The size of the fast-diffusing fraction decreased significantly
(66.0 £5.3% at 25 ms, and 52.5 + 1.1% at 200 ms), as did the initial diffusion coefficients D,
for the fast-diffusing fraction (1.46 + 0.16 um? s'at 25 ms, and 0.22 + 0.03 um?2 s'at 200
ms). On the other hand, the size of the confinement area L for GFP-CI10H-Ras increased
(468 £ 4 nm at 25 ms and 553 + 2 nm at 200 ms). For the slow-diffusing fraction, the
initial diffusion coefficients decreased with increasing time lag (0.152 + 0.047 um?2 s™ at
25 ms and 0.312:102 + 0.101-102 pm? s, whereas the size of the confinement area in-
creased (103 +5 nm at 25 ms and 128 + 2 nm at 200 ms). Taken together, these findings
demonstrate that the temporal resolution of the microscopy setup affects the dynamic
parameters determined for GFP-CIOH-Ras. In particular, an increase in the time lag re-
sults in lower mobility. It is most likely that due to a longer illumination time, the signal
of the fast-diffusing molecules is spread over a larger area, generating a motion blur,
and making it impossible to distinguish single fluorescent signal spots above the back-

ground signal.

Thus, we demonstrated that the time lag of 200 ms was largely responsible for the de-
creased mobility that we determined in our 2PEFM study compared to our previous
TIRFM studies. When we compared the results from the TIRFM and 2PEFM experi-
ments, both using a 200 ms time lag, we found no significant differences between the
population sizes, and the mobility pattern of the slow-diffusing populations (Table 1, 2).
However, the fast-diffusing population observed in the 2PEFM experiment still showed
a lower diffusion coefficient and a smaller confinement area than its equivalent ob-
served by TIRFM, so the lower mobility observed of this fraction using 2PEFM cannot

entirely be explained by the lower time resolution.
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FIGURE 4: GFP-CIO0H-Ras mobility patterns: differences between time lags in the TIRFM setup. Re-
sults of different multi-fractional model fitting to the TIRFM data. (A) Examples of two images, each
representing the same FoV, with differing temporal resolutions. (B) Fraction size of the fast-diffusing pop-
ulation (a), plotted against the time lag. (C) Mean squared displacements plotted against the time lag for

a fast- (r2) and a slow-diffusing () fractions for the images acquired in TIRFM with a time lag of 25 ms.
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(D) Mean squared displacements plotted against the time lag for a fast- (r2) and a slow-diffusing () frac-
tions for the images acquired in TIRFM with a time lag of 200 ms. Results of the fits are summarized in
Table 1. To establish the values of dynamic parameters, 5 different embryos per each TIRFM imaging ap-
proach were imaged on each of the 3 different experimental days. Each datapoint is presented in the
form of a mean + s.e.m., and the 95% c.i. of the mathematical fit is shown. Shapiro-Wilk statistical test was
performed to check for normality of the data set. Statistical analysis was performed using a one-way
ANOVA with a Tukey's range post-hoc test (for details of the statistical test results, see Table 2). (E) Cumu-
lative probability distribution function of the GFP-C10H-Ras squared displacements calculated for the
TIRFM datasets. Data points are shown in red, and their population fits in dashed green for a one-popu-
lation model, in dashed blue for a two-population model, and in dashed black for a three-population
model (formulae shown). Fitting of the data points to the three-population model allowed for calculation
of a relative size of the subpopulations (a; and «a,) and their mean squared displacements (rZ,rZ and r).
This procedure was repeated for each of the time lags used. (F) Mean squared displacements plotted
against the time lag for a fast-diffusing, a slow-diffusing, and an immobile fraction (r2, 2, and r#), using
the three-population model fit. Values of the fast-diffusing and the slow-diffusing fraction sizes, a; and a,,

are shown.

To investigate the GFP-CI0OH-Ras in more detail, we utilized the TIRFM data with a tem-
poral resolution of 25 ms, presented in Fig. 4BC, and we fitted one-population (R%~ 0.912,
Eq. 1), two-population (R?~ 0.982, Eq. 2), and three-population (R? > 0.999, Eq. 3) models
to the data (Fig. 4EF, Table 1). Interestingly, the analysis for the TIRFM data exhibited
that it is the three-population model that is most suitable to describe the dynamics of
the H-Ras anchors imaged using this microscopy setup (Fig. 4E). Based on the three-
population model for the TIRFM data, we could differentiate between a fast-diffusing, a
slow-diffusing, and an immobile population. The percentage of GFP-tagged H-Ras an-
chors equaled 51% for the fast-diffusing fraction, and 39% for the anchors in the slow-
diffusing population. Immobile molecules constituted 10% of the total GFP-CIOH-Ras
population (Fig. 4F). The initial diffusion coefficient D, for the fast-diffusing population
equaled 115+ 0.03 pm? s7, and 0.306 + 0.045 um? s’ for the slow-diffusing one. The cor-
responding confinement area size L equaled 581 + 8 nm and 286 + 16 nm for the fast-
diffusing and the slow-diffusing population, respectively. Consequently, fitting the
three-population model to the TIRFM data not only showed the occurrence of three
populations, but also confirmed that the fastest population of H-Ras anchors is not de-
tected in the 2PEFM setup. The dynamic parameters of the two populations acquired
by imaging GFP-CIOH-Ras with the 2PEFM setup (Fig. 3CD) mostly corresponded to the
slow-diffusing and immobile fraction observed in the TIRFM setup with the time lag of

25 ms (Fig. 4F).
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Analysis of the excitation laser power impact on the GFP-CIOH-Ras mobility pattern

To study a possible effect of the excitation laser power on the observed mobility pat-
terns, we used the TIRFM setup with a time lag of 25 ms and imaged GFP-CIOH-Ras in
zebrafish embryos with increasing excitation laser power, i.e., 10%, 30%, and 50% of the
setup’'s maximal power, which measured at the sample plane equaled ~40 mW (with
the illumination focal plane area of 1.65 - 10° cm?, the laser power density equaled ~2.42
kW cm2). The results of this experiment showed no significant differences as a result of
the changed laser power. The size of the fast-diffusing fraction did not differ significantly
between the different laser powers applied, and equaled 61.0 £15.7% for 10%, 60.7 + 9.8%
for 30%, and 54.8 + 6.3% for 50% of the total laser power (Fig. 5A). Initial diffusion coeffi-
cients D, for the fast-diffusing fraction did not differ either, and equaled 0.91 + 0.14 um?
s for 50%,1.22 £ 0.22 um? s for 30%, and 0.76 + 0.02 um? s for 10% of the total laser power
(Fig. 5C). Similarly, the size of the confinement area L for illumination with 50% (444 + 3
nm) was similar to those imaged with 30% and 10% of the total laser power (475+5 nm
and 536 + 3 nm, respectively). The initial diffusion coefficients and the sizes of the con-
finement areas for the slow-diffusing fractions were also similar for all of the experi-

mental groups (Fig. 5D).

To investigate whether the different populations display different fluorescence intensi-
ties and may represent clusters comprising a different number of molecules, we plotted
the intensity of selected particles against their squared displacement. We selected 30
individual GFP molecules per fraction, based on a threshold value of 0.01 Om?, for each
excitation power. Interestingly, no significant differences in the intensities were ob-
served between the slow- and the fast-diffusing fraction, indicating that the clusters of
these fractions contain a similar number of GFP-CIOH-Ras molecules. As expected, the
mean intensity for the molecules imaged with 50% of the TIRFM maximal laser power
was the highest and equaled 47361 + 5645 counts for the fast-diffusing fraction and
43661 + 5137 counts for the slow-diffusing one. For the 30% of the maximal laser power,
the intensity equaled 16113 + 1993 counts for the fast-diffusing fraction and 13847 + 1310
counts for the slow-diffusing one, whereas for the 10% of the maximal laser power the
intensity equaled 2107 + 214 counts for the fast-diffusing fraction and 1984 + 119 counts
for the slow-diffusing one) (Fig. 5B).

20



3. MULTIFOCAL TWO-PHOTON EXCITATION FLUORESCENCE MICROSCOPY REVEALS HOP DIFFUSION
OF H-RAS MEMBRANE ANCHORS IN EPIDERMAL CELLS OF ZEBRAFISH EMBRYOS

A B
100 ; : : : : : :
. > 10%
4@ 30%  Fast Fraction L
008 71 o 50%
- b 10%
i ‘*‘ I 0.06 - j © 30%  Slow Fraction
< 60 8 50%
[ ] _4 - H
E —T—- ——H E H
= %
| Y 004 1% r
i ° 4o
% ] ° 4o
210% 18 ‘ o ¥ %%k |
2 30% of Max Power 002 14 ° ® 0 %o
" 50% } ° o
0 0.05 0.10 0.15 0 10000 30000 50000
Timelag [s] Intensity [counts]
c D
010 1 1 010 1 1 1 1 1 1 1
4 10%
b r b 30% of Max Power F
T * 50%
& 006 - - L & 006 L
g — E
- i g l =
] S e S S N I
4 10%
0.02 - 30% of Max Power | 0.02 r
" 50%
———
0 0.05 0.10 0.15 0 0.05 0.10 0.15
Timelag [s] Timelag [s]

FIGURE 5: GFP-CI0H-Ras mobility patterns: differences between different TIRFM excitation laser
powers. (A) Fraction size of the fast-diffusing population (a), plotted against the time lag of 25 ms. (B)
Relationship between intensity counts and squared displacement for 30 molecules selected per their
fraction and applied excitation laser power. For 50% of the total laser power, the mean intensity value
equaled 47361 + 5645 for the fast-diffusing fraction and 43661 + 5137 for the slow-diffusing one, whereas
the background intensity equaled 19800 counts. For 30% of the total laser power, the mean intensity value
equaled 16113 £ 1993 for the fast-diffusing fraction and 13847 + 1310 for the slow-diffusing one, whereas the
background intensity equaled 6141 + 5645 counts. For 10% of the total laser power, the mean intensity
value equaled 2107 + 214 for the fast-diffusing fraction and 1984 + 119 for the slow-diffusing one, whereas
the background intensity equaled 534 counts. (C) Mean squared displacements plotted against the time
lag for the fast-diffusing fraction (r#). (D) Mean squared displacements plotted against the time lag for
the slow-diffusing fraction (rZ). Results of the fits are summarized in Table 1. To establish the values of
dynamic parameters, 5 different embryos per each TIRFM excitation laser power were imaged on each of
the 3 different experimental days. Each datapoint is presented in the form of a mean + s.e.m., and the 95%
c.i. of the mathematical fit is shown. Shapiro-Wilk statistical test was performed to check for normality of
the data set. Statistical analysis was performed using a one-way ANOVA with a Tukey's range post-hoc

test (for details of the statistical test results, see Table 2).
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TABLE 1: Summary of the GFP-CIOH-Ras mobility patterns acquired using the PICS analytical method.

Experiment | Dopp [HM? s7] | Dysp [Mm? s7] | Lgp [nm] | Lgp [nm] | a [%]

1.1. Mobility patterns of GFP-CI0H-Ras in zebrafish embryos: 2PEFM imaging

Zebrafish embryo | 0.066 + 0.005 (0.080 £ 0.010) - 102 | 253+3 | 94 +5 | 495+ 0.4

1.2. Mobility patterns of GFP-C10H-Ras in zebrafish embryos: comparisons with TIRFM imaging

Time lag: 25 ms 146+ 0.16 0.152 + 0.047 468 + 4 103+5 66.0+53

Time lag: 200 ms 0.22+0.03 (0.312£0.101) - 102 553+2 128+2 525+11

Time lag: 25 ms: Three- 0.306 + 0.045 (Dysp) 286 +16 (Lgp) 51.0+£ 3.2 (ay)
] 115+ 0.03 581+8

population model 0.042 £ 0.007 (Do) 102 £18 (L) 392423 (ay)

1.3. Mobility patterns of GFP-C10H-Ras in zebrafish embryos: impact of TIRFM differing excitation power

50% of the total power 091+ 0.14 0.092 +0.010 444+ 3 108 £ 47 548+63
30% of the total power 1.22+0.22 0.089 +£0.008 475+£5 Nn2+27 60.7+9.8
10% of the total power 0.76 £ 0.02 0.043+0.010 536+3 184+13 61.7+£15.7

1.4. Mobility patterns of GFP-C10H-Ras in zebrafish embryos: effect of vehicle, LatB and MBCD treatments

GFP-CI0H-Ras in

) 0.051+ 0.006 (0.080 + 0.003) - 102 237+3 NA 499+03
vehicle
GFP-CI0H-Ras + LatB 0.039 + 0.007 (0.055 +0.006) - 102 213+5 NA 537+0.9
GFP-CI10H-Ras + MBCD 0.110 + 0.020 (0.085 + 0.005) - 102 277 £2 NA 555+0.2

Dorpy Dospy Doru — Initial diffusion coefficients for fast-, slow-diffusing and immobile fractions, respectively;
Lgp,y Lsp, Liy— Sizes of the confinement area of fast-, slow-diffusing, and immobile fractions, respectively; a

- fast-diffusing fraction size.

The mobility pattern of GFP-CIOH-Ras in epidermal cells of zebrafish embryos after

treatment with Latrunculin B and Methyl-B-cyclodextrin

To further evaluate whether the absence of the fast subpopulation of GFP-CI0OH-Ras
molecules is inherent to our 2PEFM-based analysis, we incubated zebrafish embryos
with Latrunculin B (LatB) and Methyl-B-cyclodextrin (MBCD). In our previous study em-
ploying TIRFM, both LatB and MBCD significantly increased the size of the fast-diffusing
fraction of YFP-H-Ras molecules together with its initial diffusion coefficient and con-
finement area size (Gora et al., 2021). Such changes, however, were not observed in the
slow-diffusing fraction, making these treatments a powerful tool to distinguish be-
tween the two fractions. Thus, after treating the zebrafish embryos with LatB or MBCD,
the 2PEFM was performed and the mobility patterns of GFP-CIOH-Ras were analyzed.
Again, we observed a slow-diffusing and an immobile fraction of molecules in all exper-

imental groups (Fig. 6C).

92



3. MULTIFOCAL TWO-PHOTON EXCITATION FLUORESCENCE MICROSCOPY REVEALS HOP DIFFUSION
OF H-RAS MEMBRANE ANCHORS IN EPIDERMAL CELLS OF ZEBRAFISH EMBRYOS

FIGURE 6: Mobility patterns of GFP-
CIOH-Ras in epidermal cells of the
zebrafish embryos before and after
treatment with Latrunculin B (LatB)
and Methyl-B-cyclodextrin (MBCD).
(A, B, C) Plots representing mobility
patterns of the GFP-CIOH-Ras inside
the zebrafish embryos from the Tg(bac-
tin: GFP-CIOH-Ras)™ transgenic line
after the treatments with a vehicle,
LatB and MBCD. (A) Fraction size of the
fast-diffusing population (a), plotted
against the time lag. (B) Mean squared
displacements plotted against the time
lag for the fast-diffusing fraction (r#). (C)
Mean squared displacements plotted
against the time lag for the slow-diffus-
ing fraction (r?). Parameters obtained
upon curve fitting are presented in Ta-
ble 1. To establish the values of dynamic
parameters for the GFP-C10H-Ras from
the transgenic line treated with vehicle,
LatB and MBCD, 5 different embryos
per each treatment group and imaged
on each of the 3 different experimental
days. Each data point is presented in
the form of a mean +s.e.m., and the 95%
c.i. of the mathematical fit is shown.
Shapiro-Wilk statistical test was per-
formed to check for normality of the
data set. Statistical analysis for all treat-
ment groups was performed using a
one-way ANOVA (P-value P(a, r3,1$) >
0.05 at a t;q4 of 200 ms) with a Tukey's
range posthoc test (for details of the

post-hoc test results, see Table 2).
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The size of the slow-diffusing fraction did not significantly change after LatB or MBCD
treatment (from 49.9 + 0.3% in the vehicle group to 53.7 + 0.9% and 55.5 + 0.2% after LatB
and MBCD treatment, respectively) (Fig. 6A). Additionally, treatment with LatB and
MBCD did not significantly alter the initial diffusion coefficient of the slow-diffusing frac-
tion (Fig. 6B). The size of the confinement area of the slow-diffusing fraction was not
significantly changed either and equaled 237 + 3 nm for the vehicle group, 213+ 5 nm

for the LatB treatment group, and 277 + 2 nm for the MBCD treatment group (Fig. 6B).

These data further confirmed that, in the 2PEFM setup, we did not detect the fast-dif-
fusing GFP-CI10H-Ras fraction that was identified in our previous TIRFM experiments,
and was largely affected by LatB and MBCD treatment, since the effects induced by
these treatments were not observed in the current study. We, therefore, conclude that
the fraction detected using the 2PEFM setup that diffused the fastest corresponds to
the slow-diffusing subpopulation that we previously identified using TIRFM, which
showed a similar mobility pattern and was not affected by LatB and MBCD treatment,

either.

TABLE 2: Statistical analysis performed for the values of mean squared displacements and slow-diffus-

ing fraction sizes obtained experimentally for the time lag of 200 ms.

Mean squared dis- Mean squared Fraction size:

Statistical . . o )
o placement: slow-dif- displacement: slow-diffusing fraction
significance’

fusing fraction (r#) immobile fraction (r#) (@)

GFP-CIOH-Ras in

zebrafish embryos

treated with LatB and
MBCD

P =0.091

P =0.362

P =0.324

P(2PEFM, TIRFM2) <

P(2PEFM, TIRFM®) <

P(2PEFM, TIRFM®) <

GFP-CIOH-Ras in 0.001 0.001 0.001
zebrafish embryos im- P(2PEFM, TIRFM2%9) < P(2PEFM, TIRFM200) = P(2PEFM, TIRFM20) =
aged with 2PEFM and 0.001 0.619 0.164
TIRFM setups? P(TIRFM2, TIRFM2%) < P(TIRFM?, TIRFM2%) = P(TIRFM%, TIRFM2%) <

0.001 0.005 0.001
GFP-CIOH-Ras in
zebrafish embryos im-

P >0.132 P >0.262 P =0.294

aged with TIRFM at dif-

fering excitation powers
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For comparisons of protein mobility patterns in zebrafish embryos between different chemical treat-
ments, microscopy settings, and TIRFM laser excitation powers, a one-way ANOVA was used. In case the
differences between groups were significant in the one-way ANOVA, results of multiple groups compar-
ison are shown, performed by a Tukey's range posthoc test.

2In the case of TIRFM imaging with the time lag of 25 ms, values of a, rZ, and r# for statistical analysis were
obtained experimentally for the time lag of 25 ms.

NS - non-significant (P > 0.05); *- P < 0.05; *** - P < 0.001.

Analysis of the single GFP-CIOH-Ras trajectories based on the 2PEFM imaging

In the final part of this study, we wanted to utilize the strongly reduced photobleaching
(as demonstrated in Fig. 2) to reconstruct and examine trajectories of GFP-CIOH-Ras
molecules from the slow-diffusing population. While the time until photobleaching of
GFP or YFP molecules in SMM studies is generally in the order of milliseconds (Harms
et al,, 2001), the 2PEFM imaging allowed us to track the vast majority of GFP-CIOH-Ras
molecules for at least 15 frames with the 2PEFM integration time of 200 ms, i.e., for more
than 3 seconds, which enabled us to study their dynamic behavior over a prolonged

time and reconstruct their trajectories.
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FIGURE 7: Reconstruction of H-Ras anchor molecular trajectories obtained through 2PEFM imaging.
A schematic depicting the process of selection of molecules used for a single GFP-CIOH-Ras trajectory
analysis. Many particles are distinguished during such an analysis, but not all of those are useful for tra-
jectory reconstruction. Particles inside black square selections denote examples of an immobile molecule
and a molecule exhibiting a confined diffusion. Immobile molecules were not used in the further analysis,
as they did not diffuse throughout their fluorescence lifetime. Particles inside red circular selections criss-
cross with each other and, therefore, also cannot be used for further analysis, since it is impossible to

reliably assign a single trajectory to particles diffusing in such a proximity.

First, we randomly selected five cells and mapped the trajectories of the GFP-CI0OH-Ras
particles in these cells using the R software (Fig. 7 & 8A). The trajectories were selected
based on a low molecular density in their proximity, so that any possibility of crisscross-
ing and incorrect trace attribution was eliminated. Due to practical lack of movement,
the molecules from the immobile group were not included in this analysis. In each of
the selected cells, we selected five trajectories, hence 25 in total, to investigate in more

detail (Fig. 7).

The squared displacements of all 25 selected molecules were used to generate a plot
presenting the mean squared displacement as a function of time, to demonstrate that
this selection of molecules is representative of the entire molecular population de-
tected, as shown in Fig. S2. The plotting of the confinement model fit the function of
mean squared displacements over time revealed that the initial diffusion coefficient
D, for this population equaled 0.243 + 0.057 um? s, while its confinement area size
L equaled 357 + 82 nm, values that are similar to those obtained through the one-pop-

ulation model fitting (Fig. S1)
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FIGURE 8: Analysis of single GFP-CIOH-Ras molecular trajectories and their switches between differ-
ent diffusion states. (A) Representative image of an epidermal cell selected for reconstruction of the
GFP-CIOH-Ras molecular trajectories, and its mapped picture designed in the R software. Red dotted line
signifies the cell membrane, while isolated trajectories of single molecules are shown in grey. An example
of molecular trajectories is highlighted in red. Right side: Enlarged map of a single GFP-C10H-Ras mole-
cules highlighted red in (A). (B) Representative plot of the squared displacement versus time lag for the
single GFP-C10H-Ras molecule selected in (A). Periods of short-lived, increased diffusion rates are visible.
The threshold for differentiation between the diffusion and hopping states is drawn in dashed red. (C) A
plot of the cumulative squared displacements versus time lag for the single GFP-CI0H-Ras molecule se-
lected in (A). Identical short-lived periods of increased diffusion rates are visible, each of them is num-
bered. Molecular switches of the single GFP-C10H-Ras molecule are indicated in blue, for a switch to a
hopping state, and in red, for a switch to a diffusing state. The first switch to a hopping state (D > H) is
marked by blue squares, whereas the first switch to a diffusing state (H 2 D) is marked by red squares.
The following switch to a hopping state is marked by light blue squares, whereas the first following switch
to a diffusing state is marked by light red squares. (D) Plot of the time needed for a single GFP-C10H-Ras
molecule to switch for the first time to a diffusion and a hopping state. The Y-axis represents the percent-
age of molecules from a population of 25 selected H-Ras anchors that committed to their first switch. (E)
Plot of the time needed for a single GFP-C10H-Ras molecule to switch to a diffusion and a hopping state
following their first switch. The Y-axis represents the percentage of molecules from a population of 25

selected H-Ras anchors that committed to their switch.

Subsequently, for every one of these molecules, we plotted the squared displacement
and the cumulative squared displacement over time (Fig. 8BC). What became apparent
from these graphs was the fact that the diffusing GFP-CI0OH-Ras particles appear to
switch between a diffusing state and a state that was characterized by brief bursts of
increased diffusion, which may be referred to as hopping. To further analyze the alter-
nating between these two states, we defined the diffusing state by a squared displace-
ment between two consecutive frames smaller than 012 um?2(i.e,, D, < 0.15 um?/s), and
the hopping state by a squared displacement larger than 012 um?2 (i.e.,, D, > 0.15 um?/s),
based on the squared displacement versus time lag plots, (such as the one shown in
Fig. 8, and more examples are presented in Figure S3). This analysis showed that the
ratio of time spent in the diffusing versus the hopping state equaled 0.237, indicating
that an average molecule spends about four times more time in the diffusing state than
in the hopping state. Subsequently, we studied how rapidly a molecule switched be-
tween the diffusing and the hopping state, in order to determine the lifetimes of the
two diffusion states. To this aim, we analyzed the time required for a molecule to switch

from a diffusing to a hopping state and vice versa (Fig. 8D). It appeared that the
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diffusing GFP-CI0H-Ras molecules remained in this state for relatively long periods, as
it took approximately 1.2 s before 50% of the selected molecules had switched to a hop-
ping state. Inversely, it took only around 0.3 s for 50% of the molecules that were hop-
ping to switch back to the diffusing state. On average, GFP-CI0H-Ras molecules resided
for 274 + 0.32 s in the diffusing state before switching, and only 0.24 + 0.08 s in the hop-
ping state. Additionally, we also analyzed the time required for the selected group of
molecules to switch again to a diffusing or a hopping state after having already
switched their diffusion state at least once (Fig. 8E), and no significant differences with
the analysis of the first switches were observed, as 50% of the selected diffusing mole-
cules switched again to a hopping state after approximately 1.2 s, and it took around

0.25 s for 50% of the hopping molecules to switch back.

Taken together, in this study we focused on the slow-diffusing fraction of GFP-CIOH-Ras
molecules in the apical membranes of the epidermal cells in living zebrafish embryos,
and show that this population of H-Ras membrane anchors occurs in two different dy-
namic states. The majority of the time it is found in a diffusing state, which is interrupted
by brief periods of hopping. This finding indicates that the mobility pattern of this pop-
ulation of GFP-CI0H-Ras molecules can be described as ‘hop’ diffusion through the

plasma membrane.

3.3 DISCUSSION

In the present study, we have applied multifocal 2PEFM to detect individual GFP-CIOH-
Ras molecules in epidermal cells of living zebrafish embryos. In previous studies using
TIRF microscopy, we detected a fast and a slow-diffusing fraction of H-Ras molecules,
whereas in this study we exclusively observed the slow-diffusing population of mole-
cules (Gora et al,, 2021; Schaaf et al,, 2009). This population of GFP-C10H-Ras molecules
was found to occur in clusters within the plasma membrane, and to alternate between
two diffusion modes, leading to a mobility pattern that can be described as hop diffu-

sion.
In previous SMM studies on the mobility of H-Ras in zebrafish embryos and cultured

cells, it was shown that there are two main subpopulations of fluorescently labelled H-

Ras or C10H-Ras molecules in the plasma membrane: one that is diffusing at a fast rate
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and one that is diffusing at a slow rate (Gora et al., 2021; Lommmerse et al., 2004; Schaaf
et al., 2009). The fast subpopulation of H-Ras molecules shows confinement to a domain
of 400-500 nm and is suggested to form nanoclusters that are located in small (<15 nm)
lipid rafts (Plowman et al., 2005; Prior et al., 2001; Prior et al., 2003). These rafts are con-
sidered to be dependent on the presence of cholesterol, since their mobility is altered
by LatB or MBCD treatment (Garcia-Parajo et al., 2014; Lingwood and Simons, 2010; Nick-
els et al.,, 2015; Zhou and Hancock, 2015). The wild type H-Ras protein shows a similar fast-
diffusing subpopulation. However, a constitutively active mutant of H-Ras displays a
fast-diffusing subpopulation that is confined to a larger domain (~600 nm) and its mo-
bility is not affected by LatB or MBCD treatment. These data indicate that upon activa-
tion of H-Ras its affinity for specific plasma membrane microdomains with different lipid
compositions is altered (Hancock and Parton, 2005; Plowman et al.,, 2005; Prior et al,,
2001; Prior et al., 2003; Zhou et al,, 2018). In addition, activated GTP-loaded H-Ras mole-
cules have an increased probability to form clusters that are transiently (< 1s) immobi-
lized (Murakoshi et al., 2004). These clusters are cholesterol-independent, i.e., their mo-
bility is not affected by LatB or MBCD treatment, and are considered to be the sites
where | the H-Ras interacts with cytoplasmic proteins such as Galectin-1and Sur-8, and
where active signaling occurs (Belanis et al., 2008; Hancock and Parton, 2005; Herrero

et al, 2016; Li et al., 2000; Shalom-Feuerstein et al., 2008; Zhou et al., 2018).

To determine which previously observed H-Ras populations were represented by the
molecules observed using the multifocal 2PEFM setup, we compared their dynamic be-
havior with that of GFP-CI0H-Ras molecules found in previous studies. We observed
that the mobility of the molecules detected in the 2PEFM data corresponded most
closely to the slow-diffusing fraction observed in the previous studies (Gora et al., 20271;
Lommerse et al,, 2004, Schaaf et al,, 2009). We detected the slow-diffusing population
of GFP-CIOH-Ras proteins, which was previously shown to be not affected by LatB and
MBCD treatment (Gora et al, 2021). Indeed, these treatments did not significantly
change the mobility pattern of the detected particles. Thus, based on its dynamic be-
havior and the insensitivity of this behavior to LatB and MBCD treatment, we conclude
that the population of GFP-CI0H-Ras molecules observed in our 2PEFM study repre-
sents the slow-diffusing fraction of molecules that were observed in previous studies.
The main reason for the lack of detection of the fast subpopulation of GFP-CI0H-Ras

molecules was shown to be the relatively large integration time used in the 2PEFM
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experiments (200 ms). During this relatively long illumination and detection periods, the
signal of the fast-diffusing molecules is spread over the relatively large area in which
they move during this integration time, causing a phenomenon called motion blur
(Phillips et al., 2020; Travers et al.,, 2020). Our study, therefore, focuses on the mobility
pattern of the slow-diffusing population of GFP-CIOH-Ras molecules, which we have

been able to investigate in great detail.

Based on the analyzed mobility patterns of GFP-CIOH-Ras over short periods (< 1s), the
molecules of the slow-diffusing population detected in the present study could, in turn,
be subdivided into two fractions: a slow-diffusing population that shows confinement
of 253 + 3 nm, and one that is virtually immobile, with a confinement zone of 94 + 5 nm.
Including the fast-diffusing population of molecules that is undetectable in 2PEFM, this
implies that there are three fractions of GFP-CIOH-Ras molecules based on their dy-
namic behavior: a fast- and a slow-diffusing and an immobile population. This was con-
firmed when we fitted our TIRFM data (obtained with a time lag of 25 ms) to a three-
population model. However, we also showed that this bulk analysis over such a short
time by plotting mean squared displacements over time does not reveal the complexity
of the single-molecule mobility patterns. Interestingly, our multifocal 2PEFM approach
allowed us to follow the single particles for relatively long periods, which enabled us to
analyze molecular trajectories of single GFP-CIOH-Ras particles in the slow-diffusing
population. Using this analysis, we identified two different dynamic states in which the
slow-diffusing molecules occur: a state of diffusion and a state of hopping. The immobile
fraction has not been included in the analysis, as the particles in this subpopulation
hardly ever diffused, which is reflected by their initial diffusion coefficient of (0.080 +
0.010) - 102 um?s™.

By examining the switching of the H-Ras anchor between the two different states, we
demonstrated that these anchors spend a relatively long time in the diffusion state,
since the total time spent in this state was approximately four times longer than the
time spent in the hopping state. Based on these findings we concluded that the ob-
served slow-diffusing population of H-Ras anchors exhibit anomalous diffusion pat-
terns, characterized by short-lived bursts of fast-speed diffusion, generally referred to as
molecular hopping. It has been reported that many signaling proteins experience two-

dimensional hop diffusion on the membrane due to the complex and packed structure
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of the plasma membrane (Campagnola et al,, 2015; Umemura et al,, 2008; Yasui et al,,
2014). The plasma membrane is divided into microdomains by the actin-based mem-
brane skeleton, which is closely associated with the cytoplasmic surface of the plasma
membrane (Morone et al., 2008). Many transmemlbrane proteins collide with this mem-
brane skeleton, which induces temporary confinement of the transmembrane proteins
in the membrane-skeleton meshwork. Moreover, in the vicinity of immobilized mole-
cules located in the membrane, the movement of any other particles is extremely lim-
ited, also because of the hydrodynamic dragging effects of the transmembrane pro-
teins, which further suppress the available membrane space (Murase et al,, 2004). In
addition, it has been proved that interactions with many cytoplasmic proteins, such as
Galectin-1and Sur-8, are involved in the immobilization of the H-Ras clusters, which are
considered to be the sites where active signaling occurs (Belanis et al., 2008; Hancock
and Parton, 2005; Herrero et al., 2016; Li et al., 2000; Shalom-Feuerstein et al., 2008; Zhou
et al,, 2018). With all these obstacles, membrane proteins and lipids often hop from one
microdomain to an adjacent one, especially when thermal fluctuations of the mem-
brane and the actin meshwork associated with it create sufficient space between them
to enable the passage of integral membrane proteins, or when an actin filament is tem-

porarily severed (Suzuki et al., 2005).

Such a temporary nature of protein-membrane interactions enables a tight temporal
regulation of signal transduction processes. It has also been proposed that molecular
hopping might be critical in the search for target molecules in eukaryotic cells. A
straightforward consequence of membrane hopping is that a molecule remains in its
immediate vicinity for a short time and then jumps to a location that is further away
than expected from two-dimensional diffusion. In such a way, the search process is al-
lowed to explore larger areas and what allows proteins to bypass diffusion barriers that
may be present in the membrane (Lemmon, 2008). As this process seems to be gov-
erned predominantly by membrane-protein associations, including electrostatic inter-
actions, it is highly possible that the H-Ras anchor, being the domain that is responsible
for attachment of the H-Ras protein to the cell phospholipid membrane, undergoes this

type of anomalous diffusion.

The multifocal 2PEFM technology we used in this study induced strongly reduced pho-

tobleaching of GFP molecules compared to conventional, one photon excitation-based
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SMM technologies, which enabled us to visualize the diffusing proteins for prolonged
periods. There may be three reasons for this reduced photobleaching. First, the muilti-
focal 2PEFM setup used, combined with a low-noise sCMOS camera allowed for a low
excitation power, being typically of 1.4 mW per focus while maintaining a relatively high
signal-to-noise ratio (SNR > 10). This gentle illumination must have contributed to the
low bleaching rate of GFP, since this bleaching rate in 2PEFM has been shown to be
highly dependent on the laser power, even more than in one-photon excitation. The
log-log plot of the excitation power versus the photobleaching rate for one-photon ex-
citation of fluorescein increased with a slope of ~1, whereas this slope was ~3 for two-
photon excitation (Graham et al., 2015; Patterson and Piston, 2000). Second, since previ-
ous research has indicated that the faster photobleaching processes occur at a fluoro-
phore's higher energetic states, the high fluorophore stability of the GFP molecules that
we report may suggest that photobleaching is reduced because fluorophores are ex-
cited to their lowest excited energy state (Dittrich and Schwille, 2001; Patterson and Pis-
ton, 2000). Third, the high photostability of GFP in our 2PEFM setup might have also
been the result of the pulsed excitation mode, due to the use of a pulsed laser combined
with multifocal excitation. Many fluorescent molecules end up in a relatively long-lived
dark state after excitation, and in this dark state the fluorescent molecules experience
a highly increased chance to undergo an irreversible photobleaching reaction. By a
rapid and pulsed illumination, the fluorophores residing in their dark (triplet) state have
sufficient time between subsequent illuminations to undergo relaxation back to their
ground (singlet) state, leading to the overall increase in photostability and fluorescent
signalyield (Donnert et al., 2007; Donnert et al., 2009). On top of the fluorophore stability,
non-fluorescent absorption is known to cause damage to biological tissues, and the
2PEFM technology with low phototoxicity is, therefore, highly suitable for studies in in

vivo systems such as zebrafish embryos (Eggeling et al.,, 1998; Niesner et al., 2007).

Finally, we studied the nature of the slow-diffusing population of GFP-CI10H-Ras parti-
cles by determining the intensity of the fluorescence intensity peaks and their photo-
bleaching profile over time. It became apparent that the molecules occur in clusters,
since we detected individual fluorescent molecules as well as signals that could be at-
tributed to multiple GFP-CIOHRas proteins. It has previously been shown that C10OH-Ras,
as well as the full-width H-Ras, often reside in small clusters with a radius varying from

40 to 180 nm (Zhou and Hancock, 2021). Moreover, it has been reported that CIOH-Ras
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localizes to and clusters in cholesterol-rich lipid rafts, however, upon their disruption,
disperses over the surface of the plasma membrane, rather than driving associations
with other membrane microdomains. These findings are consistent with our data and
support a biodynamic model where full-length H-Ras has an affinity for at least two
plasma membrane microdomains, lipid rafts and a cholesterol-independent non-raft
microdomain, and is in constant equilibrium between them (Murakoshi et al.,, 2004;
Prior et al., 2003).

In conclusion, in the present study, we showed that 2PEFM is a powerful microscopy
technique for imaging single molecules in vivo. With this technique, we could detect
the slow-diffusing population of GFP-CIOH-Ras in the membranes of epidermal cells in
living zebrafish embryos. We revealed that this population occurs in clusters and dis-
plays hop diffusion through the membrane, in which periods of a slow diffusion are in-

terspersed with brief periods of molecular hopping.

3.4 MATERIALS AND METHODS

Zebrafish. Zebrafish larvae (Danio rerio) from the transgenic line Tg(bactin: GFP-CIOH-
Ras)“™ were maintained according to standard protocols (http://ZFIN.org), and ex-
posed to a 14h light and 10h dark diurnal cycle at 28°C. Fertilization was performed by
natural spawning at the beginning of the light period. Eggs were collected and raised
in egg water (60 pg/ml Instant Ocean Sea salts, Cincinnati, OH, USA) at 28°C. The eggs
developed in an incubator at 28°C until 2 days post-fertilization (2 dpf). The viability and
development of the eggs were checked daily using fluorescence stereo- or confocal mi-
croscopy. All experiments performed on living zebrafish embryos were done in compli-

ance with the directives of the local animal welfare committee of Leiden University.

Fluorescence stereomicroscopy. To screen zebrafish embryos for optimal expression
levels of the GFP-CI0H-Ras, a Leica M205FA fluorescence stereomicroscope (Leica Mi-
crosystems) was used. Images of the zebrafish embryos were taken using a Leica DFC

345FX camera.

Treatment of zebrafish embryos with Latrunculin B (LatB) and Methyl-B-cyclodextrin

(MBCD). Inhibition of actin polymerization with LatB was induced using a protocol
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described previously (Kugler et al,, 2019). LatB (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in 96% ethanol to a 500 uM stock concentration. At 48 hpf, dechorionated em-
bryos were treated with 100 nM LatB in egg water for 1 hour. A control group was treated
with a diluted vehicle (0.02% ethanol in egg water). Treatment with MBCD was based
on protocols described before (Bello-Perez et al., 2020; Silva et al., 2019). MBCD (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in PBS (pH 7.4) to a stock concentration of 400
NM. At 48 hpf, dechorionated embryos were treated with MBCD at a final concentration
of 40 NnM in egg water for 1 hour, A control group was treated with diluted vehicle (10x
diluted PBS in egg water). After the LatB or MBCD treatment, zebrafish were immedi-
ately transferred and imaged under the 2PEFM setup.

Sample preparation and mounting. Glass coverslips were washed with 99% ethanol
(twice), HPLC-grade water (twice), KOH (1M, twice), and acetone (99%, thrice). Each wash
was followed by a 30-minute-long sonication period at 50°C. The coverslips were then
stored in 99% acetone. Prior to the mounting of the zebrafish embryos, the glass co-
verslips were coated with 50 ug ml? of poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA)
for 5 minutes, followed by a double wash with deionized water and drying with nitrogen
gas. Two-day-old zebrafish embryos were equilibrated at room temperature for an hour,
anaesthetized with 0.02% aminobenzoic acid ethyl ester (tricaine, Sigma-Aldrich St.
Louis, MO, USA), and dechorionated using tweezers. Subsequently, a single zebrafish
embryo was placed on a coverslip with a lateral side against the surface, while excess
water was aspirated. The tail of the embryo was pressed against the coverslip by a thin
agarose sheet (2%, thickness 0.75 mm). A drop of egg water was added to cover the rest
of the embryo’s body. The coverslip with the embryo was placed into the microscope

holder, which was then inserted into the imaging chamber.

Two-Photon Excitation Fluorescence Microscopy (2PEFM). For 2PEFM, a tunable near-
IR Ti: Sa laser (Chameleon Ultra; Coherent, Santa Clara, CA, USA) was coupled into a
home-built two-photon multifocal microscope. A diffractive optical element (HOLOEYE
Photonics AG, Berlin, Germany) diffracted the laser beam into an array of 10 x 10 beam-
lets. A fast-scanning mirror (FSM-300-1; Newport, Irving, CA, USA) scanned the beamlets
across the excitation plane. The laser beams were focused using a 60x oil immersion
objective (CF160 Apochromat TIRF 60XC, NA 1.49; Nikon, Tokyo, Japan) mounted on a
piezo-stage (P-726 PIFOC; Physik Instrumente, Karlsruhe, Germany), illuminating an
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area of 40 um x 40 um. Two-photon luminescence was collected by the same objective,
filtered with a dichroic mirror (700dcxr; Semrock, Rochester, NY, USA) and two short-
pass filters (FFO1-720-SP and FFO1-750-SP; Semrock), and focused on a 2048 x 2048 pixel
back-illuminated sCMOS camera (Prime BSI; Teledyne Photometrics, Tucson, AZ, USA).
Additional band-pass filters, mounted on a motorized fast-change filter wheel
(FWI103H/M; Thorlabs, Newton, NJ, USA), were positioned in front of the camera. Using
custom-made LabVIEW software (National Instruments, Austin, TX, USA), the scanning
mirror, focusing stepper motors and camera were controlled synchronously. For spiral
scanning, the fast-scanning mirror (FSM-300-1, Newport) was driven by an Archimedean
spiral to rapidly scan the beams producing a homogeneously illuminated wide-field. A
single period of the spiral scan took 200 ms and was synchronized with the camera in-
tegration time, resulting in the temporal resolution of 200 ms. The excitation laser
power at the sample surface equaled 0.1497 mW at the beginning of a time-lapse, and
decreased to 0.1425 mW at the end of the recording. Every embryo was imaged for at
least 2 minutes, which equaled a minimum of 600 frames in a single time-lapse. All

2PEFM measurements were performed at room temperature.

Total internal reflection fluorescence microscopy (TIRFM). For TIRFM, a custom-made
microscope was used with a 100x oil-immersion objective (NA 1.45, Nikon, Tokyo, Japan).
Excitation was performed using a 515 nm laser (iChrome MLE, Toptica Photonics, Ger-
many), the field of view was set to a 100 x 100 pixels region with a pixel size of 166 nm,
and the laser power equaled 20% of the maximal laser power (40 mW). The incident
laser beam was set at the critical angle against the coverslip-water interface, thus being
totally reflected and creating the evanescent wave for excitation of fluorophores close
to the coverslip-sample interface. Emission light was filtered using a long-pass filter
(ET5701p, Chroma Technology, VT, USA), and image sequences were collected using an
on-chip multiplication gain CCD camera (model 512B, Cascade, Roper Scientific, Tucson,
AZ, USA). Each image sequence contained 1200 frames separated by a 25 or 200 ms
time lag, resulting in a total acquisition time of 30 and 240 seconds, respectively. All

TIRFM measurements were performed at room temperature.
Analysis of protein diffusion patterns. Fluorescence intensity signals corresponding to

GFP molecules were fitted to a two-dimensional Gaussian surface, using a custom-de-

veloped software (Groeneweg et al,, 2014; Harms et al,, 2001; Lommerse et al., 2004;
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Lommerse et al.,, 2005; Schutz et al., 1997a). The software, in the form of a code written
in the MATLAB programming environment (The MathWorks, Natick, MA, USA), can be
obtained by directly contacting Thomas Schmidt (Leiden Institute of Physics, Leiden
University). The location of a particle was defined as the position of the maximum of the
Gaussian curve. The Gaussian curve fitting provided information on the intensity and
full width at half maximum (FWHM) for the localized GFP peaks, which allowed for plot-
ting the intensity distributions of the GFP peaks for each frame in a time-lapse. The po-
sitional accuracy dx of the peak localization equaled approximately 28 nm (Groeneweg

et al,, 2014; Schutz et al., 1997).

To identify subpopulations of molecules, their diffusion coefficients, and the sizes of
their confinement area, the Particle Image Correlation Spectroscopy (PICS) software
was used to analyze distributions of squared displacements for individual time lags. The
PICS software, a code written in the MATLAB programming environment (The Math-
Works, Natick, MA, USA), has previously been described and validated (Semrau and
Schmidt, 2007), and can be obtained can by directly contacting Thomas Schmidt or
Stefan Semrau (Leiden Institute of Physics, Leiden University). In PICS analysis, individ-
ual particles are not tracked, but correlations between the location of molecules in con-
secutive frames are determined. A multistep analysis was performed for each image
sequence acquired, yielding information for five different time lags of 200, 400, 600,
800, and 1000 ms. This way, cumulative probability distributions of the squared dis-
placements were generated for each time lag and fitted to one-, two- or three-popula-

tion models. The one-population model is described by the equation:

P(r?,tyyy) =1— exp< 2( ) )> (D
ag

which describes the probability that a particle exhibiting Brownian motion at the arbi-

trary origin is found within a circle of a radius r at the time lag t;,4, and its mean square
displacement equals roz(tlag) = 4Dt;,,. However, when a two-population model is used,

Equation 1is transformed into Equation 2:

r? r’
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and, when a three-population model is used, into Equation 3:

r2 r? r*
P t) 1= oo ) em ()« 0 em (s

where the mean squared displacements of the populations are denoted by r?, and their
relative sizes by a(; (Lommerse et al, 2004, Schaaf et al, 2009). In the two-population
model, the fraction size a represents a percentage of the fast-diffusing H-Ras anchor
molecules in the total population. The mean squared displacements of the fast- and
slow-diffusing fractions in this model are denoted by r# and 2, respectively. The three-
population model accounts for an additional fraction, denoted as 1 — (a; + a,), and is

characterized by the mean squared displacement, r2.

To examine whether any of these populations confine to specific areas, the values of 1
and rZ, were plotted against the time lag (using OriginLab software, OriginLab Corpo-
ration, MA, USA). The positional accuracy dx led to a constant offset in r? of 4- (dx)?,
which, in our case, equaled 0.0031 umZ2 The plots were fitted either to a free Brownian

diffusion model, with a diffusion coefficient D determined by the equation

riz(tlag) =4-D- tiag €))

or to a confined diffusion model described by the equation:

1? 12-Dy - t;
(teg) =5 [1-ew (-—3)| ®

in which the molecules move freely with an initial diffusion coefficient D,, but are con-

fined to an area with impermeable barriers, described by a square of a side length L.

Analysis of photobleaching. Using an Imagel plug-in, TrackMate (Tinevez et al.,, 2017),
every fluorescence intensity peak, identified by the Gaussian fitting described above,
was followed over time. Throughout this tracing, the threshold on the particle diffusion

rate was set to 110 + 0.15 um?/s, based on previous data on the H-Ras anchor mobility
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rates obtained in living zebrafish embryos (Gora et al., 2021). In every frame, the particle
was attributed to a circular area with a radius of 5 pixels. For each particle, the intensity
was measured, frame-by-frame, by determining the maximal pixel intensity found
within the circular selection. The intensities of molecules with differing initial intensities
were plotted against time to study the step-wise decrease in fluorescence intensity as
a result of photobleaching. The mean intensity values of all particles identified within a
frame and the background intensity were determined as well (based on a sample of five
zebrafish cells, each one imaged on a different experimental day). Upon loss of the sig-
nal (i.e., when the intensity was similar to the value of the background signal), the area
of 3 x 3 um that surrounded the last position of a particle was followed for the next 20

frames to determine if this loss was irreversible.

Analysis of GFP-CIOH-Ras trajectories. The trajectories of GFP-CIOH-Ras particles in the
zebrafish epidermal cells were analyzed using the Imagel plug-in TrackMate and the R
Project software (The R Foundation, Vienna, Austria). To eliminate the impact of criss-
crossing among particles, traces present in high-density areas were excluded. In addi-
tion, immobile particles were excluded. For the included traces, squared displacements
and cumulative squared displacements were plotted versus the time lag for each step
traversed by a particle until its photobleaching (OriginLab, OriginLab Corporation, MA,
USA). Switches between two distinct diffusion states exhibited by the particle were then
identified based on a threshold value for the squared displacement between the two
consecutive frames. Following that, the lifetime of a particle in either of the two diffusing
states was analyzed by generating a distribution plot of the time lengths until the first
switch. Additionally, to examine whether the first diffusion switch of a molecule induced
a more sustained mobility change, a similar plot was generated for all subsequent

switching events as well.

Experimental design. Five independent experiments, performed on five different days,
were conducted for the transgenic zebrafish line expressing the GFP-CIOH-Ras con-
struct. In every experiment, five different zebrafish embryos were selected for the
2PEFM imaging. In each of the selected embryos, at least six separate areas within the
zebrafish tailfin were imaged one time, with each time lapse comprising at least 50 con-
secutive frames (Fig. 2). To study the influence of zebrafish treatment with LatB and

MBCD on the GFP-CIOH-Ras dynamics, a similar design was implemented, with five
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individual embryos used per vehicle, LatB, and MBCD treatment groups, each imaged
on three different experimental days (Fig. 6). Trajectories of isolated particles, localized
in the cell areas not affected by crisscrossing were reconstructed in five randomly se-
lected zebrafish cells, each one imaged on a different experimental day. Ultimately, 25
trajectories, five per every zebrafish cell, were selected to examine the switching be-

tween different diffusion states (Fig. 8).

To compare 2PEFM with the TIRFM techniques, three independent TIRFM experiments
on three individual days were performed, in which five zebrafish embryos per group
were used, and six independent areas per embryo were imaged, with a time lag of 25
and 200 ms. Every area was imaged once with each time lapse comprising at least 50
consecutive frames (Fig. 4). Subsequently, to investigate the impact of the excitation
laser power on the single-particle dynamics in the TIRFM setup, three independent ex-
periments on three individual days were done, with six independent areas in each of
the five zebrafish embryos imaged. The experimental groups were exposed to 50%, 30%,
and 10% of the maximal excitation laser power, and a time lag of 200 ms. Following that,
30 particles per fast- and slow-diffusing fractions in all of the experimental groups were
selected to test a potential correlation between their intensity count and squared dis-
placement values (Fig. 5). The selection of the particles was performed in TrackMate
based on their squared displacement values. The threshold of the mean squared dis-
placement values used for differentiating between the two fractions was set to 0.01 um?,
hence every molecule above this value was assigned to the fast-diffusing subpopula-

tion, whereas every molecule below to the slow-diffusing subpopulation.

Statistical Analysis. Values of the different population sizes and their squared displace-
ments were averaged per experimental day, and their standard errors of the mean
(s.e.m.) were calculated. Statistical analysis of these data was performed for the experi-
mental time lag of 200 ms by comparing: (a) results obtained for the transgenic em-
bryos expressing GFP-CI0H-Ras, with and without LatB or MBCD treatment; (b) results
obtained for transgenic embryos expressing GFP-CIOH-Ras imaged using the 2PEFM
with the time lag of 200 ms and the TIRFM with the time lags of 25 and 200 ms; (c)
results obtained for the transgenic embryos expressing GFP-CIOH-Ras, imaged under
the TIRFM with 50%, 30%, and 10% of the total excitation laser power. Initial diffusion

coefficients and confinement area sizes were obtained by averaging values of mean
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square displacements per time lag, plotting them against time and fitting a confined
diffusion model yielding these parameters. This was done for each treatment, micros-
copy technique, and the percentage of the TIRFM total excitation laser power. In each
case, a Shapiro-Wilk statistical test was performed to check if data were normally dis-
tributed. The significance of the results was analyzed using a Student’s t-test for a com-
parison of means between two, normally distributed, groups. In case multiple groups
were compared, a one-way ANOVA was used with a Tukey range test for post hoc anal-

ysis.
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FIGURE S1: GFP-CI0H-Ras mobility patterns:
results of one-fractional model fitting to
2PEFM data. Fitting of the data points to the
one-population model allowed for calculation
of the mean squared displacements of this
population (r2). This procedure was repeated
for each of the time lags used. Mean squared
displacements plotted against the time lag,
using the one-population model fit. The initial
diffusion coefficient D, of this single popula-
tion equaled 0.116 + 0.011 um?s'and its confine-
ment area size L equaled 302 + 54 nm Each
data point is presented in the form of a mean
+s.e.m., and the 95% c.i. of the mathematical fit

is shown.

FIGURE S2: GFP-CI0H-Ras mobility patterns:
mean squared displacement of the molecu-
lar trajectories reconstructed for 25 selected
particles. The squared displacements of all 25
selected molecules were used to generate a
plot presenting the mean squared displace-
ment as a function of time, to demonstrate
that this selection of molecules is representa-
tive of the entire molecular. The plotting of the
confinement model fit the function of mean
squared displacements over time revealed
that the initial diffusion coefficient D, for this
population equaled 0.243 + 0.057 um? s, while
its confinement area size L equaled 357 + 82
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3. MULTIFOCAL TWO-PHOTON EXCITATION FLUORESCENCE MICROSCOPY REVEALS HOP DIFFUSION
OF H-RAS MEMBRANE ANCHORS IN EPIDERMAL CELLS OF ZEBRAFISH EMBRYOS
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FIGURE S3: Representative images of GFP-CIOH-Ras molecular trajectories (AB) Representative im-
ages of two molecular trajectories used for the hop diffusion analysis. Upper left in (AB): Inside of the
epidermal cell selected for the reconstruction of the GFP-CIOH-Ras molecular trajectories. Isolated tra-
jectories of GFP molecules are shown in grey. An enlarged example of molecular trajectories is high-
lighted in red. Upper right in (AB): Enlarged map of a single GFP-CI0H-Ras molecule highlighted red in
the upper left panel. Lower left in (AB): A plot of the squared displacement versus time lag for the GFP-
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C10H-Ras molecule selected in the upper left panel. Periods of short-lived, increased diffusion rates are
visible. The threshold for differentiation between the diffusion and hopping states is drawn in dashed red.
Lower right in (AB): A plot of the cumulative squared displacements versus time lag for the single GFP-
C10H-Ras molecule selected in the upper left panel. Identical short-lived periods of increased diffusion

rates are visible.
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4. ANALYSIS OF INTRACELLULAR PROTEIN DYNAMICS IN LIVING
ZEBRAFISH EMBRYOS USING LIGHT-SHEET FLUORESCENCE SINGLE-
MOLECULE MICROSCOPY

Matteo Bernardello, Radoslaw J. Gora, Patrick van Hage, Gustavo Castro-Olvera, Emilio

J. Gualda, Marcel J.M. Schaaf, Pablo Loza-Alvarez

ABSTRACT

Single-Molecule Microscopy techniques have emerged as useful tools to image individ-
ual molecules and analyze their dynamics inside cells, but their application has mostly
been restricted to cell cultures. Here, a Light-Sheet Fluorescence Microscopy setup is
presented for imaging individual proteins inside living zebrafish embryos. The optical
configuration makes this design accessible to many laboratories and a dedicated sam-
ple-mounting system ensures sample viability and mounting flexibility. Using this
setup, we have analyzed the dynamics of individual glucocorticoid receptors, which
demonstrates that this approach creates multiple possibilities for the analysis of intra-

cellular protein dynamics in intact living organisms.

Keywords: glucocorticoid receptor, zebrafish, single-molecule microscopy, light-sheet

fluorescence microscopy, nucleus, diffusion
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4.1 INTRODUCTION

A quantitative imaging-based analysis of the biochemical processes and protein inter-
actions inside cells requires microscopy techniques that go beyond ensemble averag-
ing and a static molecular view (Yokota, 2020). Single-molecule microscopy (SMM) has
demonstrated to offer such opportunities and has enabled researchers to detect indi-
vidual molecules in the variety of their conformations and associations as well as to
study their dynamics with unparalleled spatial and temporal resolution. Immaging of in-
dividual proteins in living cells is enabled by fluorescent labeling of these proteins, using
either genetically encoded fusion to autofluorescent proteins such as green fluorescent
protein (GFP) and photoactivatable or switchable variants of these proteins, or linking
of nanoparticles or organic dyes to peptide or protein tags (such as Halo-tags), that have
been fused to the protein of interest (Harms et al., 2007; lino et al., 20071; Li and Vaughan,
2018; Luo et al,, 2020).

SMM has mainly been performed using microscopy techniques such as Widefield Mi-
croscopy (WM), Total Internal Reflection Fluorescence (TIRF) microscopy, and Highly-
Inclined and Laminated Optical sheet (HILO). In WM, while technically simple, the entire
sample is illuminated by the excitation beam, which creates a high background over
the weak signal from the single molecules. In TIRF, an evanescent wave of excitation
light at the coverslip-sample interface is created, which exponentially decays with the
distance to this interface (Axelrod, 2001). As a result, only the fluorophores present in the
first 100 to 200 nm are excited, which highly reduces the background intensity, and
thereby increases the sensitivity and positional accuracy. However, at the same time,
TIRF limits the detection of molecules to the basal membrane of the cells mounted on
the coverslip. In HILO microscopy an oblique sheet of light is used to illuminate a section
of the specimen, enabling excitation of fluorophores deeper inside cells (Tokunaga et
al., 2008). Nevertheless, since the illumination is oblique with respect to the detection
focal plane, the size of the lateral Field-of-View (FoV) of the produced images is limited.
Moreover, all these approaches are optimized for, and therefore limited to, coverslip-

based sample mounting.
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Thus far, the vast majority of SMM studies have been performed in cultured eukaryotic
cells, often derived from immortalized cell lines. These cells may show artefacts, do not
take into consideration the influence of cell-cell interactions, and have a limited trans-
lational value compared to studies performed in intact organisms. In addition, studies
in cultured cells cannot answer questions concerning differences in protein dynamics
in response to different developmental, environmental, and metabolic states that an
organism might be presented with in its native habitat. Therefore, there is a need for
microscopy techniques that enable in vivo SMM analyses on biologically relevant sam-
ples, such as the living zebrafish. These techniques should provide limited background
signals and large FoVs, enable maintaining the sample alive for prolonged times, and,
ideally, not interfere with natural biological processes by limiting phototoxic effects or
other stressors. Previously, we have extended SMM studies to living organisms by ana-
lyzing the dynamics of yellow fluorescent protein (YFP) fused to the membrane anchor
of the human H-Ras protein in cells inside living zebrafish embryos (Schaaf et al., 2009b).
By using TIRF microscopy and a particular sample-mounting procedure to make the
zebrafish tail adhere to the coverslip, we managed to detect individual YFP-CIOH-Ras
molecules in the outer membrane of the outer epithelial cells of the embryonic epider-
mis, and to study the mobility pattern of these proteins. However, while optimal for
studies on membrane protein dynamics, the implementation of the TIRF microscopy is
limited by the penetration depth of the evanescent wave and is therefore not suitable
for studying molecules located anywhere outside the outer membrane of the outer cell
layer of the embryo. In the present study, we have applied Light-Sheet Fluorescence
Microscopy (LSFM) as an SMM technique that allows for imaging of individual non-
membrane molecules inside a living organism while not being limited to the cell mem-

brane.

In LSFM, two objectives, positioned orthogonally to each other, are usually employed. A
plane of excitation light (light sheet, LS) is sent from the illumination objective through
the specimen, exciting only the fluorophores present at the detection focal plane (Olarte
et al,, 2018). Photons emitted by the fluorophores in the entire illuminated sample sec-
tion are collected in a widefield configuration by the detection objective. This plane-
based configuration permits fast imaging and allows for optical sectioning at low pho-

tobleaching and phototoxicity regimes, with low background fluorescent signals.
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The use of LSFM in SMM applications has so far been limited, mainly due to mechanical
constraints imposed by the geometry of the objectives. Their orthogonality combined
with their short working distances restricts the space and displacement possibilities of
the sample. This problem has often been circumvented by the use of long-working-dis-
tance air objectives for the illumination, and cuvettes containing imaging medium and
sample (Ritter et al,, 2008; Ritter et al., 2010; Spille et al., 2012; Yu et al., 2016). This solution,
however, introduces refractive index mismatches at the air-glass and glass-medium in-
terfaces, leading to spherical aberrations. Consequently, when the cuvette translates in
the illumination direction, focal shifts appear and correction strategies need to be im-
plemented (Spille et al,, 2012), increasing hardware complexity. To overcome these is-
sues, some LSFM configurations use a modified light path, including prism-based LSFM
(PCLSM) (Li et al., 2013), and reflected LSFM (RLSFM) (Gebhardt et al., 2013; Creiss et al.,
2016; Reisser et al., 2018). With these LSFM approaches individual, fluorescently labelled
molecules have been imaged in agueous solutions (Ritter et al., 2010; Yu et al., 2016), cell
nuclei of salivary glands extracted from C. tentans larvae (Ritter et al., 2010; Spille et al,,
2012), and membranes or nuclei of cultured cells (Gebhardt et al.,, 2013; Li et al., 2013).
Interestingly, these technologies also allowed imaging of individual injected Dextran-
Alexa647 molecules in Drosophila (Greiss et al, 2016), and transcription factors in
zebrafish embryos (Reisser et al.,, 2018). Custom-made illumination objectives combined
with non-Gaussian excitation schemes, such as Bessel plane illumination (Gao et al,
2012) and lattice LSFM (LLSFM) (Chen et al.,, 2014b), have been used to create a long and
thin LS. These techniques have been employed in SMM studies in embryonic stem cells
(Chen et al., 20143; Liu et al., 2014), membrane dynamics in cultured cells and in cells of
the zebrafish eye (Aguet et al., 2016), and living Drosophila (Mir et al., 2017; Mir et al., 2018).
The Light Sheet Fluorescence Single-Molecule Microscopy (LSFSMM) methods de-
scribed above offer the possibility to use very high NA (from 1.0 to 1.4) detection objec-
tives, but this is only possible at the expense of a highly increased hardware complexity

of the overall system, which will limit the use of LSFSMM.

So far, single-molecule imaging has only been applied to intact living organisms in a
few studies (Mir et al., 2018; Reisser et al., 2018; Schaaf et al., 2009b), which could be due
to the difficulty for many biological labs in accessing the complex setups that are re-
quired. The described hardware complexity also has consequences for the sample

mounting systems. In PCLSM (Li et al., 2013), the sample is placed on a glass bottom dish
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over an inclined surface. Similarly, RLSFM (Gebhardt et al,, 2013; Greiss et al., 2016) and
LLSFM have been used for SMM in living zebrafish embryos (Aguet et al.,, 2016; Reisser
et al,, 2018), and in these studies the embryos were mounted on a glass bottom dish or
glass coverslip and embedded in low melting agarose. In all these methods, the sam-
ple's degrees of freedom are constrained by the mounting procedure, as the specimen’s
movements and orientation possibilities are fixed or limited. Although this might not be
a problem for cultured cells, in the case of imaging living organisms it can eventually

preclude the performance of certain experiments.

In the present study, we chose an iSPIM (Wu et al., 2011) configuration to perform SMM,
to have a simpler setup compared to the previously mentioned LSFM alternatives, with-
out custom-made optical elements such as coatings (Gebhardt et al., 2013; Reisser et al,,
2018) or objectives (Chen et al., 2014b), thereby avoiding potential instability issues and
maintaining a straightforward optical alignment procedure. Although the collection NA
achieved in our system is smaller or equal compared to the NA of PCLSM, RLSFM, or
LLSFM setups, our sample mounting approach is superior in terms of sample viability
and sample mounting flexibility. We believe that these are crucial factors when extend-
ing the application of SMM to intact living organisms. In addition, our design will enable
the possibility to perform more complex SMM studies in vivo, e.g., correlating macro-
biological events with the intracellular dynamics at the single molecule level. We there-
fore describe the sample mounting procedure in detail, with attention to the effects of

the embedding medium on the microscope’s performance.

We have utilized our LSFSMM setup using cultured cells and living zebrafish embryos
as biological samples. HEK293 cells were used to perform a characterization study on
the detection of single yellow fluorescent protein (YFP) molecules. Subsequently, we
chose zebrafish embryos to test our capacity to image in vivo, since it is a relevant ver-
tebrate animal model that is commmonly used in research areas, ranging from develop-
mental biology to toxicology and drug screening (Detrich et al., 2011; Stainier et al., 1996).
As a protein of interest, we selected the Glucocorticoid Receptor (GR), which is a well-
studied steroid receptor. Upon binding of a glucocorticoid ligand (either an endoge-
nous hormone such as cortisol or a synthetic drug such as dexamethasone), the GR
translocates to the nucleus and acts as a transcription factor, regulating gene expres-

sion by binding to specific DNA sequences and interacting with other proteins. Previous
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studies have allowed researchers to study the intranuclear dynamics of individual fluo-
rescently tagged GR molecules in cultured cells and, for instance, establish the duration
of the DNA binding time (Garcia et al., 2021; Gebhardt et al., 2013; Groeneweg et al., 2014;
Keizer et al,, 2019; Paakinaho et al, 2017). Furthermore, it has been exhibited that the
zebrafish GR gene shows a high level of similarity with its human counterpart, through
the similarity of a C-terminal GR splice variant, resembling the human GR, and the fact
that both zebrafish and human genomes contain only one gene encoding the GR pro-

tein (Schaaf et al.,, 2009a).

By using our custom-made and optimized mounting system in our LSFSMM, we
demonstrate that it is possible to successfully image individual molecules in living em-
bryos for a prolonged period of time. To validate the robustness of our LSFSMM, we have
analyzed the GR mobility pattern. As expected, dexamethasone administration signifi-
cantly alters the dynamics of GR. By further characterization of the sources of variation
in the in vivo results, we found that most of the variability in the results comes from
imaging different areas within an individual zebrafish embryo, and to a lesser extent
from imaging individual embryos on different experimental days, discarding the micro-
scope setup as a source of variation. Overall, our data suggest that the relative simplicity
of the optical design, constructed with conventional optical elements together with the
described sample mounting system and protocols, will further promote in vivo LSFSMM
applications in membranes, cytoplasm, and nuclei of cells inside zebrafish and other

living organisms.

4.2 RESULTS

An LSFM platform for in vivo SMM imaging (LSFSMM)

In order to achieve in vivo SMM on whole live organisms we have designed and built a
customized LSFM platform. We took into special consideration the development of
sample mounting protocols adapted to the experimental requirements and sample
needs. Finally, we have characterized its optical performance and its ability to conduct

SMM experiments.

Our LSFSMM implementation is built on a Nikon Eclipse body, on top of which two per-

pendicular objectives are mounted in iISPIM configuration (Wu et al., 2011). Since the two
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objectives are positioned perpendicularly between each other, but at 45° respect to the
optical table, we define the coordinate system xyz to be the reference for the optical
table and motor stages, while the coordinate system xyz is defined as the reference for
the imaging planes, with xyz being the clockwise rotation of 45° around the y-axis of xyz.
A schematic overview of the illumination and detection light paths is depicted in Fig. 1A.
The light sheet plane is generated by a cylindrical lens that focuses the light onto a
galvo-mirror. The mirror is positioned plane-conjugate with the back-focal-plane of a
water dipping illumination objective by a relay lens system. This arrangement permits
to change the positionin Z (i.e., across the sample volume) of the light sheet by electron-
ically controlling the angle of the galvo-mirror. This capability can be used for alignment
purposes and to scan different sample areas. With this illumination system, we experi-
mentally measured the LS thickness to be of about 2 um at its waist (Fig. 2A). The illu-
mination FoV along x,"i.e., the portion of the light sheet that is considered to be of ho-
mogeneous thickness, is calculated to be about 12.5 uym, in good agreement with the
measured value of about 14.5 um (Fig. 2A). The total magnification of the optical system
is 44.4X (See Material and Methods section), leading to an image pixel size of 146.4 nm.
Considering the size along the y axis of the sSCMOS chip of the camera (2048 pixels), this

means that the system enables the imaging of an area of about 13.5 ym x 300 pm.

In order to enable imaging in zebrafish embryos, an appropriate sample mounting sys-
tem is key and should allow both optical quality and sample wellness. In the iISPIM con-
figuration, the two objectives offer a limited volume in which the sample can be in-
serted. The sample mounting system must allow simple insertion of a zebrafish embryo
and provide conditions for the embryo to stay alive during the experiment, with as little
stress imposed as possible. At the same time, the sample mounting system needs to
avoid the introduction of unwanted optical aberrations. We have implemented and
characterized a fully motorized sample mounting stage and efficient sample mounting
protocols using tailored FEP tubes and multilayer agarose mounting, as depicted in Fig.

1BCD.
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FIGURE 1: Schematic overview of the LSFM platform for in vivo SMM imaging. (A) schematic of the
optical illumination (top two) and detection (bottom one) light paths; (B) schematic of the sample mount-
ing system, with (C) its lateral section view, (D) the FEP support for zebrafish mounting. L = lens, PH =
pinhole, CL = cylindrical lens, GM = galvo-mirror, BFP = back focal plane, TEL = telescope plane-conjugat-
ing GM to BFP, IO = Illumination objective, DO = detection objective, BF = bandpass filter, TL = tube lens,
ZF = zebrafish, RC = rotation capillary, FS = FEP support, RM= rotational motor, IC = imaging chamber, ZM

= motorized stage in z, XYM = motorized stage in xy, Impa = low melting point agarose.

The developed sample mounting system makes use of a FEP tube which was cut to free
the top part. In this way the tube serves as a horizontal support for the relatively big and
heavy sample without covering it. Its proximal and distal tips and the basis of the tube
are filled with 2% low melting point agarose (Impa). The zebrafish embryo is placed in

the remaining space inside a drop of 0.5% Impa with the addition of tricaine for
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anesthesia. The FEP tube is suspended inside a petri-dish-like chamber by a 12 cm glass
capillary, which is inserted into the proximal end of the FEP tube. The glass capillary is
connected to a motorized rotator motor on its other end, and optimal orientation of the
zebrafish embryo with respect to the LS can be obtained by rotating the capillary using
simple electronic control of the motor. Finally, the incubation chamber, which is on top
of an x-y-z motorized translational stage is filled with E3 medium (with the addition of

tricaine), to completely immerse the zebrafish embryo and the tips of the objectives.

To characterize the effect of the sample mounting protocol on the generated optical
aberrations, a FEP tube filled with a 0.5% Impa cylinder, in which sub-diffraction sized
fluorescent beads (100 nm in diameter) were embedded, was introduced in the imaging
volume. The image of a 100 nm fluorescent bead would present a theoretical FWHM of
334 nm, given by the convolution of the Gaussian PSF generated by a 1.0 NA water-
objective, with the step-size profile of the bead. The images obtained from beads in-
serted close to the middle axis of the Impa cylinder would instead heavily suffer from
distortions, enlarging the total PSF and reducing the actual optical resolution (Fig. 2CD).
For beads at this location, we calculated FWHMs of 567.6 + 59.2 nm and 536.5 + 653 nm
(average * standard deviation, in x and y direction respectively, N=11 beads). In contrast,
images from beads closer to the surface of the 0.5% Impa cylinder did not suffer from
significant distortions (Fig. 2EF). For beads at this location, we calculated FWHMs of
393.0 £ 39.9 nm and 371.4 + 34.8 nm (average * standard deviation, in x and y direction
respectively, N=11 beads). The position of the point source within the Impa cylinder is
therefore critical in assessing the optical resolution, which significantly differs for ob-
jects at the two locations (Fig. 2B). The difference between the measured values from
the beads close to the surface and the theoretical one is most probably imputable to a
residual aberration caused by the remaining agarose layer, and thus depending on the
exact position of the single beads. The system and protocol for mounting zebrafish em-
bryos was therefore here developed such that the living specimen was covered by a

maximally 100 pm-thick layer of 0.5% Impa, in order to minimize optical aberrations.
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FIGURE 2: LSFSMM system performances. (A) lllumination light beam focused by removal of the cylin-
drical lens. Measurement of the intensity profile through a Gaussian fit demonstrated a 2 um diameter
(FWHM) at its waist (indicated by vertical red line). The illumination FoV is also indicated (red horizontal
bracket). Scale bar 10 um. (B) Distributions and comparison of the measured FWHM of the Gaussian fits
of beads close to the surface (N=11) and in the center (N =11) of the mounting Impa cylinder. Values were
measured along x {left panel) and y (right panel) direction. Shapiro-Wilk test was performed to check if
data is normally distributed. Unpaired t-tests were then conducted to check for statistically significant
difference between the two conditions and calculate two-tailed P-values. Horizontal bar represents the
mean value, *** means P < 0.0001. (C) Schematic of a 100 nm fluorescent bead positioned in the middle
of a 0.5% Impa cylinder and (D) normalized intensity profile measurement and Gaussian fit in x {left panel)
and y (right panel) direction of an imaged bead. Scale bar 2 um. (E) Schematic of a 100 nm fluorescent
bead positioned close to the surface of a 0.5% Impa cylinder and (F) normalized intensity profile meas-
urement and Gaussian fit in x {left panel) and y (right panel) direction of an imaged bead. Scale bar 2 um.
For all the Gaussian fits here presented R?> 0.96, and o represents the standard deviation of the Gaussian

curve.
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Characterization of detected fluorescence signals from individual YFP-GR molecules

The experiment was performed on HEK293 cells transiently transfected with an expres-
sion vector for YFP-GR. The cells were fixed to guarantee immobility of the fluorophores
so they would not diffuse out of the FoV. Subsequently, the fixed cells were mounted on
the LSFSMM setup for imaging. Characteristics of the YFP molecule fluorescence signal
(Fig 3A), was determined by analysis of 1241 fluorescence intensity spots that displayed
single-step photobleaching, which indicates the presence of a single fluorescent pro-
tein within a diffraction-limited spot. Almost 85% of all the single-molecule traces were
3 frames long or shorter, and the average trace length of a single YFP-GR molecule

equaled 2.3 frames (Fig 3B).

To extract the information about the point-spread function (PSF) of the fluorescence
from a single YFP molecule, a Gaussian function was plotted over the 2D intensity profile
(Fig. 3A). We determined the maximum of the Gaussian function as a measure for the
intensity, while its full width at half maximum (FWHM) as a measure for the width of the
PSF of a single YFP molecule. The maximum of the Gaussian function of 1241 signals
from immobilized YFP-GR molecules in the fixed HEK293 cell equaled 139.8 + 22.4
counts, which corresponds to 22.3 + 9.7 photons (Fig. 3C). The mean FWHM value of the
Gaussian curves fitted on the single-molecule intensity profiles equaled 357.5 +12.6 nm.
These characteristics of the fluorescence signals from individual YFP molecules were
subsequently used to determine the threshold values for the identification of signals
attributed to single YFP-GR molecules in the images acquired from living zebrafish em-
bryos using previously developed, customized software (Harms et al., 2001; Lommmerse
et al,, 2004; Schmidt et al., 1996) (Fig. 3D). The mean number of single YFP-GR molecules
identified per image frame equaled 19.6 + 8.7. The positional accuracy of the measure-
ments was determined by calculating the quotient of the FWHM and square root of the
number of photons detected, and equaled 76 nm (Bobroff, 1986), while Signal-to-Noise
Ratio (SNR), being defined as the intensity of an individual fluorophore (139.8 + 22.4
counts) divided by the standard deviation of the background signal (7.2 counts),
equaled circa 20 (Fig. 3C).
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FIGURE 3: Characterization of detected fluorescence signals from individual YFP-GR molecules in
fixed HEK293 cells. (A) Localization of a single fluorescent molecule. The circle indicates a fluorescence
intensity spot that was attributed to an individual YFP molecule based on single-step photobleaching.
(B) Top: Bar graph depicting the trace length of 1241 single molecules (521 traces) identified in images of
fixed HEK293 cells. The average trace lengths equaled 2.3 frames, and approximately 85% of all traces
consisted of 1-3 frames. Bottom: Time trace of the relative single-molecule fluorescence signals deter-
mined for all YFP-GR molecules showing a trace length of 1-3 frames. All traces show single-step photo-
bleaching indicating that the signals can indeed be attributed to single YFP-GR molecules. (C) Density
(p) plot representing the distribution of the peak intensity of 1241 fluorescence signals. The curve is nearly
Gaussian-shaped with a maximum of 139.8 counts per 25 ms, corresponding to 22.3 photons. The signal
intensity of the background is shown for comparison (dashed red line, density values are multiplied by 3
for better visualization). (D) Localization of single YFP-GR molecules in the nucleus of a nucleus in a living
zebrafish embryo. The image depicts a representative localization of YFP-GR molecules, with an average
of 19.6 + 8.7 peaks per frame, accumulated from 3000 consecutive frames. Nucleoli are visible (white cir-

cular regions inside of the nucleus), in which YFP-GR molecules are not found.

Experiments on live fish and data analysis

In order to confirm the presence of the YFP-GR molecules and their localization within
the nuclei of the embryonic cells, embryos of the Tg(actb2:mCherry-H2A) transgenic
zebrafish line, which express a fusion protein of mCherry and the nuclear protein his-
tone 2A in all cells, were injected with the YFP-GR expression vector and imaged at 1dpf
(day post-fertilization) using a different custom-made LSFM system setup. This multi-
view LSFM microscope allowed us to visualize, at 1.3 um lateral resolution and extended
field of view, the development of the whole embryo (Krzic et al., 2012). The resulting im-
ages showed the expression of the YFP-GR molecules and their co-localization with the
H2A histone signal (Fig. 4ABC) within the nuclei of the cells in the embryonic body. The
YFP-GR expression was particularly evident in the external yolk syncytial nuclei (eYSN),
which have migrated to cover the yolk sac during gastrulation. They are part of the yolk
syncytial layer (YSL), a syncytium containing yolk syncytial nuclei (YSN) that is formed
during early embryogenesis as a result of mitotic divisions without cytokinesis. It con-
sists of internal YSN (iYSN, located between the yolk sac and the proper embryo) and
eYSN that cover the yolk sac. The YSL plays an important role in meso- and endodermal
differentiation, epiboly and cardiac formation, and it plays a nutritive role during embry-
onic and larval stages (Carvalho and Heisenberg, 2010; Chu et al., 2012; Kimmel and Law,
1985; Kimmel et al., 1995). These giant nuclei are transcriptionally very active and have

previously been shown to display high levels of transgene expression, which may be due
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to a high transcriptional activity or enhanced transgene replication in these nuclei (Wil-
liams et al., 1996). We therefore chose these nuclei as target for our SMM intranuclear
analysis, as upon DNA injection their expression levels are significantly higher than

those of somatic nuclei.

H2A-mCherry H2A-mCherry GR-eYFP

B

Yolk mass  m—-

H2A-mCherry

FIGURE 4: Imaging of YFP-GR in a zebrafish embryo. (A) Maximum intensity projection of a z-stack
obtained using LSFM imaging of a developing 1dpf Tg(actb2:mCherry-H2A) zebrafish embryo injected
with a YFP-GR expression vector (only H2A signal shown in A). Scale bar 300 um. (B, C) Higher magnifica-
tion image of the highlighted ROI showing the (B) mCherry-H2A and (C) the YFP-GR signal (maximum
intensity projections, scale bars 50 um). Imaging performed using a different LSFM setup. The expression
of GR is evident, as well as the localization within the eYSN. (D) Image of a nuclei in the yolk from a 2dpf
live zebrafish embryo obtained using the LSFSMM setup. Only H2A signal shown, scale bar 10 uym. (E-G)
Three individual YFP-GR molecules imaged through the LSFSMM setup within the ROIs highlighted in D

(white squares), in a 2 dpf zebrafish embryo. Scale bars 2 um.

Subsequently, using the LSFSMM system high-resolution image sequences of the YFP-
GR in the embryos were acquired with a time lag of 25 ms and a length of 1000-4000
frames (Fig. 4D). To study the effect of GR activation, embryos were imaged in the ab-

sence and presence of the synthetic glucocorticoid dexamethasone. One zebrafish
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embryo was selected for both vehicle- and dexamethasone-treated groups, and in each
of the selected embryos three separate areas were imaged. Images exhibited the pres-
ence of fluorescence intensity peaks, which were then attributed to single molecules. A
projection of 1000-4000 consecutive frames (as shown in Fig. 3D) showed a different
density of fluorescence intensity peaks between the nucleus and the cytoplasm and
served as a matrix for selecting the area of studying protein mobility patterns, so only
localizations of nuclear GRs were taken into consideration. Resulting average density of
GR molecules per image equaled 19.6 + 8.7. A representative image depicting nuclear

GRs localization is presented in Supplement 1, Fig. S3.
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FIGURE 5: Analysis of the mobility pattern of YFP-GR in zebrafish embryos. Data obtained from three
embryos from both the vehicle- (red) and dexamethasone-treated (blue) groups were pooled, and their
averages with standard deviations are presented. (A) Cumulative probability P plot of squared displace-
ment measurements r?, obtained experimentally for a time lag of 25 ms. Experimental data are best fitted
using a two-population model, yielding the size of the fast subpopulation and the MSD for each time lag.

Number of MSD replicates per time lag in each of the group equaled to 30. (B) Fast subpopulation fraction
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size in the vehicle-and dexamethasone-treated groups, fitted to a linear model with a fixed slope. P(t = 25
ms): 0.72, P(t = 50 ms): 0.49, P(t = 75 ms): 0.69, P(t = 100 ms): 0.92, P(t = 125 ms): 0.81. The 95% confidence
interval and the standard deviation are shown. (C) MSD values for the fast subpopulation for the vehicle-
and dexamethasone-treated groups, fitted using a confined diffusion model. The 95% confidence interval
and the standard deviation are shown. P(t = 25 ms): 0.11, P(t = 50 ms): 0.02, P(t = 75 ms): < 0.01, P(t = 100
ms): < 0.01, P(t =125 ms): < 0.01. (D) MSD values for the slow subpopulation for the vehicle- and dexame-
thasone-treated groups, fitted using a confined diffusion model. P(t = 25 ms): 0.15, P(t = 50 ms): 0.83, P(t =
75 ms): 0.24, P(t =100 ms): 0.27, P(t =125 ms): 0.42. The 95% confidence interval and the standard deviation
are shown. For (BCD), Shapiro-Wilk test was performed to check if data is normally distributed. Signifi-
cance of the results was conducted using a mixed-effect model for comparison of means between two
normally distributed groups. Significant differences are indicated by an asterisk (Significance levels: P >
0.05, non-significant; P < 0.05, *; P < 0.01, **). Pearson’s correlation coefficients R2 of the model fitness are

shown.

To determine the mobility pattern of the molecules, the particle image correlation spec-
troscopy (PICS) analysis was used, which in contrast to other methods that are based
on tracking of molecules, requires no a priori knowledge about the dynamical coeffi-
cients and works in principle for arbitrarily large molecule densities (Semrau and
Schmidt, 2007). In PICS analysis, positions of single YFP-GR molecules between all con-
secutive image pairs are correlated. After elimination of random correlations, differ-
ences in molecular positions between subsequent images resulting from movement of
individual molecules (i.e., squared displacements) remained. The latter were plotted in
a cumulative distribution plot and fitted to a biexponential probability function, which
indicated the presence of two subpopulations: a fast and a slow subpopulation based
on their differing mean squared displacements (MSDs) (Fig. 5A). Next, values of subpop-
ulation sizes and MSDs for the fast and slow subpopulations were determined and plot-
ted for each of the selected time lags (i.e., 25, 50, 75, 100, and 125 ms). The resulting plot,
depicting the size of the fast population a, showed that this parameter remained stable
across time lags (Fig. 5B). Th. The plots depicting MSD function of time for both the fast
(Fig. 5C) and the slow (Fig. 5D) subpopulation showed curves that reached a plateau at
larger time lags. Therefore, we fitted these MSDs curves using a confined diffusion
model, in which the molecules diffuse freely with an initial diffusion coefficient D, and
are confined to an area described by a square with a side length L. Analogous analysis
was performed in the fixed HEK293 cells data for comparison, results of which can be
found in the Supplement 1, Fig. S1. This analysis showed the predominant presence of

one fraction (94.8 + 1.3%) with the diffusion coefficient of 0.041 + 0.038 um?s™. Evident
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immobility of this fraction obtained for the fixed YFP-GR molecules signifies that the
PICS software is a suitable tool for diffusion analyses in both mobile and immobile mo-

lecular fractions.

The results of this analysis exhibited that, in the absence of dexamethasone, the size of
the fast subpopulation equaled 90.4 + 1.0%. Treatment with dexamethasone did not re-
sult in a significant change in the size of the fast subpopulation (77.7 + 0.9%) (Fig. 5B,
Table 1). The initial diffusion coefficient (D,) of the fast subpopulation was 7.90 + 0.53 pm?
s in vehicle-treated embryos. Treatment with dexamethasone significantly lowered
this coefficient (3.52 + 0.12 um?2s7). Similarly, the size of confinement area (L) of the fast
subpopulation differed significantly between the vehicle- (1233 + 7 nm) and the dexa-

methasone-treated (912 + 5 nm) embryos (Fig. 5C, Table 1).

Corresponding D, values in the slow subpopulations were lower when compared to
their fast counterpart, and equaled 0.78 + 0.18 um? s™ for the vehicle- and 0.61 + 0.13 pm?
s'for the dexamethasone-treated group. These values were not affected by dexame-
thasone treatment. Small sizes of the confinement areas, were observed for the slow
subpopulations (322 + 4 nm in the vehicle-, and 373 + 9 nm in the dexamethasone-
treated group). They were three- to four-fold lower than the confinement areas ob-

served in the fast subpopulation (Fig. 5D).

TABLE 1: Results of the analysis of the mobility pattern of YFP-GR in zebrafish embryos.

Parameter Vehicle-treated Dexamethasone-treated
a [%] 90.4 1.0 77.7+0.9

D, fast subpopulation [um?2sT] 7.90 + 0.53 352+0.12

D, slow subpopulation [um?s7] 0.78 £+ 0.18 0.61+0.13

L fast subpopulation [nm] 1233+7 912 +5

L slow subpopulation [nm] 322+ 4 373+9

Finally, we characterized the patterns of variability to determine the main sources of
variation during the experiments. First, we analyzed the correlations between the num-
ber of molecules per image and the parameters describing the mobility pattern (size of
the fast subpopulation and MSDs for fast and slow subpopulations, obtained experi-
mentally for the time lag of 25 ms). The results of this analysis showed that there was no

correlation between the number of molecules and any of these parameters (correlation
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coefficients equaled 0.14, 0.46, and 0.22, respectively), indicating that the measured pa-

rameters were independent from the density of detected molecules in the FoV.

Subsequently, we used a linear mixed model approach to estimate the variance com-
ponents within our data, and to determine the sources of the measurement error. In
this analysis, we also included residual variance that displays the extent of variability

that cannot be explained by our experimental design (See Table 2).

TABLE 2: The variance values o? per source parameter and their percentage contribution towards the

total variance for the given parameter.

Source of variance
Subscale a MSD fast subpopulation MSD slow subpopulation
o2 % o? % o? %
Embryo 0.324 249 0.109 219 0.016 155
Area 0.136 105 0.194 391 0.006 59
Image 0.042 32 0.061 123 0.015 13.8
Residual @ 0.800 61.4 0.132 26.7 0.069 64.8

aResiduals account for variance that cannot be explained by the experimental design.

A gquantitative presentation of the variance analysis together with percentage contribu-
tions of each source of variation are presented in Table 2. In this table, the contribution
is presented of a single embryo (or an experimental day, since one embryo was imaged
per day), an area within an embryo, and the consecutive images taken within the same
embryo to the overall variability of the size of the fast subpopulation a, and the MSDs of
the fast and slow subpopulations. For all of parameters selected in the statistical design
of our data, a high percentage of the variability came from the sources that could not
be controlled for during the experimental design (residual variance of 61.4% for fast sub-
population fraction size, a, 26.7% for MSD of fast subpopulation, 64.8% for MSD of slow
subpopulation; see Table 2). If we exclude the contribution of the unexplained variance
towards the total data variability, the linear mixed model analysis demonstrated that
most of the variability is observed between imaging different embryos (total variance
contribution of 24.9% for fast subpopulation size (a), 21.9% for MSD of fast and 15.5% of
slow subpopulations respectively). Interestingly, imaging of different areas within an in-
dividual embryo showed a large contribution to the variance of the MSD of fast subpop-

ulation (39.1%), but had little effect on the variation of the fast subpopulation size (10.5%)
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and the MSD of the slow subpopulation (5.9%). By contrast, imaging of the same cell
area within an embryo contributed less to the overall variability of the results (See Table
2, Fig. S2).

4.3 DISCUSSION

LSFSMM setup

Here we have presented our implementation of a custom LSFM platform that permits
imaging at SMM sensitivity not only in cultured cells, but also in larger and more physi-
ologically relevant biological samples, such as living zebrafish embryos. In a previous
study, we have used TIRF microscopy to perform SMM in zebrafish embryos, which en-
abled SMM analysis in the apical membrane of the outer epidermal cell layer of the em-
bryo (Schaaf et al., 2009a). Other related techniques, such as HILO microscopy, would
have permitted to reach deeper structures inside these cells, e.g., the nuclei, but the FoV
of these techniques are inherently limited. Using the LSFSMM setup presented in this
study, we are able to visualize individual molecules not only at the membrane of the
outer cell layers, but also inside cells, and at a relatively large FoV (13.5 x 300 um). The
developed sample mounting system allowed us to easily position specimens in the tight
volume between the two objectives, permitting 3D translations and rotations in order
to image the areas of interests. The FEP support and the multilayer Impa mounting
permits to sustain samples of various sizes, ranging from cultured cells to zebrafish em-

bryos, with minimal optical aberrations.

Compared to LSFM techniques commonly used for SMM studies (Chen et al., 2014b; Gao
et al,, 2012; Gebhardt et al,, 2013; Greiss et al,, 2016; Li et al., 2013; Reisser et al., 2018), the
presented LSFSMM setup features a simpler optical design: in the excitation path, con-
ventional Gaussian beams are employed, which helps also non-expert users in both
alignment and experimental procedures. This illumination path also facilitates the sam-
ple mounting, as no additional components (such as a prism (Li et al., 2013) or micro-
mirrors (Gebhardt et al., 2013; Greiss et al., 2016; Reisser et al,, 2018)) are inserted. Moreo-
ver, the iISPIM configuration permits to free the top part of the FEP support, minimizing
optical aberrations. Finally, the setup is assembled from commercially available parts.

Altogether, this implementation will permit other laboratories to adopt the technique
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as well to further expand the application of LSFM to the sub-cellular level within living

organisms such as zebrafish embryos.

We demonstrated the capability of our LSFSMM platform to image individual molecules
inside an intact living organism using zebrafish embryos. Our custom-designed sample
support and sample-mounting procedure enabled the conduction of experiments on
the same 2 dpf zebrafish embryos for several hours, while leaving the embryo in a
healthy condition. At the same time this procedure helped in minimizing the optical
aberrations due to the mounting medium. After the imaging sessions we always con-
firmed that the samples had survived the procedure stress-free, as we were able to let
them further develop without mortality or obvious malformations. Moreover, in two ex-
periments we performed imaging on a 2 dpf zebrafish embryo, kept it overnight in the
microscope and continued the experiment the next day. These quality control experi-
ments enabled us to conclude that no phototoxicity or adverse developmental effects
were induced in the embryos during the imaging session and ensured the suitability of

the developed method.

We therefore believe that our implementation permits innovative SMM studies in which
the mobility patterns of the single molecules are analyzed not only at a single time
point, but also over prolonged periods of time in the same living individual, which ena-
bles investigating the correlation between sub-cellular molecular dynamics and macro-
events such as the developmental stage, metabolism, drug induction or cell and tissue
differentiation. To perform this kind of experiments, the imaging chamber is also de-
signed to support a temperature control system ensuring ideal environmental condi-
tions for zebrafish development or other living organisms readily mountable using our

setup.

The glucocorticoid receptor mobility patterns in zebrafish embryos

In this study, we have used our LSFSMM setup to analyze the dynamics of the GR inside
nuclei (in particular the eYSN) in living zebrafish embryos. The results of this analysis
show that single YFP-GR molecules can be detected in these nuclei with a positional
accuracy of 76 nm and a temporal resolution of 25 ms. The positional accuracy in our

study is relatively lower than the values of circa 40 nm, which were reported in previous
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studies (Groeneweg et al., 2014; Keizer et al.,, 2019; Schaaf et al,, 2009a). The difference is
due to the implemented microscopy setup, which incorporated the detection objective
of a lower NA (1.0). Analysis of the mobility pattern of the GR inside these nuclei revealed
that these molecules can be divided in a fast and a slow diffusing subpopulation. The
occurrence of a fast- and a slow-diffusing subpopulation of GR molecules has been ob-
served previously for GR and other transcription factors (Groeneweg et al., 2014), and
has been interpreted as GRs that diffuse freely within the nucleus, and receptors that
interact with DNA respectively. In a recent study, it was shown that this fast subpopula-
tion could, in turn, be divided into two fractions with different mobility, of which the
fastest one was interpreted as receptors diffusing freely through the nucleus, and the
slowest one as GRs interacting non-specifically with the DNA (Keizer et al., 2019). The
biological function and implications of such GR-DNA interactions have been widely dis-
cussed in previous studies (Chen et al, 2014a; Gebhardt et al,, 2013; Groeneweg et al,,
2014, van Royen et al., 2007). As a result of the lower spatial and temporal resolution of
the imaging, fitting of the data with a three-population model did not yield consistent
results, so in the current research, we could only distinguish two GR subpopulations.
Our findings show that the vast majority of the GR molecules belonged to the fast sub-
population, which constituted approximately 90% of the total GR population in the ve-
hicle-, and 77% in the dexamethasone-treated group. This percentage is remarkably
higher than previously reported sizes of this subpopulation, which were between 45 and
60% in the nuclei of cultured cells upon activation by cortisol or dexamethasone
(Gebhardt et al., 2013; Groeneweg et al., 2014; Keizer et al., 2019; Presman et al., 2014). The
difference between our control-treated zebrafish embryos and previously reported cor-
tisol-treated cellular models, might be explained by a lack of a properly developed cor-
tisol secretion in 2 dpf embryos (Alsop and Vijayan, 2009), but this does not entirely ex-
plain the differences between these models upon dexamethasone treatment. The high
percentage of fast-diffusing molecules is better explained by the large size of the eYSN.
A larger fraction of freely-diffusing GRs may be expected with more nuclear space avail-

able and the same amount of chromatin present.

Interestingly, GR molecules in either of the subpopulations did not move within the en-
tire nuclear environment, but were confined to areas with a size of around 1233 nm for
the fast subpopulation and 322 nm for the slow subpopulation (which is so close to the

spatial resolution of our setup that this subpopulation might as well be considered
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immobile). The confinement of the GRs has not been observed in previous studies on
the receptor mobility patterns. In our approach, however, we were able to reconstruct
the square displacements of GRs in both fractions over a longer period of time, to de-
termine the occurrence of nuclear areas beyond which the diffusion of the GRs is re-
stricted. Such a confinement of the fast GR subpopulation indicates that the receptors
diffuse within areas surrounded by barriers, which in the nucleus could be formed by

chromatin.

The (initial) diffusion coefficients of the two subpopulations equaled 7.90 + 0.53 pm?s
for the fast subpopulation, and 0.78 + 0.18 pm? s for the slow subpopulation. Previous
studies reported on values of the GR fast fraction diffusion coefficients to fall within the
range of circa 2.5 and 9 um? s’ (Gebhardt et al., 2013; Groeneweg et al., 2014; Keizer et al.,
2019), which was also observed for other transcription factors, such as p53 or STATI
(Mazza et al,, 2012; Speil et al., 2011). We conclude that the values for the diffusion coeffi-
cients that were obtained in our approach fall well within the previously published
range. The slow subpopulation was characterized by a tenfold lower diffusion coeffi-
cient. Studies performed on cellular models report that these coefficients for the GR
slow subpopulation to fall within the range between 0.03 and 0.50 um?s? (Gebhardt et
al., 2013; Groeneweg et al., 2014, Keizer et al., 2019).

The effect of dexamethasone treatment on the mobility patterns of the glucocorticoid

receptor subpopulations

In the present study, we found that treating zebrafish embryos with dexamethasone for
3 hours prior to the imaging did not significantly alter the size of the subpopulation of
GRs. However, in previous studies it has consistently been shown that dexamethasone,
as a high-affinity GR agonist, decreases the size of the fast subpopulation, which is gen-
erally believed to reflect a larger fraction of GRs interacting with DNA in order to mod-
ulate the transcription of genes (Groeneweg et al., 2014). We may have failed to detect
a significant decrease in population size due to a limited resolution of our experimental
approach, but alternatively, the lack of a dexamethasone effect on the population size

in our study may be due to the specific characteristics of the eYSN.
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In addition, we show that treatment with dexamethasone leads to a smaller confine-
ment area (912 nm) for the fast GR subpopulation. The smaller size of the confinement
area for the fast GR subpopulation of the dexamethasone-treated group may be ex-
plained by the dexamethasone-activated GR molecules constituting a part of larger
multi-protein complexes. These complexes, containing multiple receptor molecules
and transcriptional coregulatory proteins, are present inside the cell nucleus and par-
ticipate in transcription of GR target genes. Diffusion of the GR molecules in such bulky
multi-protein aggregates might, therefore, be limited, resulting in the smaller confine-

ment areas in the dexamethasone-treated groups.

Treatment with dexamethasone also resulted in a decrease of the diffusion coefficient
from 7.90 to 3.52 um?s’ in the fast subpopulation, and from 0.78 to 0.61 um? s in the
slow one. In a previous study conducted on cultured cells, activation with a high affinity
ligand such as dexamethasone resulted in lower diffusion coefficients of the mobile
fraction as well, although a smaller effect was observed (Groeneweg et al., 2014). Lower
diffusion coefficients of the mobile fraction might also point to a previously described
slow-diffusion state, in which GR-ligand molecules bind non-specifically to the DNA in
search of their proper binding site (Keizer et al.,, 2019). Our results, therefore, confirm the
findings established in cellular models that the interactions between ligand and recep-

tor determine GR-DNA binding events.

It must be pointed out that the exposure time (t) used in our experiments (0.025 s) is

relatively long compared to the diffusion coefficient (D,) and size of confinement area

(L) of the molecules under investigation. Due to motion blur, this may result in incorrect
2

2
determination of the parameters L and D,. However, a set of formulas, %-DO > 3T pro-

posed by Destainville and Salomé (Destainville and Salomé, 2006), can be used to cal-
culate the accurate values from the experimentally determined ones. Using this
method, which was recently validated by Mortensen et al. (Mortensen et al., 2021), we
determined confinement sizes of 1872 and 1236 nm for the vehicle- and dexame-
thasone-treated groups, respectively, and diffusion coefficients of 37.9 and 1.1 um?2s.
These latter values are surprisingly high, especially compared to previous results ob-
tained in cultured cells (Gebhardt et al., 2013; Groeneweg et al., 2014; Keizer et al., 2019),
and in future studies we would like to attempt confirming these remarkably high diffu-

sion rates of GRs in eYSN of zebrafish embryos.
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Variability of the glucocorticoid receptor mobility patterns

Finally, we analyzed the sources of variation in these experiments. This analysis revealed
that most of the existing variability in in vivo protein mobility measurements originated
from imaging different embryos as well as imaging different cell areas within an indi-
vidual embryo. However, while imaging different embryos constituted a major compo-
nent of the data variability for all parameters measured (from 15.5% of the total variability
for slow population MSD till 24.9% for the size of the fast population, see Table 2), imag-
ing different cell areas was a major component only in the case of the fast population
MSD (39.1% of the total variability). We suggest that the differences in values of the pa-
rameters between individual embryos might stem from an inherent genetic variation
between different zebrafish batches. The absence of inbred zebrafish strains and result-
ing increased genetic variability is a factor that probably contributed to the overall var-
iability of the GR mobility patterns. As imaging different cell areas within an individual
embryo leads to an increase in variability of the fast subpopulation MSD only, it is likely
that the architecture of the nucleus hinders the displacement of the fast-diffusing GRs
in a cell-dependent manner. Specific nuclear chromatin organization might have led to
the increase in observed differences in the MSD values of the fast subpopulation be-

tween individual nuclei of embryonic cells.

4.4 MATERIALS AND METHODS

Zebrafish. Zebrafish (Danio rerio) were grown, maintained and handled in compliance
with the directives of the local animal welfare body. They were exposed to a 14h light
and 10h dark diurnal cycle at 28°C. Fertilization was performed by natural spawning at
the beginning of the light period, and the fertilized eggs were collected and maintained
in E3 medium (5 mM NacCl, 0.17 mM KCI, 0.33 mM CacClz, 0.33 mM MgSQs4) at 28°C. All
experiments were performed using embryos from the Tg(actb2:mCherry-H2A)

zebrafish line.
Microinjection and treatment of embryos. A cDNA construct encoding eYFP-GR(alpha),

hereafter referred to as YFP-GR, was genetically cloned into a PCS2+ zebrafish expres-

sion plasmid. The resulting PCS2+-eYFP-GR(alpha) plasmid was microinjected into
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zebrafish embryos at the 1-2 cell stage (30 pg per embryo), resulting in a mosaic expres-
sion of the eYFP-GR(alpha) protein in the zebrafish embryo. Microinjections were done
under a stereomicroscope (Leica SBAPO), using a microinjector (Pneumatic Pico Pump
PV820, WPI) and a micromanipulator with pulled microcapillary pipettes (model
GCI00F-15 from Harvard Apparatus, pulled with P-97 Micropipette Puller from Sutter
Instrument). Injected eggs were left to develop in an incubator at 28°C. Viability and
development of the eggs after microinjections were checked on a daily basis using a
fluorescence stereomicroscope (Nikon SMZ1000 C-DSD230). To prevent embryonic pig-
mentation, embryos were incubated in 0.003% phenylthiourea (PTU) from 10 hpf (hours
post-fertilization) onwards, and this solution was refreshed daily. For treatment with the
synthetic glucocorticoid dexamethasone, a 10 mM stock solution in DMSO was pre-
pared. The zebrafish embryos were incubated in dexamethasone (final concentration of
25 uM) in egg water for 3 hours, at 28°C, prior to the microscopy imaging. As a control, a

group of zebrafish embryos was incubated in a vehicle solution of 0.01% DMSO.

LSFSMM setup details. In the LSFSMM setup, the light from an ArKr laser (Innova 70C
Spectrum, Coherent) is first passed through an acousto-optic tunable filter (AOTFNC-
400.650-TN, AAOptoelectronics) to select the needed illumination wavelengths (514.5
nm for the YFP, and 568.2 nm for the mCherry molecules). After the AOTF (see Fig. 1A),
the light beam is sent to a telescope (AC254-030-A-ML, AC254-250-A-ML, Thorlabs), go-
ing through a spatial filter (with a 30 yum pinhole) to produce a clean Gaussian beam.
The collimated beam is then focused by a cylindrical lens (focal length of 75 mm,
LJ1703RM-A, Thorlabs). An additional telescope (AC254-100-A-ML, AC254-200-A-ML,
Thorlabs) is then used to illuminate the back-focal plane (BFP) aperture of a water im-
mersion illumination objective (10X Nikon CFI Plan Fluorite Objective, 0.30 NA, 3.5 mm
working distance (WD)) that will finally project the light sheet at the sample plane. The
illumination path also incorporates, in a conjugated plane with the BFP of the illumina-
tion objective, a galvanometric mirror (GVS002, Thorlabs) that allows scanning the light
sheet across the sample volume. In the detection path, the fluorescent signal is col-
lected by a water-dipping detection objective (20X Olympus XLUMPLFLN Objective,
1.00 NA, 2.0 mm WD). This is passed through a motorized filter wheel (FW103H, Thorlabs)
and a 200 mm tube lens (TTL200-A, Thorlabs). A periscope formed by an additional tel-
escope (TTL100-A and TTL200-A, Thorlabs) permits an additional 2x magnification and

projects the image onto the chip of a sSCMOS camera (OrcaFlash4 v.3, Hamamatsu).
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With this configuration (Olympus objective coupled to 200 mm tube lens and 2x peri-

scope), the total magnification is 44.4x.

Determination of imaging parameters. To measure the thickness of the light sheet, the
cylindrical lens was removed from the optical path, and the beam that was focused
through a fluorescent solution by the illumination objective was imaged. Using FIJI soft-
ware (Tinevez et al., 2017), the intensity line profile at the beam waist was generated and
Gaussian-fitted (Fig. 2A). The standard deviation o of the Gaussian fit was used to calcu-

late the full width at half maximum (FWHM) of the intensity line profile as FWHM = 20 -
(2 -1n2) = 2.3550, which represents the light sheet thickness waist diameter, and

equaled 2 um. The illumination field of view (FoV) was calculated as in Olarte et al.

A

(Olarte etal,, 2018),i.e,FoV = 1.78 - n - ——,
(N4)?

where n is the medium refractive index (wa-

ter), 1 is the illumination wavelength, and NA is the illumination objective's numerical
aperture, and equaled 13.5 um. The illumination FoV, considered as the double of the
Rayleigh range, was also measured on the imaged beam profile and found to be 14.5
pm, in good agreement with the theoretical value. To obtain the excitation power den-
sity, the optical losses introduced by the illumination path were first determined. These
were about 69%, due to the overfilling of the back-focal plane of the objective, to ensure
homogeneous illumination. By setting the power at the input port of the microscope at
66 MW, the power at the sample plane resulted in 20.25 mW. Being the illumination
focal plane area defined by the thickness (2 um) and height (1.2 mm) of the light sheet,
the resulting power density equaled ~ 0.85 kW cm2 To measure the optical resolution
of the system, sub-diffraction fluorescent beads (100 nm in diameter) were embedded
in 0.5% low melting point agarose (Impa) and placed as sample in the microscope using
a Fluorinated Ethylene Propylene (FEP) support. Images were taken for beads close to
the middle axis and near the surface of the produced agarose cylinder (Fig. 2C and Fig.
2E, respectively). The intensity profiles in x and y were measured, Gaussian fitted, and
their FWHMSs calculated. Shapiro-Wilk tests were performed to confirm the normal dis-
tribution of the FWHMSs values. Unpaired t-tests were then conducted to check for sta-
tistically significant difference between the values obtained for beads close to the mid-
dle axis (N =11 beads) and near the surface (N =11 beads), in both lateral directions (Fig.
2B).
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Cultured cells fixation, mounting, and LSFSMM imaging. To determine the characteris-
tics of the detection of a single YFP molecule in the LSFSMM setup, HEK293 cells were
transfected with the plasmid PCS2+-eYFP-GR(alpha) for expression of YFP-GR. For
transfection, cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium, Invitro-
gen, Waltham, MA, USA) supplemented with penicillin and streptomycin (10 ug ml,
Invitrogen), Glutamax (10 ug ml?, Invitrogen) and 10% fetal calf serum (Invitrogen) at
37°C in humidified atmosphere containing 5% of CO2. Before transfection, cells were
transferred onto a sterile glass coverslip (diameter 25 mm, Marienfeld, Germany) and
placed in a well of a 6-well plate. At a confluence level of 20-30%, cells were transfected
with 1 ug of DNA per well, using FUGENE 6 (Roche Molecular Biochemicals, Indianapolis,
USA). The transfection efficiency, determined by fluorescence microscopy screening at
48h after transfection, was approximately 20%. Two days post-transfection cells were
fixed with 4% PFA. Fixed cells were then immersed in 0.5% Impa, transferred into a cut
FEP support tube, and mounted in the LSFSMM system. Movies were taken using con-

tinuous illumination and a 25 ms exposure time per frame for 1000-4000 frames.

Determination of the fluorescence signals characteristics derived from individual YFP
molecules. To determine the characteristics of the fluorescence signals derived from
individual YFP molecules, as detected using our setup, we imaged fixed transfected
HEK293 cells (3 days post-transfection). For this purpose, a two-dimensional Gaussian
curve was fitted over all the fluorescence intensity spots found in the images of a fixed
HEK293 cell. Subsequently, the maximal value and the full width at half maximum
(FWHM) of the fitted Gaussian curves were determined in order to establish threshold
values for the proper identification of intensity spots reflecting single molecules (Harms
et al,, 2001). Tracking of the identified intensity spots using custom software (Schmidt et
al., 1996) showed single-step photobleaching for all spots, confirming that they could be

attributed to individual YFP molecules.

Live zebrafish embryo mounting and LSFSMM imaging. A cut FEP tube was mounted
through a glass capillary inside the incubation chamber. Lmpa solutions (2% and 0.5%
in E3 medium) were heated up to 70°C, and 2% Impa was applied to the distal and prox-
imal ends of the cut tube as well as at the basis (see Fig. 1) and left to solidify. Naturally
hatched zebrafish embryos were transferred to a petri dish containing E3 medium with

tricaine (100 mg L7). Subsequently, an embryo was transferred to a glass bottom petri
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dish, the E3 medium was removed, and 0.5% Impa (cooled down, with 100 mg L’
tricaine) was poured onto the glass petri dish. While still liquid, a drop of 0.5% Impa,
together with the zebrafish embryo, was aspired through a glass pipette and carefully
transferred into the FEP support, on top of the already present 2% Impa layer. The incu-
bation chamber with the FEP tube containing the zebrafish embryo was mounted into
the setup, on top of a platform connected to a xyz motorized stage (8MTF from Standa
for xy-translations, 8302 Picomotor Actuator from Newport, connected to LX10/M from
Thorlabs, for z-translations). The glass capillary was connected, using a screw, to a step-
per motor (L401851204-M6, Nanotec) for sample rotation. E3 medium with tricaine
(100mMg L") was poured into the imaging chamber at room temperature, to completely
immerse the sample and the tip of the objectives. Using a custom-made software in
LabVIEW, the position of the sample in x, y, and z was adjusted to be in the FoV of the
detection objective. Rotation around the y-axis of the specimen and the movement in 2
of the light sheet provided additional alignment flexibility and possibilities to change
the imaged area. The position of the detection objective was manually adjusted. A re-
gion of interest (ROIl) was selected based on the mCherry signal (from the nuclear
mCherry-H2A protein, illumination wavelength 568.2 nm, emission filter FF01-620/14-25,
Semrock) to localize the nuclei. The YFP signal (from the YFP-GR protein, illumination
wavelength 514.5 nm, emission filter FF01-535/22-25, Semrock) was chosen to confirm
the expression of the fluorescently labeled GR. Once a ROl was selected, a movie of the
YFP signal was recorded using continuous illumination and a 25 ms exposure time per
frame for 1000-4000 frames. The PTU treatment prevented the pigmentation of the
sample, i.e., avoiding light-sheet shadowing effects. In case a shadowing effect would
have occurred, the region of interest could have been changed through sample trans-

lation/rotation.

Live imaging using the muviSPIM setup. To check the presence and localization of GR
in the zebrafish embryos, lower resolution imaging was performed. A PTU-treated, non-
dechorionated 1 dpf embryo was embedded in a 1.5% Impa cylinder and immersed in
the incubation chamber of a custom-made LSFM setup in the muviSPIM configuration
(Krzic et al., 2012). The incubation chamber was filled with E3 medium with tricaine (400
mg L) and its temperature maintained at 26.5°C. Z-stack images were acquired of the
embryos for both the YFP and mCherry signals every 15 minutes during 22 hours. A se-

quential illumination scheme was employed to illuminate both sides of the embryo.
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Light sheets (at 488 nm for YFP excitation and at 561 nm for mCherry excitation) were
generated through the coupling of cylindrical lenses (LJ1703RM-A, Thorlabs, focal
length 75mm) and air objectives (4X Nikon Plan Fluorite Imaging Objective, 0.13 NA, 17.2
mm WD). The emitted photons were collected through a 10X Nikon CFI Plan Fluorite
Objective (0.30 NA, 3.5 mm WD) and a sCMOS camera (OrcaFlash4 v.2, Hamamatsu).

Data Analysis. To study the mobility of proteins, Particle Image Correlation Spectros-
copy (PICS) analysis was used, described in detail previously (Schutz et al., 1997; Semrau
and Schmidt, 2007). In PICS analysis, individual molecules are not tracked, but all possi-
ble correlations between the locations of molecules in two image frames are deter-
mined. This way, a cumulative distribution function of distances is generated, which in-
cludes both contributions from diffusing molecules as well as random correlations be-
tween unrelated molecules in the two frames. The latter follows a linear relation in the
cumulative distribution plot and is subtracted prior to further analysis, yielding cumu-
lative probability distributions of displacements r; for each of the time lags, which are

fitted to a one- or two-fractional model. The former is described by the equation:

(r*tigg) =1—exp <— . ) D,

15 (tlag)

which assumes the probability of the molecule starting at the arbitrary origin can be

found within a circle of a radius r at the time lag t,, 4. Alternatively, in case the population
of molecules could be divided into two subpopulations with different mobility, Equation

(1) was transformed into the equation:

r? r?
e e o o) AR v o) K

where the displacements r of two subpopulations are denoted by r; and r,, and the rel-

ative size of these subpopulations by aand 1 — a.
A multistep analysis was performed for each movie acquired, analyzing correlations

over five different time lags (25, 50, 75, 100, and 125 ms). Due to photobleaching the num-

ber of displacements r? becomes smaller with increasing time lag. Nonetheless, even
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for such higher time lags, a minimal number of displacements remains in the order of
10°, as the number of images per movie is large (1000-4000 images per movie). To ex-
amine the type of diffusion of these subpopulations of molecules, the values of r# and
r2 were plotted against the time lag. The positional accuracy (dx) led to a constant offset
in 2 of 4 (dx)?. In case this plot showed a linear relationship, a Brownian diffusion was

assumed, and a curve was fitted with the equation:
riz(tlag) =4-D- tlag (3);

in which D is the diffusion coefficient. If the plot reached a plateau at larger time lags, a

confined model was fitted with the Equation (4):

L? 12Dy - t;
T',:Z(tlag) = ? . [1 — exp (- #)] (4),

in which the molecules diffuse freely with an initial diffusion coefficient D, and are con-

fined to an area described by a square with a side length L.

Experimental Design. On three experimental days, one zebrafish embryo was selected
for the LSFSMM imaging per experimental (vehicle- and dexamethasone-treated)
group, and in each of the selected embryos, three separate areas were imaged, yielding
three independent movies of 1000-4000 consecutive frames. All movies were analyzed
individually, resulting in a value per movie for a, r? and r# for each time lag. In the anal-
ysis of the HEK293 cells, one cell was selected for single peak shape analysis and single-
step photobleaching. The values of a, 2 and rZ were also determined in fixed HEK293

cell data for comparison (See Supplement 1, Fig. S1, Table S1).

Statistical Analysis. Statistical analysis was performed in R statistical software (R: a lan-
guage and environment for statistical computing, https,//www.R-project.org). Values of
a and 2 were compared between the two groups, vehicle- and dexamethasone-
treated, pooling all the values from individual images from three experimental days. In
order to check if data were normally distributed, a Shapiro-Wilk test was performed.
Significance of the results was conducted using a mixed-effect model for comparison

of means between two normally distributed groups.
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A hierarchical linear model was used to estimate the variance components within a hi-
erarchically nested sampling design, between embryos from each experimental day,
different cell nuclei in a single embryo, and different images of the same nucleus in an
individual embryo. The model also took into account the residual variability component,
which accounts for the variability that cannot be explained by the parameters used in
our experimental design. As a single, time lapse, image might contain up to 30 thou-
sand trajectories of single molecules, correlation coefficients were calculated for the re-
lationships between number of such trajectories and fast-diffusing fraction size, a, as
well as mean squared displacements of fast- and slow-diffusing fractions, r? and rZ. Sub-
sequently, sources of potential variability within the experimental design were esti-
mated by using a linear mixed model with square root transformation of 2, to ensure
that the random errors follow a Gaussian distribution. Use of linear mixed models ex-
tends the applicability of a simple linear model, since the former incorporate both fixed
and random effects. Random effects represent the special case of fixed effects that are
nested within the data, and demonstrate a subject- or group-specific variation. Linear
mixed models are commonly used to account for the data where measurements are

made on clusters of related statistical units (Bates et al., 2015; Luke, 2017).

The fitting of the linear mixed model was performed in R package, Ime4 (Bates et al,,
2015). To evaluate the contribution of each variance component towards the total vari-
ability, caterpillar plots were plotted to report the estimated group intercepts and the
associated 95% confidence intervals, as a measure of relative deviation from the global
mean of the data (See Supplement 1, Fig. S2). For instance, an average value of one ex-
perimental day contained measurements of the same parameter obtained in all the ar-
eas of an embryo within the same day, while the analogous average for a single area
entailed only those measurements that were acquired during repetitive imaging of only
one area within the embryo. Those values were then sorted from the ones deviating
most negatively from the total average to the ones that deviated most positively. Sorted
deviations of the values were ultimately juxtaposed, in order to assess which variance
component constitutes the major source of the measurement error. The corresponding
values of variance for each of the parameter measured together with residual variance
were calculated and presented together with their percentage contribution towards

the total data variability.
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FIGURE S1: Analysis of the mobility pattern of YFP-GR in fixed HEK293 cells. (A) Fast subpopulation
fraction size fitted to a linear model with a fixed slope. Since 94.8 + 1.3% of all the YFP-GR belong to one,
fast-diffusing population, impact of the slow-diffusing fraction can in this case be neglected. (B) MSD val-
ues for the fast subpopulation, fitted using a confined diffusion model. The offset value of the measure-
ment is 0.023 um s, and equals to 4-(dx)?, with the (dx) equaling 76 nm. The MSDs of this population are
so close to the offset that the molecules can be considered immobile. In both graphs, the 95% confidence

interval, standard deviation, and Pearson'’s correlation coefficients R? of the model fitness are shown.

TABLE SI: Results of the analysis of the mobility pattern of YFP-GR in fixed HEK293 cells.

Parameter Fixed HEK293 cells
a [%] 94.8+13

D, fast subpopulation [um?2sT] 0.041 + 0.038

L fast subpopulation [nm] 233 +151
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4. ANALYSIS OF INTRACELLULAR PROTEIN DYNAMICS IN LIVING ZEBRAFISH EMBRYOS USING
LIGHT-SHEET FLUORESCENCE SINGLE-MOLECULE MICROSCOPY
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FIGURE S2: Results of the mixed linear
model analysis reveal potential sources
of the data variability. To establish effect
ranges, data were logit-transformed and
presented on a logit scale. Caterpillar plots
present the effect from random compo-
nents as the deviation of the group inter-
cepts from the global mean of the data.
The effect range represents the deviation
between different embryos, different areas
within an embryo, and different images of
the same area within an embryo, that are
parts of the total measurement error in the
mobile fraction size, a (A), MSD of the mo-
bile fraction (B), and MSD of the immobile
fraction (C). Red lines indicate the global
mean of the data, while black dots signify
significant deviations from the global
mean among embryos, areas, and images.
The data points are sorted from the ones
most negatively deviating from the global
average to the ones that deviate most pos-

itively.
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FIGURE S3: Representative image of a displacement analysis based on a single image pair
(Frames N and N+1). Not every molecule is positionally correlated due to the photobleaching. The
average number of peaks perimage here equals 23.0. This image pair is a part of a 3000-image movie.

For the entire movie, the total number of displacements found in the 2999 image pairs equals to
35467.



5. SUMMARY AND DISCUSSION

5.1 SUMMARY OF THE THESIS

Single-molecule microscopy (SMM) techniques constitute potent tools that facilitate
the imaging of individual particles over time. With help of these techniques, it is possible
to analyze the dynamics of single molecules in a variety of biological systems and to
study the impact of structural and biochemical components on their mobility patterns.
In this thesis, we have optimized three advanced fluorescence microscopy technigues
and applied them to perform SMM in the zebrafish embryo model. We have used two
proteins to investigate the consistency and reproducibility of the results obtained using
our in vivo SMM approaches: H-Ras as a model membrane protein and the glucocorti-

coid receptor (GR) as a model nuclear protein.

In Chapter 2 of this thesis, we have investigated the mobility patterns of the full-length
functional H-Ras protein in the epidermal apical membranes of living two-day-old
zebrafish embryos using TIRF microscopy. We found that in these cells H-Ras is present
in two distinctive fractions, one that is fast-diffusing and another that is slow-diffusing.
Interestingly, we discovered that both H-Ras fractions do not diffuse freely throughout
the entire surface of the plasma membrane, but that they show confinement to specific
membrane microdomains. By studying a constitutively active mutant H-Ras protein, we
demonstrated that the activation status of the H-Ras protein plays a role in defining its
dynamics. In particular, the diffusion coefficient and the confinement area of the fast-
diffusing fraction were increased compared to the wild type H-Ras protein. Subse-
quently, to determine the nature of the membrane microdomains that form the con-
finement zones, we tested whether these zones represented so-called lipid rafts, which
are dependent on the presence of cholesterol and the actin filaments attached to the
plasma membrane. We found that cholesterol depletion and disruption of the actin cy-
toskeleton had a similar effect on the H-Ras mobility, also increasing the diffusion coef-
ficient and the confinement area of the fast-diffusing fraction, suggesting that the fast-
diffusing fraction of the inactive form of H-Ras resides in lipid rafts, whereas for the ac-
tive form this fraction is predominantly located in larger, cholesterol- and actin-inde-

pendent domains. Furthermore, by analyzing the sources variability of the data, we
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demonstrated that the differences between individual cells within a tissue, rather than

differences between embryos, were the main contributors to the variation in our results.

Following the TIRFM studies performed on H-Ras in vivo, in Chapter 3 we employed
multifocal 2PEF microscopy, which significantly reduces out-of-focus phototoxicity to
the biological samples along with the photobleaching of the fluorophores. By the use of
this technology, we succeeded in visualizing H-Ras anchor molecules over longer peri-
ods, which enabled us to reconstruct their trajectories. This way, we departed from the
population-based description of the single-molecule dynamics and focused on analyz-
ing molecular trajectories of individual H-Ras anchor molecules. We used this approach
to analyze the mobility pattern of the H-Ras membrane anchor fused to GFP in the
membranes of epidermal cells of zebrafish embryos. This imaging approach enabled us
to solely detect the slow-diffusing population of molecules and perform a detailed anal-
ysis of their dynamic behavior. The analysis of the trajectories revealed that the GFP-
tagged H-Ras anchors of the slow-diffusing subpopulation continuously switch be-
tween a diffusing and a hopping mode. Strikingly, we found that the time they spend
in the hopping state is relatively short compared to the time spent in the diffusing state,
implying that the anchors exhibit an anomalous mode of diffusion, which could be re-

ferred to as molecular hopping.

Finally, in Chapter 4 of this thesis, we aimed to test whether it is also possible to perform
SMM beyond the membranes of the zebrafish epidermal cells. To this end, we employed
LSF microscopy that creates a plane of light, called a light sheet, which only excites the
fluorophores present in the illuminated plane. For long-term imaging of the zebrafish
embryos using this microscopy technique, we designed a custom-made imaging
chamber. With the customized LSF microscopy setup in place, we visualized single glu-
cocorticoid receptors (GRs) inside the yolk syncytial nuclei (YSN) of one-day-old em-
bryos, and analyzed their mobility patterns. As previously found in cultured cells, we
identified a fast- and a slow-diffusing population of GRs in our in vivo system. By treating
the embryos with the GR agonist, dexamethasone, we decreased the diffusion of the
GRs, confirming results previously found in cultured cells and thereby validating the in
vivo measurements. Similarly to the H-Ras data, most of the variability in the results

came from imaging different cells within an individual zebrafish embryo.
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5. SUMMARY AND DISCUSSION

5.2 THE MOBILITY PATTERNS OF H-RAS AND CI0H-RAS IN EPIDERMAL CELLS
OF LIVING ZEBRAFISH EMBRYOS (Chapters 2 and 3)

To analyze the mobility patterns of H-Ras, H-Ras mutants and C1OH-Ras molecules in
the membranes of epidermal cells in zebrafish embryos in detail, we utilized two differ-
ent SMM techniques. By using TIRF microscopy, we were able to image individual pro-
teins with a temporal resolution of 25 ms, which enabled us to determine the existence
of two H-Ras subpopulations with different diffusion coefficients and the size of their
confinement area. As the photobleaching in the TIRF illumination significantly affects
the lifespan of the fluorescent molecules, it is impractical to reconstruct the tracks of
molecules over more than a few image frames for the vast majority of molecules. Hence,
to bypass this issue, we employed a 2PEF microscopy technique that, due to its two-
photon excitation mode, allowed us to limit photobleaching and increase the lifetime
of the fluorophores genetically fused to the H-Ras anchors and, consequently, properly

reconstruct their trajectories.

Throughout the first investigations of the H-Ras mobility patterns in which we used TIRF
microscopy, we observed that the H-Ras proteins are present in two distinctive subpop-
ulations, a fast- and a slow-diffusing one, which both showed confined diffusion. The
presence of the two subpopulations was consistent and reproducible between different
experimental approaches that we employed, i.e., between experiments performed in
HEK293T cells and the ones performed in epidermal cells of zebrafish embryos, between
different developmental stages of the zebrafish embryos, and between the full-length,
functional H-Ras protein and its membrane anchor, CIOH-Ras, as well as its constitu-
tively active (H-Ras'?) and inactive (H-RasN'7) mutants. The existence of different dy-
namic subpopulations validated our in vivo experimental approach, as the fast- and
slow-diffusing fractions had already been observed in several single-molecule studies
conducted in cultured cells on full-width H-Ras (Lommerse et al., 2005; Lommerse et al,,
2006) and on its anchoring domain C10H-Ras, which had also been studied in zebrafish

embryos (Lommerse et al.,, 2004, Schaaf et al., 2009).

During our investigations, we noticed that the full-length H-Ras protein traversed

plasma membranes of zebrafish epidermal cells with a lower diffusion coefficient than
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it did in the membranes of the HEK293T cells. This phenomenon held for both fractions
of the functional H-Ras protein, however, we did not observe similar behavior in the case
of C10H-Ras which showed slower diffusion in both systems. This suggested that inter-
actions between the functional full-width H-Ras protein and cell-specific components
inside the plasma membrane or cytoplasm are also involved in determining its mobility
patterns. This hypothesis was strengthened by the fact that fast-diffusing fractions of H-
Ras and its anchor were all confined to specific areas of the plasma membrane, which
has not been reported in all previous studies (Lommerse et al., 2006; Schaaf et al., 2009).
We speculate that the lack of confinement of the fast-diffusing subpopulation in earlier
studies stems from the combined effects of short time ranges used (< 50 ms) and larger

variability due to smaller sample sizes.

In the next set of experiments, we evaluated the role of H-Ras activation on its mobility
patterns by using constitutively active and inactive H-Ras mutants, H-Ras"? and H-
RasN', respectively. We compared the dynamic parameters determined for the wild-
type H-Ras protein and its C10OH-Ras to the parameters obtained for H-Ras"? and H-
RasN”. We found that the constitutively active mutant H-Ras"? displayed a significantly
larger diffusion coefficient and size of its confinement area for the fast-diffusing sub-
population in comparison to the same population of wild-type H-Ras, CIOH-Ras, and H-
RasN'” proteins. As the other three H-Ras constructs (H-Ras, CIOH-Ras, and H-Ras\") ex-
hibited similar mobility patterns, distinct from the H-Ras'? pattern, we concluded that
the vast majority of the wild-type H-Ras proteins diffusing in the epidermal cells of
zebrafish embryos are in an inactive state. Because it had also been shown that H-RasV?
can induce oncogenic changes in a variety of zebrafish cell types upon overexpression,
we conclude that the altered mobility is associated with the active signaling of this pro-

tein in the zebrafish cells (Feng et al.,, 2010; Michailidou et al., 2009; Santoriello et al., 2010).

The increased mobility of the active mutant H-Ras""? probably originated from an al-
tered affinity of H-Ras proteins for specific plasma memlbrane microdomains upon ac-
tivation, which has been demonstrated before (Hancock and Parton, 2005; Plowman et
al., 2005; Prior et al., 2001; Prior et al., 2003; Zhou et al.,, 2018). A myriad of scientific reports
has revealed that the H-Ras and its anchor alone both can form nanoclusters that are
located in small lipid rafts (Fig. 1) (Plowman et al., 2005; Prior et al.,, 20071; Prior et al., 2003).

These lipid rafts are domains of 10-100 nm in size that are dependent on the presence
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5. SUMMARY AND DISCUSSION

of cholesterol (Garcia-Parajo et al., 2014, Lingwood and Simons, 2010; Nickels et al., 2015;
Zhou and Hancock, 2015). Interestingly, a similar dependence on cholesterol was ob-
served for nanoclusters of activated, GTP-loaded, N-Ras, but not for K-Ras nanoclusters
or active forms of H-Ras, indicating the formation of alternative nanoclusters in distinct
membrane domains that appear to be slightly smaller and cholesterol-independent
(Plowman et al., 2005; Prior et al., 2007; Prior et al., 2003). Such a preferential dependence
on lipids suggests that each type of Ras nanoclusters has a unique lipid composition
and, therefore, reflects varying lipid-binding properties between different Ras proteins
and between their active and inactive forms (Zhou et al., 2018). For example, phosphati-
dylserine (PtdSer) and phosphatidylinositol 4-phosphate are found in clusters of both
GDP- and GTP-bound H-Ras, but only K-Ras localization and clustering on the plasma
membrane are sensitive to varying PtdSer concentrations, enabling PtdSer content-
sensitive sorting of H- and K-Ras into spatially distinctive lipid assemblies (Zhou et al,,
2014). These results show that Ras nanoclusters assemble a distinctive set of plasma
membrane phospholipids, which corresponds to their specific effector activation pro-

files (Zhou and Hancock, 2015; Zhou et al., 2018).

Increased diffusion coefficients and confinement zone of the fast-diffusing fraction ob-
served for H-Ras""? in our study most likely reflect the different diffusion properties of
the domains to which the activated H-Ras localizes. The lower affinity for lipid rafts is
associated with an increased diffusion rate and confinement zone size. These confine-
ment zones in the plasma membrane have been suggested to underline the concept
of membrane compartmentalization resulting from the structure of the membrane cy-
toskeleton, a filamentous actin meshwork associated with the cytoplasmic surface of
the plasma membrane, and various transmembrane proteins anchored to these actin
filaments (Fujiwara et al.,, 2002; Kusumi et al., 2010). We argue that the diffusion of non-
active H-Ras clusters is even more hindered by these cytoskeleton-based boundaries
than the clusters of activated H-Ras molecules, due to the size of the lipid rafts they are

localized in (Fig. 1).

Subsequently, we presented that methyl-B-cyclodextrin (MBCD) administration also in-
creased the initial diffusion coefficients and size of confinement areas for wild-type H-
Ras and H-Ras"™. In the presence of this compound, the differences between the mo-

bility patterns of the non-activated and activated form of H-Ras were no longer
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observed. MBCD leads to cholesterol depletion in the cells and, therefore, the disruption
of lipid raft formation, which is in line with the largest effect of this commpound on the
non-active H-Ras that has a higher affinity for lipid rafts. It has been shown that LatB
also disrupts the clustering of non-active H-Ras forms and, therefore, that an intact cy-
toskeleton is required for lipid raft formation (Plowman et al., 2005). Since it has also
been shown that cholesterol depletion disrupts the actin cytoskeleton, the interaction

between lipid rafts and the cytoskeleton seems to be bidirectional (Kwik et al., 2003).

In addition, previous evidence showed that GTP-loading increased the probability of H-
Ras clusters being transiently (< 1s) immobilized (Murakoshi et al., 2004), and that inter-
actions with many cytoplasmic proteins, such as Galectin-1 and Sur-8, appear to be in-
volved in the formation of these immobile H-Ras clusters, which are considered to be
the sites where active signaling occurs (Belanis et al., 2008; Hancock and Parton, 2005;
Herrero et al,, 2016; Li et al,, 2000; Shalom-Feuerstein et al.,, 2008; Zhou et al,, 2018). The
slow-diffusing fraction observed in our study had a diffusion rate similar to this previ-
ously identified immobile population (Murakoshi et al., 2004), and we suggest that the
slow-diffusing population contains the actively signaling H-Ras molecules. In addition,
after fitting the three-population model, it has been possible to further subdivide the
slow-diffusing fraction by distinguishing an immobile population. Contrary to the pre-
vious experiments performed in cultured cells (Lommerse et al., 2005; Murakoshi et al.,
2004), the size of the slow-diffusing fraction in the current study was not increased for
the active form of H-Ras. Ultimately, the size of the slow-diffusing H-Ras fraction de-
creased significantly for both wild-type H-Ras and H-Ras"? upon treatment with LatB
and MBCD, which underlines the importance of the structure and composition of the

plasma membrane in the process of H-Ras clusters immobilization.

Using multifocal 2PEF microscopy, we focused our attention on the mobility patterns of
the slow-diffusing population of CIOH-Ras molecules. First, we optimized the 2PEFM
technique to image single molecules in living zebrafish embryos. However, with a time
lag of 200 ms, it was not possible to image fluorescent molecules that belonged to the
fast-diffusing fraction that we had previously identified in our TIRF microscopy studies.
Nevertheless, owing to the imaging mode, the photobleaching of the fluorescent mol-
ecules was greatly reduced, which enabled us to visualize the slow-diffusing C1OH-Ras

molecules for a time ranging from 3 to 15 seconds and, consequently, reconstruct their
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5. SUMMARY AND DISCUSSION

trajectories. Throughout the single-step photobleaching analysis, we were able to dis-
tinguish individual photobleaching steps, which signified that H-Ras anchor molecules
in the slow-diffusing population form clusters consisting of varying numbers of mole-
cules. Following that, we uncovered that single H-Ras membrane anchor mobility pat-
terns are more suitably presented by the analysis of their trajectories rather than by the
population-based examination of the mean squared displacements. The C1IOH-Ras mol-
ecules appeared to switch between two different states, a diffusing and a hopping one
(Fig.1). For most of the time, these molecules resided in a diffusing state and this diffu-
sion was interrupted by brief periods of hopping. The total time spent in this hopping
state was approximately four to five times shorter than the C10H-Ras molecules spend
in the diffusing state, and the ratio between the time spent in the hopping state and
the diffusion state equaled 0.237. Taken together, our findings revealed that the H-Ras
membrane anchors exhibit an anomalous mobility pattern, which can be referred to as

molecular hopping.

The events of molecular hopping for the H-Ras membrane anchor or the full-length H-
Ras protein had not been observed before. However, it has been reported that many
signaling proteins experience two-dimensional hop diffusion on the membrane in
search of their target and because of the packed structure of the plasma membrane
itself (Campagnola et al., 2015; Umemura et al., 2008; Yasui et al., 2014). The plasma mem-
brane is made of hundreds of microdomains, caused by the actin-based membrane
skeleton, which is closely associated with the cytoplasmic surface of the plasma mem-
brane. Consequently, many transmembrane proteins collide with the membrane skel-
eton, which induces temporary confinement of the transmembrane proteins in the
membrane-skeleton meshwork. Thus, in the vicinity of immobilized molecules located
in the membraneg, the movement of any other particles is extremely limited. With all
these obstacles, membrane proteins often hop from one microdomain to another one,
especially when thermal fluctuations of the membrane and the actin meshwork asso-
ciated with it create sufficient space between them to enable the passage of integral
membrane proteins, or when an actin filament is temporarily severed (Suzuki et al,,
2005)
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FIGURE 1: Summary of the H-Ras anchor mobility patterns in the membranes of epidermal cells in
the living zebrafish embryos. Analysis of the TIRFM data revealed the presence of two dynamic subpop-
ulations of Ras proteins, a fast- and a slow-diffusing one. The data from 2PEFM allowed for further addition
of an immobile subpopulation, in which particles barely diffused. In the fast-diffusing fraction, inactive,
GDP-loaded H-Ras mostly resides in lipid rafts which limits its mobility, confining it to an area that is
smaller than the cholesterol-independent area in which the active, GTP-loaded H-Ras, is predominantly
diffusing. This confinement most likely results from transmembrane proteins, lipids, and the actin mesh-
work attached to the plasma membrane. In the slow-diffusing fraction, it has been possible, using the
2PEFM results, to distinguish two different states in which the H-Ras molecules can occur: a diffusing and
a hopping state. This hopping state is relatively sporadic and brief, occurring approximately four times

less frequent than the diffusing state.

Such a temporary nature of protein-membrane interactions enables a tight temporal
regulation of signal transduction processes. It has also been suggested that molecular
hopping might be critical in the search for target molecules in eukaryotic cells. A
straightforward consequence of membrane hopping is that a molecule remains in its
immediate vicinity for a short time and then jumps to a location that is further away
than expected from two-dimensional diffusion. In such a way, the search process is al-
lowed to explore larger areas, which allows proteins to bypass diffusion barriers that
may be present in the membrane (Lemmon, 2008). Since the H-Ras membrane anchor

experiences this type of diffusion, we suggest that this process is governed
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predominantly by electrostatic, membrane-protein associations, and not by interaction

with other proteins and does not involve active protein signaling.

5.3 THE MOBILITY PATTERN OF THE GLUCOCORTICOID RECEPTOR IN LIVING
ZEBRAFISH EMBRYOS (Chapter 4)

We used LSF microscopy to enable the analysis of the dynamics of intracellular proteins
in living zebrafish embryos, and we used this approach to study the mobility patterns of
GR inside the yolk syncytial nuclei (YSN). This analysis revealed that the GRs in the YSN
are divided into a fast- and a slow-diffusing subpopulation. The existence of two frac-
tions had been observed before for GR and other transcription factors. The fast and the
slow fraction are generally considered to reflect GRs that diffuse freely within the nu-
cleus, and receptors that interact with DNA, respectively. In a recent study, it was shown
that the fast subpopulation could, in turn, be divided into two fractions with different
mobility, of which the fastest one was interpreted as receptors diffusing freely through
the nucleus, and the slowest one as GRs interacting non-specifically with the DNA
(Keizer et al., 2019).

Our findings show that the vast majority of the GR molecules in the YSN belonged to
the fast subpopulation, which constituted around 90% of the total GR population in the
vehicle-, and 77% in the dexamethasone-treated group. This percentage is significantly
higher than previously observed in cultured cells, where this fraction was estimated to
constitute between 45 and 60% of the total number of molecules diffusing in the nuclei
upon activation by either cortisol or dexamethasone (Alsop and Vijayan, 2009; Groe-
neweg et al, 2014; Keizer et al., 2019). The difference between our control-treated
zebrafish embryos and previously reported cortisol-treated cellular models can be ex-
plained by a lack of a properly developed cortisol secretion in two-day-old embryos (Al-
sop and Vijayan, 2009), but this does not account for the differences between these
models upon dexamethasone treatment. The high percentage of fast-diffusing mole-
cules is better explained by the large size of the YSN, between 8 and 12 um. A larger
fraction of freely-diffusing GRs may be expected with more space available in the YSN
and the same amount of chromatin present. GR molecules in either of the subpopula-
tions did not move within the entire nuclear environment, but were confined to areas

with a size of around 1233 nm for the fast subpopulation and 322 nm for the slow
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subpopulation. The confinement of the GRs has not been observed in previous studies
on the receptor mobility patterns. In our approach, however, we were able to recon-
struct the squared displacements of GRs in both fractions over a longer time, which en-
abled us to determine the occurrence of nuclear areas in which the diffusion of the GRs
is restricted. Such confinement of the fast GR subpopulation indicates that the recep-
tors diffuse within areas surrounded by barriers, which in the nucleus could be formed
by chromatin. In addition to that, previous studies reported values for the diffusion co-
efficients of the GR fast fraction to be within the range of circa 25 and 9 ym? s
(Gebhardt et al., 2013; Groeneweg et al., 2014, Keizer et al., 2019), and similar values have
been observed for other transcription factors, such as p53 or STATI (Mazza et al,, 2012;
Speil et al,, 2011). The values for the diffusion coefficient of the fast subpopulation that
were obtained in our approach, i.e,, 7.90 + 0.53 um?2s7, fall well within the previously pub-
lished range. The slow subpopulation was characterized by a tenfold lower diffusion co-
efficient (0.78 + 0.18 yum? s7), which agreed with the values reported previously, esti-
mated to range between 0.03 and 0.50 um?s? (Gebhardt et al., 2013; Groeneweg et al.,
2014; Keizer et al., 2019).

In the next step of this study, we found that treating zebrafish embryos with dexame-
thasone did not significantly alter the size of the fast-diffusing fraction of GRs. In previ-
ous studies, it had consistently been shown that administration of a GR agonist de-
creased the size of the fast subpopulation, believed to reflect a larger fraction of GRs
that interact with the DNA to modulate the transcription of genes (Groeneweg et al,,
2014). The lack of a dexamethasone effect on the population size in our study might,
therefore, be specific to the zebrafish GR, or the specific cell type studied. Despite the
lack of effect on the size of the fast subpopulation, incubation of the embryos with dex-
amethasone did result in a significant decrease of the diffusion coefficients both for the
fast- and the slow-diffusing fraction. Lower diffusion coefficients of the fast-diffusing
GRs most likely reflect non-specific binding events to DNA in search of their proper
binding site, which slow down their diffusion rate (Keizer et al., 2019). Additionally, treat-
ment with dexamethasone reduced the size of the confinement area for the fast-diffus-
ing subpopulation of GRs. This can be explained by the dexamethasone-activated GR
molecules constituting a part of larger multi-protein complexes. These complexes,
made of receptor molecules and transcriptional coregulatory proteins, are present in-

side the cell nuclei and take part in the transcription of GR target genes. Diffusion of the
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GR molecules in these bulky multi-protein aggregates might, thus, be hindered, result-
ing in the smaller confinement areas in the dexamethasone-treated groups. Our results,
therefore, are in accordance with previous findings that indicated that the interactions
between ligand and receptor determine the binding events between the GR and the

DNA inside the nucleus.

5.4 THE SOURCES OF VARIABILITY OF THE SMM MEASUREMENTS IN THE
ZEBRAFISH EMBRYO MODEL (Chapters 2 and 4)

In addition to analyzing the mobility patterns of H-Ras and GR, we have assessed and
characterized the variability of the dynamic parameters that we had determined in our
zebrafish embryo model. For this purpose, we specified the factors that contributed the
most to the variability present in the mobility data obtained during our investigations.
Surprisingly, differences between individual embryos had only a modest effect on the
overall variation in the results of the H-Ras studies. However, different areas of the em-
bryonic epidermis and different experimental days both appeared to be factors that
have largely contributed to the variation in the data. This indicates that the differences
between cells within the epidermal tissue of one individual embryo are larger than the
differences observed between embryos, and suggests that the cellular context is the

main determinant of H-Ras mobility.

In the GR study, the existing variability mostly originated from imaging different cell
areas within an individual embryo, too, and this variability was most prominent in the
measured mobility patterns exhibited by the fast subpopulation of GRs. We, therefore,
suggest that it is the architecture of the nucleus, in particular a specific organization of
the nuclear chromatin, that likely affected the diffusion behavior of the fast-diffusing
GRs. Additionally, variability was observed between the dynamic parameters displayed
by individual zebrafish embryos, and this variability might have originated from genetic
variation between different zebrafish batches. The absence of inbred zebrafish strains
causes this inherent genetic variability and could have been a factor that contributed
to the overall variability of the parameters describing the GR mobility patterns. This
source of variation might in the future be avoided by utilizing embryos from one se-

lected couple of adult zebrafish per experiment.
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5.5 FUTURE PERSPECTIVES

Taken together, this thesis extends the applications of the SMM techniques to study the
mobility patterns of single membrane and nuclear proteins in vivo. Whereas the thesis
provides the foundations for imaging the living vertebrate organisms using a variety of
SMM techniques, there are several aspects that, if properly implemented, will most cer-
tainly improve the quality of the obtained single-molecule data. These aspects include
better protein labelling technology, the development of three-dimensional single-mol-
ecule imaging methods, and the improvement of the temporal resolution of the SMM
setups. In Chapter 2 we present that, while being a useful starting point for imaging
single molecules in vivo, traditional autofluorescent proteins suffer from photobleach-
ing and are not optimal for long-term measurement protocols. It is inherent to the TIRF
microscopy technique that it is limited to visualization of structures localized in the vi-
cinity of the coverglass-sample interface, making it impossible to image molecules lo-
cated deeper in the epidermis of the zebrafish embryo model. The use of organic dyes,
commonly applied to Halo- and SNAP-tags has thus far been optimized only for in vitro
SMM studies. Extension of their application to more complex, biological models would
enable the use of superior fluorophores with a higher photostability and quantum yield,
which are excitable by a different wavelength of light, enabling the use of wavelengths
that cause significantly reduced autofluorescence of these biological samples, and
thereby improve the SNR of the acquired images. Following that, in Chapter 3, we show
that reduced out-of-focus photobleaching enables following single molecules over
longer times than in experiments in which TIRFM and LSFM techniques are used. Yet,
we point to the fact that insufficient temporal resolution of the microscopy setup leads
to blurring effects that result in missing the fastest molecules in the population. An im-
provement of the quantum yield of the microscopy setup detector (Mondal, 2014) and,
therefore, an increase in the temporal resolution of the setup, is critical for a better im-
aging output. Lastly, in Chapter 4, we provide the evidence that many molecules do not
move along the membranes, but rather inside entire organelles, i.e, in three dimen-
sions. The possibilities of the SMM techniques being performed in three dimensions in
vivo are limited and often compromise other imaging parameters, such as temporal or
spatial resolution. Currently, the lack of information about mobility in the third dimen-

sion is often compensated by computational simulations and stochastic models,

172



5. SUMMARY AND DISCUSSION

including the Markov chain model. Nonetheless, a few successful studies on in vitro 3D
imaging of single molecules, such as the transcription factor Sox2, have already been
performed (Chen et al,, 2014, Liu et al., 2014). Hence, SMM imaging in vivo in three di-
mensions together with other, previously mentioned aspects, all indicate some of the
most urgent directions that the future development of SMM imaging in vivo should fol-

low.
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NEDERLANDSE SAMENVATTING

Single-molecule microscopy (SMM)-technieken zijn effectieve en succesvolle experi-
mentele methodes die het mogelijk maken om individuele moleculen af te beelden en
deze in de tijd te volgen. Met behulp van deze technologie is het mogelijk om het dy-
namisch gedrag van individuele moleculen in verschillende biologische systemen te
analyseren, en om het effect van structurele en biochemische componenten van zo'n
systeem op de mobiliteit van de moleculen te bestuderen. In het onderzoek dat in dit
proefschrift is beschreven hebben we drie geavanceerde fluorescentie-microscopische
technieken geoptimaliseerd om SMM toe te passen op het zebravis embryo-model. We
hebben twee eiwitten gebruikt om de robuustheid en reproduceerbaarheid te bestu-
deren van de resultaten die we verkregen met onze in vivo SMM aanpak: H-Ras als mo-
del voor een eiwit dat in de plasma-membraan zit en de glucocorticoid receptor (GR)

als model voor een eiwit dat zich in de kern bevindt.

In Hoofdstuk 2 van dit proefschrift hebben we het mobiliteitspatroon van het H-Ras
eiwit bestudeerd in de buitenste membraan van de buitenste cellaag van de epidermis
van twee dagen oude zebravisembryo's met behulp van total internal reflection fluores-
cence (TIRF)-microscopie. We vonden dat H-Ras in deze cellen aanwezig is in twee ver-
schillende fracties: één die snel diffundeert en één die langzaam diffundeert door de
membraan. Interessant was dat we ontdekten dat beide H-Ras fracties niet vrij door het
oppervlak van de plasma-membraan konden bewegen, maar dat hun diffusie begrensd
was binnen bepaalde micro-domeinen in de membraan. Door een mutant van het H-
Ras eiwit te gebruiken die zich permanent in een geactiveerde toestand bevindt, heb-
ben we laten zien dat activatie van H-Ras het dynamische gedrag van dit eiwit sterk
beinvioedt. In het bijzonder zagen we een verhoogde diffusiecoéfficiént voor de snel
diffunderende fractie, en het microdomein waarin de begrensde diffusie van deze frac-
tie plaatsvindt was groter voor de actieve mutant in vergelijking met wild type H-Ras.
Vervolgens hebben we, om een idee te krijgen over de aard van de waargenomen mi-
crodomeinen die de diffusie van H-Ras begrenzen, getest of deze gebiedjes wellicht zo-
genaamde ‘lipid rafts’ zijn, waarvan bekend is dat hun vorming afhankelijk is van de
aanwezigheid van cholesterol en actine-vezels van het cytoskelet. We zagen dat cho-
lesterol-depletie en verstoring van de vorming van het cytoskelet ongeveer dezelfde

uitwerking hadden op de mobiliteit van H-Ras als activering van het eiwit (leidend tot
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verhoging van de diffusiecoéfficiént en een vergroting van het microdomein voor de
snel diffunderende fractie). Dit suggereert dat de snel-diffunderende fractie van de niet-
geactiveerde vorm van H-Ras zich in de lipid rafts bevindt, terwijl deze fractie zich wan-
neer H-Ras geactiveerd is voornamelijk in grotere domeinen bevindt die onafhankelijk
zijn van cholesterol en de actine-vezels van het cytoskelet. Verder hebben we de variatie
in de resultaten gedetailleerd bestudeerd. Daarmee hebben we laten zien dat de ver-
schillen tussen individuele cellen binnen een weefsel (in dit geval de epidermis) de be-
langrijkste bijdrage leveren aan de variatie in de data, en niet de verschillen tussen in-

dividuele embryo’'s.

Na deze TIRF-microscopie studies hebben we in Hoofdstuk 3 multifocale two-photon
excitation fluorescence (2PEF)-microscopie gebruikt. Deze methode wordt gebruikt om
de schade die ‘out-of-focus’ excitatielicht te verminderen, maar 2PEF-microscopie blijkt
ook de photobleaching van de fluorescente moleculen enorm te kunnen reduceren.
Door deze techniek te gebruiken, slaagden we erin om enkele H-Ras moleculen voor
een langere periode te volgen, wat het mogelijk maakte om het exacte traject dat ze in
die periode hebben afgelegd te reconstrueren. Hierdoor hoefden we het dynamische
gedrag van de moleculen niet meer in termen van verschillende fracties te beschrijven,
maar konden we ons richten op het analyseren van de trajecten van individuele mole-
culen. We gebruikten deze aanpak om de mobiliteit van het membraan-anker van H-
Ras (C10H-Ras), dat fluorescent was gelabeld door het te fuseren met green fluorescent
protein (GFP), te bestuderen in de membranen van epidermale cellen van zebravisem-
bryo's. Deze methode maakte het mogelijk om uitsluitend de langzaam diffunderende
fractie moleculen te detecteren en een gedetailleerde analyse te maken van hun bewe-
gingen. Deze analyse liet zien dat deze langzame fractie van met GFP gefuseerde H-Ras
ankers continu wisselen tussen een diffunderende (‘diffusing’) en een springende (‘hop-
ping’) toestand. Wat hierbij opviel was dat de tijd die de moleculen doorbrachten in de
‘hopping’ toestand relatief kort was ten opzichte van de tijd die ze in de ‘diffusing’ toe-
stand waren. Dit impliceert dat deze eiwitten een zogenaamd ‘anomalous’ diffusiepa-

troon vertonen, wat vaak wordt beschreven als ‘molecular hopping'.
Tenslotte hebben we in Hoofdstuk 4 van dit proefschrift getest of het ook mogelijk is

om met SMM in zebravisembryo's eiwitten te bestuderen die zich niet in de celmem-

braan bevinden, maar elders in de cel. Hiervoor hebben we light sheet fluorescence
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(LSF)-microscopie gebruikt, waarbij een vlak van licht wordt gecreéerd, de zogenaamde
‘light sheet'. Hierdoor worden alleen fluorescente moleculen in dit vlak geéxciteerd. Om
met deze techniek embryo’s voor langere tijd te kunnen bestuderen, hebben we een
speciale ‘imaging chamber’ ontworpen. Met deze speciaal ontworpen LSF-microscopie-
opstelling hebben we in embryo’s van één dag oud individuele GRs zichtbaar gemaakt
in de kernen van de ‘yolk syncitial layer’, een laag over de dooierzak van het embryo die
een groot aantal kernen bevat. Vervolgens hebben we de mobiliteit van deze GRs in
deze kernen geanalyseerd, en de resultaten van deze analyse lieten een snel diffunde-
rende en een langzaam diffunderende fractie zien, zoals al eerder was vastgesteld in
vergelijkbare studies aan GR in gekweekte cellen. Behandeling van de embryo’'s met de
GR agonist dexamethason verlaagde de diffusie van de receptoren, en ook dit was in
lijn met eerdere resultaten in gekweekte cellen en valideerde daarmee de in vivo me-
tingen. Net zoals we bij de analyse van de beweging van H-Ras in zebravisembryo's za-
gen, kwam ook in deze studie de meeste variatie in de resultaten doordat we verschil-
lende cellen binnen een embryo bestudeerden, en niet doordat we verschillende em-

bryo's gebruikten.

In conclusie, met behulp van een drietal technieken, TIRF-, 2PEF- en LSF-microscopie,
hebben we de mogelijkheden van in vivo SMM uitgebreid. Met TIRF-microscopie heb-
ben we individuele membraaneiwitten in de buitenste membraan van de epidermis
van zebravisembryo's zichtbaar kunnen maken en hun beweging kunnen analyseren.
Door 2PEF-microscopie konden we deze eiwitten voor een langere periode volgen, wat
het mogelijk maakte om het afgelegde traject van individuele eiwitten te reconstrue-
ren. Dit was overigens alleen mogelijk voor een langzaam diffunderende populatie van
moleculen. Verder maakt LSF-microscopie het mogelijk om ook eiwitten te bestuderen
die zich niet in de membraan bevinden. Met deze technieken hebben we het mogelijk
gemaakt om in een intact organisme de dynamiek van H-Ras en de GR te bestuderen
en factoren te identificeren die deze dynamiek beinvioeden. Verdere ontwikkeling van
deze technologie zal zich moeten richten op het verbeteren van de fluorescente labels
die worden gebruikt, de ontwikkeling van driedimensionale analyse-methodes, en het

verbeteren van de temporele resolutie van de gebruikte SMM-opstellingen.
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