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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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5. SUMMARY AND DISCUSSION

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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5. SUMMARY AND DISCUSSION

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,
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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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