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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).
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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).
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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’

107



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

109



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

110



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

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

nm
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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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