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ABSTRACT
The recent development of a wide variety of genetically encoded photoconvertible fluorescent proteins has made it possible to
study unprecedented dynamic processes by monitoring sub-populations of cells or labeled proteins. The use of photoconvertible
fluorescent proteins, such as Eos, KAEDE, mMaple3, Dendra2 is a major advance. However, the conditions of their use in vivo
and the inherent potential side-effects remain poorly characterized. Here, we used Drosophila pupal notum to characterize in
vivo the conditions for photoconversion (PC) at the subcellular level. We compared the ability to photoconvert proteins exhibiting
distinct localization and dynamics, namely, cytosolic and transmembrane proteins fused to photoconvertible probes and expressed
at physiological levels. We report that the restriction of PC to a predefined region of interest depends on the mobility of the tagged
protein, the power of the PC laser and the number of iterations. We characterized the axial spreading inherent to one-photon
microscopy, which results in a PC cone that limits probe tracking on the z-axis. We discussed how the use of a two-photon laser
can overcome this issue.We detail biases in the use of photoconvertible probes and propose strategies to circumvent them. Overall,
our study provides a framework to study protein behavior at the subcellular level in living organisms.

1 Introduction

The recent advent of genome editing, combined with the devel-
opment of fluorescent probes and advances in fluorescence
imaging, have opened new avenues of research to study pro-
tein localization, dynamics, and interactions in cell cultures
(Tsien 1998; Lippincott-Schwartz et al. 2001), as well as in
complex 3D systems, such as organoids and model organisms
(Rujano et al. 2022; Tomura et al. 2008; Lombardo et al.
2012). Approaches such as fluorescence resonance energy trans-
fer/fluorescence lifetime imaging microscopy (FRET-FLIM) and
fluorescence correlation spectroscopy (FCS), have led to major

improvements in determining, in addition to the localization,
the interactions between two proteins independently of their
diffusion rate. Although attractive, these two approaches may
nonetheless require a dedicated microscopy setup (FCS) and a
certain level of expertise, making them difficult to be used on
a routine basis. Conversely, the most popular and accessible
approach to determine proteins dynamical properties remains
fluorescence recovery after photobleaching (FRAP) (Kang et al.
2010; Lippincott-Schwartz et al. 2001; Lippincott-Schwartz et al.
2018; Michelman-Ribeiro et al. 2009). This technique allows
you to extract three parameters, the half-time recovery (t1/2),
the mobile (M), and the immobile fractions (1-M). The t1/2
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provides information about the average mobility of the moving
molecules, while M quantifies the fraction of moving molecules
and 1-M describes the fraction of immobile molecules, such
as those bound to proteins or lipids (Kang et al. 2010; Lele
et al. 2004). FRAP, although easy to implement, is limited in
that it can only measure diffusion coefficients of proteins in
the photobleached region of interest (ROI). The development of
photoactivatable probes, which modify their emission spectrum,
makes it possible to monitor a specific population of labeled
proteins in space and time inside as well as outside the ROI.
In addition, photoconvertible fluorescent proteins enable the
simultaneously study of the fate of photoconverted and non-
photoconverted proteins (Ando et al. 2002; Mathur et al. 2012).
Over the past decades, photoconvertible fluorescent proteins
have commonly been used to track cells in zebrafish or mouse
embryos (Lombardo et al. 2012; Hatta et al. 2006; Nowotschin
and Hadjantonakis 2009) as well as to analyze the behavior of
many proteins including the F-actin/ Myo II binding protein
Supervillin (Fang et al. 2010), the chromatinmarkerHistoneH2B,
or alpha Tubulin, subunit of microtubules (Baker et al. 2010);
(Leduc and Etienne-Manneville 2017). While cells were tracked
within organisms, most of the subcellular protein monitoring
was carried out in 2D cell cultures grown on glass coverslips.
Recent studies on developing embryo of the sea urchin (Wavreil
et al. 2021), C. elegans nervous system (Pigazzini and Kirstein
2020), Drosophila embryo (Wang et al. 2023), Drosophila neural
stem cells (Roubinet et al. 2017) and Drosophila pupal notum
(Trylinski et al. 2017) start to investigate proteins relocalizations
at subcellular level within organisms with a temporal control.
Moreover, some photoconversion (PC) protocols were established
in zebrafish (Lombardo et al. 2012) andC. elegans (Hagedorn et al.
2013). However, they do not provide an exhaustive description
of the limitations and the undesired spatiotemporal side effects
inherent to this approach.

The first limitation in the use of photoconvertible probes is the
temporal delay between the PC itself and the image acquisition
in regards to the kinetic of diffusion of the tagged protein.
A second limitation is the light illumination cone generated
along the apical–basal axis by the laser beam, which hampers
data interpretation of FRAP or PC (Bellec et al. 2021; Trylinski
et al. 2017). Our methodological study provides a comprehen-
sive description of the conditions used to perform green to
red PC upon UV 405 nm illumination in vivo. We have used
the Drosophila pupal notum and have compared the following
parameters of UV 405 nm laser illumination: (i) laser power
and number of iterations, (ii) the effects of the diffusion of the
fluorescent photoconvertible proteins and (iii) the lateral location
of the PC within the thickness of the tissue. To achieve this goal,
we have made use of a variety of cytosolic and transmembrane
proteins tagged with green to red photoconvertible probes. These
probes include: Dendra2 derived from octocoral Dendronephthya
sp. (Gurskaya et al. 2006; Baker et al. 2010), mMaple3 derived
from the brown star Clavularia sp. (Wang, Moffitt et al. 2014),
mEosFP derived from the coral Lobophyllia hemprichii (Wieden-
mann et al. 2004) and KAEDE originating from the stony coral
Trachyphyllia geoffroyi (Ando et al. 2002; Tomura et al. 2008).
With the exception of KAEDEwhich was overexpressed, all other
fluorescent probes are inserted at the locus, and hence results in
functional reporters expressed at a physiological level. We report

that intrinsic properties of the proteins of interest coupled to
the photoconvertible probes, such as their mobility, their time of
residency at the plasma membrane and their localization along
the apical basal axis must be taken into account when designing
PC experiments. Furthermore, illumination parameters includ-
ing laser intensity, number of iterations, must also be carefully
considered. Our study provides a user guide for carrying out PC
experiments on biological samples using confocal microscopes
that are commonly found on imaging facilities in research
institutes.

2 Materials andMethods

2.1 Key Resources

Key resources are listed in Tables S1 and S2.

2.2 Drosophila Stocks and Genetics

All experiments were done according to ethical rules concerning
the use of Drosophila melanogaster. Declaration of contained use
of genetically modified organisms (GMOs) of containment class
no. 2898 was made to the French Ministère de l’Enseignement
Supérieur, de la Recherche et de l’Innovation. D. melanogaster
stocks were maintained and crossed at 25◦C. The stocks used in
this study are listed in Table S1.

2.3 Live Imaging

Live imaging was performed on pupae aged for 16–18 h after
puparium formation (APF) at 22◦C–25◦C (Gho et al. 1999). Pupae
were stuck on a glass slide with a double-sided tape and the
pupal case were removed over the head and dorsal thorax using
microdissection forceps. Spacers made with four to five glass
coverslips were positioned at the anterior and posterior sides of
the dissected pupae, respectively. A glass coverslip covered with
a Voltalef 10S oil thin film was placed on top of the spacers.
Images were acquired using the confocal mode of a LSM 880
Zeiss Airyscan microscope equipped with a 63x/1.4 NA Plan
Apo objective and controlled by Zen black software. All images
were processed and assembled using Fiji/ImageJ 1.54 and Adobe
Illustrator.

For experiments using neural stem cells, 96 h after egg laying,
larval brains were dissected in imaging medium and transferred
onto a gas-permeable membrane (YSI Life Sciences 5793) fitted
on a metallic slide. Brains were oriented with the brain lobes
facing the coverslip. Excess media was removed until the brain
lobes came into contact with the coverslip. The sample was sealed
with Vaseline. Imaging medium (Schneider’s insect medium
(Sigma-Aldrich S0146)mixedwith 10%FBS (Sigma), 2% PenStrep-
Neo (Sigma), 0.02mg/mL insulin (Sigma), 20 mM L-glutamine
(Sigma), 0.04mg/mL L-glutathione (Sigma) and 5 µg/mL 20-
hydroxyecdysone (Sigma) was warmed up to room temperature
before use.
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2.4 Photobleaching Experiments

Photobleaching of Dlg1::GFP and MyoII::GFP was performed
using a Zeiss AiryScan (LSM 880 with AiryScanmodule) with the
488 nm laser wavelength (20 mW) at 100% of the maximal power
and by using the 63× oil objective (NA 1.4). Two consecutive
iterations were performed. The FRAP area was defined by orange
dashed areas. A control area corresponding to an adjacent epider-
mal cell (EC) interface wasmeasured to obtain the general photo-
bleaching of the sample over the period of acquisition. All FRAP
data were analyzed using the easyFRAP software tool (https://
easyfrap.vmnet.upatras.gr/?AspxAutoDetectCookieSupport = 1).
Half-time (t1/2) and mobile fraction were then extracted with
GraphPad Prism software using a one-component equation.

2.5 PC Experiments

Photoconversion experiments were performed using a Zeiss
Airyscan (LSM 880, Zeiss FRAP mode) equipped with a 405 nm
diode (30 mW). The average pixel dwell time was set a 1.54 µs
according to previous PC assays using Drosophila nota (Trylinski
et al., 2017; Bellec et al. 2021). UV 405 nm Laser diode power was
set respectively at 0.5%, 1%, 2%, 5%, and 10%, that corresponds,
respectively, to a power of 0.5, 2, 4, 11, and 22 µW measured at
63X objective lens exit with a S121CThorlabs standard photodiode
Power Sensor. The number of iterations was defined between
1 and 40 depending on the fluorescent photoconvertible probes
(Table 1 and Table S3). Photoconverted ROIs were drawn in
dashed orange rectangles or discs. Two-photon PCwas performed
with a two-photon laser typeMai-Tai HP from Spectra Physics set
to 810 nm at 0.5% (see Table S3 for associated power).

Apical and lateral PC assays were performed by making z-stacks
(confocal sections of 0.5 µm) before and after 405 nm (or 810 nm)
PC. Before photoconversion, z-stacks were done to localize apical
or lateral PC planes. After PC, z-stacks were directly acquired to
observe the photoconverted apicobasal spreading.

For PC experiments in neural stem cells, 96 h larval brains
expressing MyoII::Dendra2 were used. PC experiments were per-
formed on an Andor Revolution spinning disc system according
to (Roubinet et al. 2017). Several ROIs were manually chosen in
the GFP channel and MyoII::Dendra2 was photoconverted with
UV 405 nm just after anaphase onset.

2.6 Analysis of PC Data

Analysis of PC experiments was performed using ImageJ v1.54.
The quantifications of the amount of photoconverted signal
(Figure 2E, Figure S3A,B, and Figure S5D) were obtained by
subtracting the 561 nm signal before PC to the 561 nm channel
intensities after PC. For PC assays presented in Figure 2 and
Figure S5, the 561 and 488 nm channels relative fluorescence
intensities of the photoconverted bicellular junction ROI were
normalized by subtracting the respective cytoplasm background
intensities. ROIs selection for quantifying the spatial spreading
of the PC were manually selected as regions directly in contact
with photoconverted ROI and corresponding (i) to the non-
photoconverted part of the bicellular junction containing the

photoconverted ROI (Figure 2 and Figure S5) and (ii) to the
entire non-photoconverted network of the cell containing the
photoconverted MyoII network ROI (Figure 3 and Figure S3A,B).
Statistical differences between the two conditions were evaluated
by a Student’s t test using GraphPad. Statistical significances were
represented as follows: not significant (ns) p value≥ 0.05; *p value
≤ 0.05; **p value ≤ 0.01; ***p value ≤ 0.001.

2.7 Measurement of the Light Cone

The theoretical angle wasmeasured using the formula NA= n sin
θ where NA represents the numerical aperture of the 63X, which
is 1.40, n the refractive index of oil of 1.518. The geometric angle of
PC is measured using the formula tan θ = radius of the undesired
photoconverted apical area/distance between the confocal plane
of the photoconverted ROI and the confocal plane in which the
unintended PC is observed.

3 Results

3.1 SystemModel and Fluorescent
Photoconvertible Probe Selection

The Drosophila pupal notum is a monolayer epithelium of
about 15 µm in thickness and composed of two types of cells,
ECs and sensory organ precursors (SOPs). The latter undergo
asymmetric cell division and generate two daughter cells with
different size and fate based on the differential activation of
Notch signaling (Schweisguth 2015). The Drosophila genetic
toolbox allows to perform efficient genome editing and dissect
genetically the biological processes of interest. This system also
enables noninvasive and quantitative live-imaging of functional
fluorescently tagged proteins that are expressed at physiological
levels and are functional. We chose probes to tag proteins that
differ in FRAP recovery timescale, from seconds to hours, as
well as on their steady-state localization in the cytoplasm, at
the plasma membrane, at given cortical domains or cytoskeletal
elements.We used cytosoluble KAEDE,which diffuses freely into
the cytoplasm (3D diffusion, M ∼ 0.98 ± 0.05 and t1/2< 50 ms
(Bakshi et al. 2011; Table 1; Bruelle et al. 2023; Daniel et al.
2018), and GAP43 (GAP43::mEos), a growth-associated protein
43 which contains a dual palmitoylation signal that anchors the
protein to the inner leaflet of the plasma membrane (Mavrakis
et al. 2009; Campbell et al. 2002). We also used components of
septate junctions (SJ), which form a belt of 3 to 4 µm thick.
SJ markers include the cortical polarity protein Discs large 1
(Dlg1::Dendra2) which exhibits a rapid recovery, in the second
time scale following photobleaching (3D diffusion, M ∼ 0.79 ±
0.06 and t1/2 is 1.7±0.5 min (Oshima & Fehon and 2011);M ∼ 0.85
± 0.07 and t1/2 ∼19 s obtained from our study Figure S6), and the
transmembrane core-component Na+/K+ ATPase beta subunit
Nervana2::Dendra2 (Nrv2::Dendra2), which has a slow mobility
over a 60-min period in the embryo ectoderm and pupal notum
(3D diffusion,M∼ 0.38 and t1/2 ∼ 6min (Oshima and Fehon 2011);
M ∼ 0.19 and t1/2 ∼ 45 min for ATP-alpha obtained from (Daniel
et al. 2018). We also used another transmembrane protein, the
Notch receptor fused to mMaple3 or Dendra2 (Notch::mMaple3
Trylinski et al. 2017) or Notch::Dendra2 (Bellec et al. 2021).
This probe exhibits a short residency time at the apical and
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lateral plasma membrane of SOP daughter cells where it is
proteolytically activated upon ligand binding (Houssin et al.
2021; Couturier et al. 2013; Bellec et al. 2021; Trylinski et al.
2017). Notch::GFP has a low diffusion coefficient with a mobile
fraction M ∼ 0.30 and t1/2 around 38 s (Houssin et al. 2021). At
last, we used the non-muscle Myosin II regulatory light chain
fused to Dendra2 (MyoII::Dendra2), which is associated with
the contractile actomyosin cytoskeleton. This probe is located
apically in the plane of adherens junctions (AJs) (Heisenberg and
Bellaïche 2013) and at the midbody during cytokinesis. Myosin
II exhibits fast kinetics with a mobile fraction of around 0.9 ±
0.09 and a t1/2 of around 5 s to 9 s depending on its localization
on pupal notum (Table 1; Figure S6). Overall, and based on FRAP
measurements, our study aims to investigate the conditions and
effects of PC on probes with very different mobilities.

We first made sure that the addition of photoconvertible probes
did not interfere with the subcellular localization of proteins,
which was the case for all except Notch::Dendra2 (Figure
S1A). When compared to Notch::GFP and Notch::mMaple3,
Notch::Dendra2 is hardly detected at the plasma membrane
(Figure S1B–B″ and (Bellec et al. 2018; Houssin et al. 2021). We
propose that Notch::Dendra2 present at the plasma membrane
corresponds to the newly synthesized protein in which the
Dendra2moiety is not yet folded, hence not yet fluorescent (Bellec
et al. 2021). The fact that the residence time of the full length
Notch at the plasma membrane is in the minute time scale
(Houssin et al. 2021) also contributes to the absence of detection
of Notch::Dendra2 at the plasma membrane. Unlike Notch,
Nervana2 has a high residence time and a low mobile fraction
(Oshima and Fehon 2011), which accounts for Nrv2::Dendra2
being detected at the plasma membrane. These data suggest that
the folding rate of the photoconvertible probe is relative to the
kinetics of synthesis and half-life of the tagged may be a limiting
factor when designing PC experiments.

3.2 Applications of Photoconvertible Probes to
Monitor Several Aspects of Cell Division in
Drosophila

We next explored different experimental conditions for PC at
different spatiotemporal resolutions in interphase and dividing
epithelial cells. We have used cytosoluble KAEDE to monitor
the timing of the physical separation of daughter cells during
cytokinesis.We reported that KAEDEdiffuses efficiently between
daughter cells until the completion of abscission (Bruelle et al.
2023; Daniel et al. 2018). As KAEDE is freely diffusing within the
cytosol, a single point pulse of laser (orange points, Figure S1C,C′)
at 405 nm is shown to be sufficient to recover photoconverted
KAEDE in the entire cytosol of the targeted cell within 2 s (Figure
S1C,C′). If cells have not yet undergone abscission, KAEDE is in
a dynamic equilibrium between daughter cells (Figure S1C). In
contrast, when daughter cells are physically separated, KAEDE
remains restricted to the photoconverted cell (Figure S1C′). The
PC and imaging setups used in the previous experiments are well
suited to determine the timing of abscission (Bruelle et al. 2023;
Daniel et al. 2018). However, they do not suffice to monitor the
diffusion of soluble photoconverted probe in the cell volume. In
this case, the imaging speed becomes the limiting factor, and
requires a more sensitive device, such as spinning disc confocal

microscope capable of acquiring images at the millisecond scale
(Woods et al. 2014).

In contrast to rapidly, freely-diffusing KAEDE at the millisecond
time scale, probing cytoskeletal element post PC, such as MyoII,
which exhibits FRAP recovery parameters with a t1/2 of ∼5 s
to 8 s and a 0.9 mobile fraction, is achievable using classical
scanning confocal microscope (Figure 1A,B). We monitored the
behavior of the apical medial network of MyoII::Dendra2 in ECs
and SOP cells (Figure 1B). Two s after PC of a 1.2 µm diameter
disc ROI set in the middle of the apical MyoII network, the EC
and SOP MyoII medial network are efficiently photoconverted.
60 s after PC, photoconverted MyoII is no longer restricted to
the ROI but found at distance, at the junctional pool of MyoII,
as expected for the actomyosin cytoskeleton (Figure 1B′; lower
panel; black arrows). Nonetheless, 2 s after UV laser excitation,
the photoconverted MyoII is also detected outside the selected
ROI in a graded manner (Figure 1B′; white (upper panel) and
black (lower panel) arrows). This may be because the temporal
resolution of our current imaging setup is not fast enough. Thus,
in 2 s, a part of the photoconverted signal has already diffused
out of the ROI, as observed using KAEDE (Figure S1C). To test
whether this is due to imaging limitations, we performed similar
experiments usingNrv2::Dendra2,which exhibits slowermobility
(Oshima and Fehon 2011); (Daniel et al. 2018).We photoconverted
an ROI that comprised a portion of the plasma membrane of a
SOP undergoing cytokinesis (Figure 1A,C). We observed that the
photoconverted signal remained restricted to the ROI after the
UV pulse (Figure 1C′; from t2 s to t10 min). We also did similar
experiments with the MyoII-positive midbody (Figure 1A,D),
which results from constriction of the actomyosin ring at the end
of cytokinesis (Daniel et al. 2018). The midbody is formed basally
to the AJ (Daniel et al. 2018) and exhibits low FRAP recovery rate
(Wang et al. 2019). PC is effective and remains restricted to the
midbody in the confocal plane of the photoconverted ROI 2 s after
PC (Figure 1D′, bottom panel). However, we observed that the
MyoII present apically at the AJ plane was also photoconverted
(Figure 1C,C′, upper panel, z-stack performed 30 s following
midbody PC). This undesirable axial PC is a consequence of the
geometry of the laser beam, that presents a double cone shape
with ameasured θ geometrical angle of about 60◦ (theoretical 67◦,
see Section 2) (Figure 5; Figure S5A).

Our experiments demonstrate that PC is restricted to the ROI
within the plane of observation, arguing that the photoconverted
medial MyoII::Dendra2 signal detected outside the ROI 2 s after
the UV laser pulse (Figure 1B′) is most likely due to the fast
mobility of the photoconvertible fluorescent protein, a possibility
that we explore next.

3.3 Impact of the Diffusion Rate of Probes on
Their Spatiotemporal Tracking Following PC

The above results indicate that à priori knowledge in the
mobility of the protein of interest is informative to select PC
parameters such as laser power and number of iterations. For
all the experiments, we set the pixel dwell time at 1.54 µs, as
recommended in (Trylinski et al. 2017), and measured the laser
power at 63X lens exit (Table 1 and Table S3). While a single
iteration at 405 nm of a 0.5 µm2 ROI at 1% laser intensity (2
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FIGURE 1 Photoconvertible fluorescent proteins to monitor several aspects of cell division in Drosophila. (A–A′) Schematic representation of the
SOP daughter cells pIIb (red) and pIIa (blue) of the Drosophila pupal notum. Green rectangles represent the localization of PC experiments performed
in (B–C–D). (A′) Localization of the junctional and medial MyoII::Dendra2 in the plane of adherens junction (AJ) of SOP (i) and in the midbody at
the pIIa-pIIb stage (iii), and localization of the SJ component Nrv2::Dendra2 at the pIIa-pIIb stage.(B) PC of the medial MyoII medial network in ECs
and SOP cells. Plot profile of photoconverted (561 nm channel) MyoII::Dendra2 2 s and 60 s after PC in EC and SOP cells. (B′) Lateral side effects of
MyoII::Dendra2 following PC. Plot of 561 nm fluorescence intensity of photoconverted channel MyoII::Dendra2 2 s after PC (yellow line). White and
black arrows point to photoconverted Dendra2 outside of the photoconverted ROI. (C) PC of Nrv2::Dendra2 finger-like protrusion occurring during SOP
cell division. (C′) Time lapse illustrating the change in localization of the photoconverted Nrv2::Denrda2 signal. White arrows point toward the lateral
spreading of the photoconverted signal at distance of the photoconverted ROI. pIIb and pIIa cells express GAP43::IR under the control of the neuralized
promoter. Blue dotted circle area represents the non-photoconverted finger-like protrusion. Time is expressed in minutes. (D) Schematic representation
of the PC of the midbody of EC. MyoII::Dendra2 is located both at the AJ level and at the midbody level (green). (D′) PC of the midbody (lower panel)
results in apical MyoII PC (upper panel) localized in the plane of AJs (3 µm apical to the midbody). All dotted yellow rectangles and discs delineate
photoconverted ROIs. Red and blue dots mark the pIIb and pIIa, respectively. Scale bars represent 5 µm. Time is expressed in seconds (A–D″) and in
minutes (C′).

µW) is sufficient to photoconvert the entire cytoplasm of the cell
expressing freely diffusing KAEDE in less than 2 s (Figure S2A),
these experimental conditionswere unsuccessful to photoconvert
Notch::mMaple3. For the latter, as experimentally determined
by (Trylinski et al. 2017) and confirmed by (Bellec et al. 2021),
efficient PC of Notch::mMaple3 is achieved by increasing the
number of iterations to 40 within a 2-µm2 rectangular ROI.
BecauseNotch is a transmembrane protein, in contrast toKAEDE
that diffuses within microsecond timescale, the signal remains

restricted to the ROI within the next 2 s (time required to carry
out the 40 iterations) following PC process (Figure S2B).

However, as the properties of KAEDE andmMaple3 are different,
in order to assess the effect of the diffusion rate of the proteins
of interest, we next compared probes fused to the same photo-
convertible probe and located in the same subcellular domain.
We chose SJ components, to avoid a possible difference in laser
penetration and diffraction depending on the location of the
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probe within the cell (surface or depth). We used Dlg1::Dendra2
and Nrv2::Dendra2, a cytosolic and a transmembrane protein
with different t1/2 and mobile fraction (Table 1). For both proteins
of interest, using the same experimental conditions as before
(30 iterations at 2% laser power, see Table 1 and Section 2), the
same PC efficiency was observed. This latter is measured as
the ratio between the 561 nm signal after PC and the 488 nm
signal before PC (Figure 2E,E′). We also noticed that the 561 nm
channel photoconverted intensity depends on the initial 488 nm
signal (Figure 2E) and on the capacity of 488 nm signal to
be diminished after PC (Figure S2D). We also observed that
photoconverted Nrv2::Dendra2 signal remained located within
the ROI 2 s after PC with a limited spreading outside the
photoconverted ROI (Figure 2A,B; black arrows, Figure 2E″).
Conversely, the photoconverted Dlg1::Dendra2 rapidly diffused
away from the ROI along the SJ (Figure 2C,D; black arrows,
Figure 2E″). Similar observations were made after photoconvert-
ing the junctional MyoII::Dendra2 (Figure S2C). These results
illustrated in Figure 2F–F″ highlight the need to find a com-
promise between the mobility of the protein and the temporal
resolution of image acquisition. This would in turn enable to
accurately track the photoconverted fluorescent protein across
time and space (Figure 2F′). To overcome this limitation, we
next determined the impact that the laser power beam and
the number of iterations had on PC efficiency and lateral
diffusion.

3.4 Impact of the UV Laser Beam Power and the
Number of Iterations on the Spatial Restrictions of
PC

We then investigated the effect of the power of the 405 nm
laser beam and the number of iterations on the efficiency of PC
of MyoII::Dendra2 (Figure 3). As described above when photo-
converting SJ components, we first noticed that the efficiency
of PC depends on the initial 488 nm signal (Figure S2A,B).
Furthermore, it also depends on the capacity of 488 nm signal to
be diminished (Figure S2A′,B′), regardless of the laser power and
the number of iterations of the UV-405 nm laser. We evaluated
the effect of progressively increasing the power of the excitation
laser while keeping constant both the number of iterations and
the size of the ROI. We increased the laser power from 2% to
10% (corresponding to 4 to 20 µW laser power at 63X lens exit)
in the microscopy Zen Black software (see Section 2). At 2% laser
power, the photoconverted area remains restricted to initial ROI
and did not spread to the adjacentmedial networkwithin the next
2 s (Figure 3A,A′, upper panels, Figure S2A,A′, black dots). At
5% laser power, the PC efficiency within the ROI is higher than
at 2% (Figure 3A,A′, middle panels, Figure S2A,A′, green dots),
as expected but the photoconverted MyoII::Dendra2 is slightly
detected outside of the ROI up to a distance of 5 µm (Figure 3A,A′,
middle panels, Figure 3E′). At 10% laser power, although the
efficiency of PC within the ROI is not significantly improved,
the photoconverted MyoII::Dendra2 is detected on the entire
medial and junctionalMyoIImeshworkwithin 2 s (Figure 3A–A″,
lower panels, Figure 3E′, Figure S2A,A′, orange dots). These data
indicate that, while it is necessary to reach a laser power threshold
to induce PC, increasing the laser power is not the most effective
solution to increase PC efficiency.

As described in the previous paragraph, the number of iterations
required to induce efficient PC depends on the characteristics
of the photoconvertible protein. Thus, we next investigated
the impact of the number of iterations of the laser pulse.
We used MyoII::Dendra2 fluorescent photoconvertible protein,
which presents lateral diffusion side effects (Figure 1B′). Two
iterations at 2% laser intensity are sufficient to photoconvert
MyoII::Dendra2 within a 2-µm diameter disc ROI, which com-
prises the medial MyoII network (Figure 3C,D; upper panels).
The photoconverted protein remained restricted to the ROI, albeit
the signal intensity was relatively low. Interestingly, increasing
the number of iterations led to an increase in photoconverted sig-
nals. This signal remained largely restricted to the ROI, and only
a small fraction of the photoconverted signal spread toward the
cell periphery (Figure 3C′,D′, middle panels, Figure 3F,F′, Figure
S3B–B″). Increasing the number of iterations to 30, resulted in an
increase of the photoconverted signal and resulted in a global PC
of the MyoII network, inside and outside of the photoconverted
ROI (Figure 3C″,D″, lower panels, Figure 3F,F′, Figure S3B–
B″). Moreover, the combination of 30 iterations with a high
laser power (10%) led to the photobleaching of MyoII::Dendra2
detected at 561 nm (photoconverted MyoII::Dendra2) within the
ROI, together with efficient PC outside the ROI (Figure S3C,D).
Thus, these results indicate that it is preferable to vary the
number of iterations rather than the laser power to increase the
efficiency of PC. The drawback is that the duration of the PC is
proportional to the number of iterations (Figure S3E). Together,
these results indicate that for a given photoconvertible fluorescent
protein, the experimenter must determine the appropriate laser
power and number of iterations in order to optimize the PC
efficiency.

3.5 Photo-Enhancement, Photobleaching Versus
PC of Photoconvertible Probes

As described above forMyoII::Dendra2, the excessive laser power
and number of iterations leads to photobleaching within the
ROI and PC outside the ROI (Figure S3A,A′). Another limitation
resides in the ability of Dendra2 and KAEDE, but not mMaple3,
to be photoconverted from green to red upon prolonged illumina-
tion at 488 nm (Chudakov et al. 2007). One possible explanation
lies in the fact that Dendra2 andKAEDE, unlikemMaple3, can be
photoconverted at 488 nmwith low efficiency (orange plot; Figure
S4A).

Indeed, while Dendra2 PC is optimal at 405 nm, time-lapse
imaging of MyoII::Dendra2 at 488 nm is sufficient to trigger
green to red PC in the entire field of observation (Figure 4A).
If the sample has been already imaged using 488 nm, the probe
may already be photoconverted (Chudakov et al. 2007). In that
case, we recommend photobleaching the signal at 561 nm before
any PC experiment. We also investigated the effect of 405 nm
excitation (30 iterations at 2% laser power) on the 488 nm
wavelength emission signal. Although 405 nm PC induces loss
of the 488 nm signal within the photoconverted ROI as the result
of effective green to red PC, we also noticed an increase of green
signal (488 nm) outside the photoconverted ROI (Figure 4B,B′).
This increased 488 nm signal seems to be independent of the
photoconvertible probe and occurred both for Dendra2 and
mMaple3 (Figure S4B). This effect seems to be independent
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FIGURE 2 Impact of probe mobility on the monitoring of photoconverted probe. (A–A″,C–C″) localization of Nrv2::Dendra2 (A–A″) and
Dlg::Dendra2 inECs after excitation at 488 nm (A,C), and 561 nmprior to (A′,C′) or 2 s after 405 nmPC (A″,C″). Dotted red rectangles (A,A″,C,C″) indicate
the photoconverted ROIs. (B,D) Plot of fluorescence intensity profile for (B) Nrv2::dendra2, (D) Dlg::Dendra2 after PC along the bicellular junction. Black
arrows point to the lateral spreading of the photoconverted probe adjacent to the ROI. (E–E″) Efficiency and spreading quantification of Nrv2::Dendra2
and Dlg1::Dendra2 PC assays. (E) Plot of photoconverted 561 nm fluorescence intensity after 405 nm PC in function of initial 488 nm fluorescence
intensity (N = 15 for Nrv2:Dendra2 and N = 7 for Dlg1::Dendra2). (E′) Nrv2:Dendra2 (black dots) and Dlg1::Dendra2 (grey dots) quantification of the
ratio between the 561 nmphotoconverted intensity and the 488 nm initial intensity. (E″) Quantification of the spreading of photoconvertedNrv2::dendra2
and Dlg1::Dendra2 signal outside the photoconverted area. n.s., not statistically significant and *** p value≤ 0.001. (F,F′) Schematic representation of the
sequence of events and spatial side effects for probes with low (E) or highmobility (E′). (F) Probes with lowmobility are restricted to the photoconverted
area ROI whereas (F′) probes with high mobility spread outside photoconverted ROI. If the photoconvertible fluorescent protein is highly mobile, the
time required to perform the PC combining with the time required to acquire the first post PC image is too long and does not allow for a complete
spatiotemporal tracking post conversion. Green dots represent initial probes before PC. Red dots represent photoconverted probes. Scale bars represent
5 µm. Dotted orange rectangles represent the photoconverted ROIs. Adj area represents the bi-cellular junction region adjacent to the photoconverted
bi-cellular junction ROI. Time is expressed in seconds.
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FIGURE 3 Effect of the laser power and number of iterations on the efficiency of PC ofMyoII::Dendra2. (A,A″,C,C″) localization of junctional and
medial MyoII::Dendra2 in ECs after excitation at 488 nm (A,C) and at 561 nm prior to (A′,C′) or after 405 nm PC of a 1 µm2 ROI depicted by orange dotted
circles at 405 nm (A″,C″). In (A), the laser power was increased from 2% to 10% with two iterations, while in (C) the laser power was set to 2% and the
number of iterations was increased from 2 to 30. In (C), the time indicated in brackets corresponds to the time needed tomake the corresponding number
of iterations. (B,D) Plot of fluorescence intensities of the photoconverted MyoII::Dendra2 along the yellow line depicted in A″,C”. The areas highlighted
in orange corresponds to the photonconverted ROIs. (B′,B″,D′,D″) Quantification of the efficiency and spreading of medial MyoII::Dendra2 network
following PC. (B′) Quantification of the ratio between the 561 nmphotoconverted intensity and the 488 nm initial intensity after the PC ofMyoII:Dendra2
in a circular ROI using two iterations with 2% (N = 9), 5% (N = 11), or 10% (N = 17) UV laser power at 405 nm. (B″) Quantification of spreading of the
MyoII:Dendra2 photoconverted signal at 561 nm adjacent to the photoconverted ROI after the PC of a circular ROI using 2 iterations and 2%, 5%, or 10%
UV laser power at 405 nm. (D′) Quantification of ratio between the 561 nm photoconverted intensity and the 488 nm initial intensity after the PC of
MyoII::Dendra2 in a circular ROI using 2% laser power with 2 (N = 9), 5 (N = 6), 10 (N = 6), 15 (N = 16), or 30 iterations (N = 28). (D″) Quantification
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of the spreading of the MyoII:Dendra2 photoconverted signal adjacent to the photoconverted ROI after the PC of a circular ROI using 2% laser power
and 2, 5, 10, 15, or 30 iterations (N = 28). n.s., not statistically significant, * p-value ≤ 0.1and ** p-value ≤ 0.01. (G) Schematic representation of sequence
of events taking place upon increasing the number of 405 nm laser iteration on MyoII::Dendra2. Green and red spheres represent non-photoconverted
and photoconverted MyoII::Dendra2, respectively. Orange and blue arrows represent respectively MyoII::Dendra2 that leave or enter within the ROI of
PC, respectively. Within 2 s, photoconverted MyoII::Dendra2 occupies the apical surface of the photoconverted cell. Scale bars represent 5 µm. Dotted
orange circles represent the photoconverted ROIs. Adj area represents the medial MyoII network region adjacent to the photoconverted myoII network
ROI. Time is expressed in seconds.

on the microscope setup as it was observed with a scanning
confocal as well as with a spinning disk confocal microscope,
while photoconverting MyoII::Dendra2 in larval neural stem
cells (Figure S2D–D′) (Roubinet et al. 2017). Although we have
no solution to propose for overcoming the signal increase in
the 488 nm range, the experimenter must be aware of it when
quantifying the 488 nm signal after PC.

3.6 Axial Accuracy of PC

As epithelial cells can be squamous, cuboïdal or columnar,
organized in single layer, pseudo-stratified or stratified tissues, it
is informative to proceed to photomanipulations in 3D. Photocon-
verting MyoII:Dendra2 in the midbody results in an undesired
PC of the MyoII:Dendra2 3 µm apical to the midbody, and over

FIGURE 4 Effect of prolonged illumination of Dendra2 upon excitation at 488 nm and enhancement of green signal upon excitation at 405 nm.
(A,A′) Imaging of MyoII ::Dendra2 after excitation at 488 nm (A) leads to green to red PC (A′). Time is expressed in minutes after the start of the
experiment. (B,B′) PC of MyoII::Dendra2 in a 1 µm2 ROI (orange dotted disc) at 405 nm resulted in a green to red PC detectable upon excitation at
561 nm (B″). The laser power was set to 2% with 30 iterations. While the 405 nm illumination in the ROI causes a reduction of the green signal in the
ROI as a result of green to red PC, a general increase in the green signal outside the ROI is observed -upon excitation at 488 nm (B). (B′) Plot of 488 nm
fluorescence intensity along the yellow line depicted in (B) before (green curve) and after (black curve) PC. Black arrows represent the increase in the
488 nm increase signal upon 405 nm PC. Scale bars represent 5 µm.
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FIGURE 5 Applications and limitations of PC along the apicobasal axis. (A) Schematic illustration of apical PC of part of the bicellular junction
represented by the orange bar. (B) Top view of Nrv2::Dendra2 (green) at−1,−2, and−5 µm relative to the apical part of the SJ domain following PC of the
ROI depicted in orange at 405 nm. Panels in grey correspond to the photoconverted signal. (B′) Orthogonal view of images shown in (B) upon 405 nm PC
and passing through the orange photoconverted ROI (B′). Yellow arrows indicate the respective apical and lateral spreading of the PC. (B″) Apicobasal
plot profile of the fluorescence signal prior to (green line, signal at 488 nm excitation) or following 405 nm PC (black line, signal at 561 nm excitation).
Photoconverted area is depicted in orange dashed line, plain orange rectangle represents the 1 µm lateral spreading below the photoconverted ROI. (C)
Schematic representation of PC double light cone (grey) and low incidence of apical PC on Nrv2::Dendra2 located in basal planes (orange area) (N = 4).
(D) Schematic representation of PC of a ROI depicted by an orange line and located at the basal rim of the bicellular junction. Orange bar represents PC
ROI. (E) Top view of Nrv2::Dendra2 (green) at 0, −3, and −5 µm relative to the apical part of the SJ domain following PC of the ROI depicted in orange at
405 nm. Panels in grey correspond to the photoconverted signal. (E′) orthogonal view of the images shown in (E) and passing through the ROI depicted
in orange dashed lines. Solid and dotted yellow arrows indicate the respective apical and lateral axial spreading of the PC. (E″) Apicobasal plot profile
of the fluorescence signal prior to (green line, signal at 488 nm excitation) or following PC (black line, signal at 561 nm excitation). Photoconverted area
is depicted in orange dashed line, plain orange rectangle represents the 4 µm apical spreading above the photoconverted ROI (n = 9). (F) Schematic
representation of the double light cone of PC illumination (grey) illustrating the consequences of basal PC (orange) on apical planes (orange area). Scale
bars represent 5 µm.

an area of 5 µm in diameter (Figure 1C′). To better describe
the secondary effects of PC along the apicobasal depth axis,
we photoconverted apical or basolateral ROIs and measured the
respective lateral and axial distribution of the photoconverted
signal (Figure 5A,D). To this aim, Nrv2::Dendra2 was chosen as

SJs span over a height of 4 to 5.5 µm (Esmangart de Bournonville
& Le Borgne, 2020); (Daniel et al. 2018). The PC protocol
was set at 2% laser beam power and 30 iterations, to ensure
effective PC within the ROI while limiting lateral spreading
(Figure 2A″–E″). When photoconverted apically (orange rectan-
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gle, Figure 5B, upper panel), the Nrv2::Dendra2 photoconverted
signal is detected within the ROI in the confocal plane of the
ROI. However, due to the axial effect of the laser beam forming
a double cone of light, PC is not confined to the plane of the
ROI, but also occurs in the apical and basal planes of the targeted
area covering an area of 3 µm thick in this example (Figure 5B–
B″). This axial effect is even more noticeable when the PC is
performed deeper at 5.5 µm below the apical surface (Figure 5D–
E″). Indeed, as the laser beam is going through the focal planes
located apical to the ROI, effective PC of Nrv2::Dendra2 occurs
along the apicobasal axis. In this case, the apical surface area
on which photoconverted probes is detected following PC of a
basally located ROI ismuch broader than the ROI, spreading over
a diameter of about 10 µm, that is, the diameter of the cone of light
in this particular apical plane (Figure 5E), upper panel; Figure
S5A; large field of apical view). Similar resultswere obtainedupon
basal PC of Notch::mMaple3 (Bellec et al. 2021). This indicates
that the effect is not dependent on the photoconvertible protein,
but is instead caused by the cone of light. This cone of light is
the main limitation for PC experiments. One way to overcome
this problemwas proposed by (Trylinski et al. 2017). If the sample
allows it, it would suffice to rotate specimen to visualize the cells
of interest from the lateral side instead of the top view. Another
alternative is to use a two-photon laser beam to prevent the axial
effect of the conventional laser beam as done in mitochondria
tracking (Ivanchenko et al. 2007; Watanabe et al., 2007) or in cell
tracking (Chtanova et al. 2014). It has been reported that two-
photon mediated PC of KAEDE requires hundreds of iterations
cycles at 810 nm (Chtanova et al. 2014). In line with this study,
we observed that while increasing laser power in combination
with 100 iterations is not sufficient to induce PC (Figure S5B),
the PC of cytosolic KAEDE occurred from 500 iterations onward
combined with 0.5% of 810 nm laser power. The 561 nm channel
photoconverted intensity, corresponding to the efficiency of the
PC, progressively increases with the number of iterations from
500 to 1200 (Figure S5B′). However, in these conditions, the
KAEDE PC is around five to six times less efficient than that
obtained by two iterations with a one-photon laser (Figure S5B″).
To quantify and compare the PC efficiency between UV 405 nm
and two-photon IR-810 nm, we performed PC of Nrv2::Dendra2
with 1500 iterations protocol (Figure S5C–C″). As for KAEDE
experiments, we observed that the IR-810 nm Nrv2::Dendra2 PC
efficiency is 10 times lower than that obtained with one-photon
UV 405 nm (Figure S5D–D″). A second limitation to the use of
a two-photon laser is the time required for PC. This ranges from
around 1 (500 iterations) to 3 min (1500 iterations), compared to
the 2s (40 iterations) time required for PC with one-photon laser.
Next, we studied the extent to which the use of two-photon lasers
avoids the effects of axial PC inherent in one-photon laser. To do
so, we performed two-photon PC at 810 nm of a Nrv2::Dendra2
bicellular junction and a z-stack was acquired. Despite the lower
efficiency observed (Figure S5D″), and in striking contrast to
405 nm PC, the PC at 810 nm remains restricted to the PC plane
(around −4 µm to the apical plane of the cell). In this case, there
is almost no drooling along the apicobasal axis (1 µm) (Figure
S5E′,S5E″), compared to the massive apical PC that follows
PC with the 405 nm wavelength (Figure S5E and Figure 5D).
These results demonstrate that although the two-photon laser PC
approach is relevant for circumventing axial artifacts, the signals
detected remain weak. As a result, this decreases the signal-to-
noise ratio and makes quantification more delicate. In addition,

the time required for PC in this setup is unsuitable for probeswith
high mobilities.

3.7 Conclusion

This study provides a framework to help designing and carrying
out PC experiments on epithelial cells using confocalmicroscopes
present on most imaging facilities. Our results clearly demon-
strate the value of the approach, while underlining that the PC
protocol is “not a plug and play” one to perform qualitative and
quantitative studies. Hence, by using various proteins of interest
with different degrees of mobility, we highlighted the lateral and
axial artifacts observable during PC experiments in vivo. We also
proposed means to bypass these side effects (Table 1).

We have demonstrated here that Dendra2 PC of subcellular
population of tagged protein expressed at physiological levels
within epithelium is easily achievable, but can induce undesired
spatial effects such as lateral and axial spreading outside the
photoconverted ROI. We presented on Figures 2 and 3 that
the spreading depends on the mobility of the photoconvertible
probes and the experimental parameters namely laser power and
number of iterations. Given that the optimal parameters have to
be defined empirically, we concluded, that in order to increase the
PC efficiency it is preferable to modify the number of iterations
rather than the laser power. The main question at the start of
a PC experiment is how to define the first set of experimental
parameters. To help the experimenter, we report here the data
from minute time-scale FRAP experiments (mobile fraction and
half time t1/2 recovery parameters; Figure S6). We also include
data from PC experiments (laser power and number of iterations)
for the different cytosolic and transmembrane fluorescent photo-
convertible proteins used in this study in Table 1. For fluorescent
associated probes having a small mobile fraction such as Nrv2
and Notch (0.19 for ATPalpha::YFP (Oshima and Fehon 2011)
and 0.31 for Notch::GFP), the efficient PC is obtained with a
low laser power and a high number of iterations (Table 1). In
contrast, for GFP fluorescent proteins having a high mobility,
such as MyoII, Dlg1, or KAEDE, it is preferable to increase the
laser power and reduce the number of iterations. In doing so,
the photoconverted signal remains restricted as much as possible
to the photoconverted ROI. From the results summarized in
Table 1, before initiating an experiment, we propose to perform
FRAP measurements analysis. Depending on the FRAP recovery
parameters obtained (Table 1, Figure S6), we propose starting
PC with low laser power and a modulation of the number of
iterations (Table 1), with respectively a low number of iterations
(between 2 and 5) for GFP-associated probes that present high
mobile fraction (above 0.8) in FRAP recovery analysis, and a high
number of iterations (higher than 20) for probes that present low
mobile fraction. Depending on the fluorescent photoconvertible
protein localization, we also report the benefits and limitations of
the one photon 405 nm PC compared to the two-photon PC (10th
column; SJ components).

4 Discussion

In this study, we have characterized the side effects upon PC on
living Drosophila pupae and their impacts and biases to post-
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PC analyses. We focused mainly on Dendra2 photoconvertible
fluorescent probes that were expressed in different subcellular
locations such as the Myosin II contractile network and SJ
components. We report that 405 nm UV photoconversion leads
to two-dimensional spreading effects that depend primarily on
the mobility of the photoconvertible probe. Although these sub-
cellular spatial side effects were previously observed (Sattarzadeh
et al. 2015), their spatiotemporal description on the second time
scale after PC and on global post PC analysis were missing.
We also report the axial spreading along the basolateral axis
depending on the nature of UV 405 nm PC assay. Based on
these considerations and our in vivo results in the notum of
D. melanogaster, we summarize the different biases that appear
upon PC, and indicate possible strategies to minimize them
(Table 1).

Previous ex vivo and in vivo analyses recapitulate the optical
properties of excitation and emission of the different photo-
convertible proteins used in this study (Lombardo et al. 2012;
Day and Davidson 2009). Knowing the folding and diffusion
rates of the protein of interest is an important prerequisite for
selecting the experimental setup and the photoconvertible probe.
The importance of knowing the diffusion rate is illustrated by
cytosoluble KAEDE. In this case, a single UV pulse in a limited
volume results in the PC of the entire volume of the cell in the
space within less than 2 s. If one wishes to study the diffusion
rate of a highly mobile protein, the imaging speed becomes
a limiting factor. This demands a highly sensitive microscope
capable of producing imageswithin tens ofmilliseconds, such as a
spinning disk confocal microscope (Woods et al. 2014). As for the
importance of the kinetics of protein folding, we report that the
level of fluorescent signal varies among the photoconvertible tags
(Notch::Dendra2 vs. Notch::mMaple3; Figure S1B–B″). As shown
for the Notch receptor, while the distribution of Notch::mMaple3
is similar to that of Notch::GFP, in contrast, while being func-
tional, Notch::Dendra2 is almost not detected at the plasma
membrane. In such a case, the use of faster folding probes such
as mMaple3 is recommended (Trylinski et al. 2017; Bellec et al.
2021). It is important to note that all the experiments were carried
out at 25◦C, and to bear in mind that the rate at which the probes
fold will depend on the model system, the rearing and imaging
temperature.

Once the choice of photoconvertible fluorescent probe has been
made, we report that the PC efficiency depends on the excitation
power and the PC time at 405 nm, defined by the number of
iterations. We report that the laser power excitation impacted
directly on PC efficiency and noticed how a significant increase
in the 405 nm UV power during PC promotes spreading of
the photoconverted probe outside the defined photoconverted
ROI (Figure 3). This also results in the photobleaching of the
desired photoconverted ROI (Figure S3). Similar phenomenon
has been described in (Wulffele et al. 2022). In that case, the
PC efficiency of mEos4b strongly depended on the applied-
405 nm PC illumination conditions. In particular, it has been
shown that high 405 nm intensity decrease the efficiency of
mEos4b PC due to non-linear bleaching of the 488 nm green
state. The increase of the PC time is thus preferable in PC
assays to limit the spreading effects outside the photoconverted
ROI (Figure 3). However, increasing the duration of PC (1 to

3 s in our sets of experiments; Figure 3), became rate limiting
for proteins with high mobility rate such as Myo-II. Thus, the
combination of PC parameters namely laser power relative to
the number of iterations needs to be adjusted for each protein of
interest.

In this study, Dendra2 probe was mainly used as it presents
bright fluorescence in both initial and photoactivated state, and
low phototoxic activation with the 488 nm (Baker et al. 2010;
McKinney et al. 2009; Chudakov et al. 2007). Thanks to these
features, it is well adapted for the tracking of super resolution
images.However,Dendra2 presents somepotential disadvantages
such as low PC, and a 561 nm photoconverted stage prone
to photobleaching (Chudakov et al. 2007). Furthermore, the
Dendra2 displays a second efficient PC peak around 490 nm
(McKinney et al. 2009; Gurskaya et al. 2006) that sensitize
Dendra2 to 488 nm light and allows its PC upon 488 nm excitation
(Figure 4A and Chudakov et al. 2007). As proposed by (Baker
et al. 2010), illumination can be attenuated by a neutral density
filter, or as shown in our study by a low 488 nm excitation laser
power. Alternatively, when using a scanning confocal microscope
in order to limit the analysis bias due to the 488 nm PC, we
recommend to perform photobleaching of 561 nm channel before
UV 405 nm PC. This will enable the separation of UV 405 nm PC
from the level at 488 nm PC due to imaging.

As we report here, the most annoying effect of using a UV
laser for PC is the undesired axial photo conversion. This turns
out to be not too limiting while using thin specimens (cell
cultures) or photoconverting probes located in the confocal
plane close to the coverslip (apical plane of epithelial cells for
example). However, the PC in basal planes systematically results
in concomitant apical PC. It makes interpretation and lateral
quantification complicated. Interestingly, previous studies on
HeLa cells overexpressing photoactivable-GFP that (Schneider
et al. 2005) show that photoactivation can be done in the spectral
region ranging from 720 to 840 nm. This results in a sharper and
more controllable three-dimensional activation volume thanwith
a 405 nm illumination. Applying this strategy to photoconvertible
fluorescent proteins could offer a wide variety of potential
applications such as subcellular three-dimensional PC. Previous
studies on HEK293 cells expressing the cytokeratin 18-d2EosFP
photoconvertible probe show an improvement of 2D spatial
resolution with two-photon excitation at 808 nm (Wiedenmann
et al. 2004). Additionally, PC, in HeLa cells, of EosFP-tagged
mitochondria at 970 nm was successful three-dimensionally
using two-photon conversion (Ivanchenko et al. 2007). Based on
Chtanova et al. (2014) protocol that used hundreds of cycles to
photoconvert KAEDE in mice cells, we successfully photocon-
verted cytosoluble KAEDE and transmembrane Nrv2::Dendra2.
We used a 810 nm two-photon through and an increase in the
number of PC iterations from 500 to 1500 compared with the 40
iterations used for 405 nm one-photon PC. Whereas two-photon
PC induces a drastic reduction of the light cone (Figure S5D),
810 nm two-photon PC is 10 times less efficient than 405 nm
UV PC (Figures S5B and S5C). In addition, the time required
to photoconvert 2 µm2 ROI upon 810 nm two-photon may be a
limiting factor when studying proteins with seconds time scale
mobility. Thus, we conclude that 810 nm two-photon PC may be
limited to slow diffusing proteins expressed at high levels.
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