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Abstract 

 
The study of the actin cytoskeleton and related cellular processes requires tools to specifically 
interfere with actin dynamics in living cell cultures, ideally with spatiotemporal control and 
compatible with real time imaging. A phototriggerable derivative of the actin disruptor 
Cytochalasin D (CytoD) is described and tested here. It includes a nitroveratryloxycarbonyl 
(Nvoc) photoremovable protecting group (PPG) at the hydroxyl group at C7 of CytoD.  
The attachment of the PPG renders Nvoc-CytoD temporarily inactive, and enables light-dosed 
delivery of the active drug CytoD to living cells. This article presents the full structural and 
physicochemical characterization, the toxicity analysis. It is complemented with biological 
tests to show the time scales (seconds) and spatial resolution (cellular level) achievable with a 
UV source in a regular microscopy setup. 
 
Introduction 

 
The cellular cytoskeleton is a dynamic network with relevant functions in cell force 
generation and transmission. Being able to regulate the dynamics of specific cytoskeletal 
elements enables targeted studies of force-related cellular processes.1-2 An established strategy 
to control cytoskeletal dynamics is by adding small molecule inhibitors to the cell culture that 
selectively interact with individual cytoskeletal components. In order to regulate the activity 
of a drug in a living cell with spatiotemporal resolution, photoactivatable and photoswitchable 
drug derivatives have been developed3. In the first case, the drug is modified with a 
photoremovable protecting group (PPG) at a relevant position for binding to its target.4-6 This 
chemical modification significantly reduces the affinity of the drug for the cytoskeletal 
component, inhibiting its bioactivity. The latent activity of the photoactivatable drug allows 
the drug to be in the cellular milieu without causing any biological effect. Light exposure at a 
given time point cleaves the PPG and activates function at the exposed site and at its 
surroundings, at a time scale that depends on diffusion. Two examples of photoactivatable 
drugs to control the dynamics of microtubules have been reported. A photoactivatable 
derivative of CMPD1, a tubulin polymerization inhibitor, was obtained by attaching the 
photoremovable protecting group 4,5-dimethoxy-2-nitrobenzyl (DMNB).7 A similar strategy 
was used to locally deliver paclitaxel (PTX), a drug that inhibits depolymerization of 
microtubules.6, 8 Variants with DMNB and 6-bromo-7-hydroxycoumarin-4-yl derivatives have 
been reported, among others. In contrast to photoactivatable drugs, photoswitchable drugs are 
rely on modifications with azobenzene-based photoswitches, and allow reversible variation 
between a latent and an active state by exposure to light of different wavelenghts. As 



example, photoswitchable azobenzene photostatins to photocontrol microtubule dynamics 
have been reported and tested in vivo.9 
 
Among drugs affecting the actin network, the fungal metabolites Cytochalasins10-11 are potent 
candidates. They are disruptors of the actin network organization by barbed-end capping 
mechanism, and the inhibition of G- and F-actin binding to cofilin.12-13 When added as drug to 
cell cultures, cells experience decreased stiffness,14 ruffling of the membrane,10, 15 
enucleation,16 or arborization.17 Although Cytochalasins interact with actin in several ways, 
which complicates the analysis of cellular responses,12-13 they are widely used in cell biology 
and biophysics to externally interfere with the actin network and investigate cytoskeleton 
dynamics and related cellular processes. From the 20 naturally occurring types of 
cytochalasins, cytochalasin D (CytoD) shows the highest specificity for actin.18 CytoD shows 
no binding to glucose transporter, and no inhibition of monosaccharide transport across the 
plasma membrane, unlike  cytochalasins A and B.19 CytoD shows a 10 times higher binding 
affinity for F-actin than the other cytochalasin types.18 Its potent actin polymerization 
inhibitory nature is advantageous for local studies of actin dynamics, in spite of having a 
multimodal actin-disruption mechanism, but creates the necessity for fine control of CytoD 
dose. 
 
In this article, the synthesis and detailed characterization of physicochemical properties, 
photochemical activity and toxicity of a phototriggerable derivative of CytoD are described. 
This compound enables light-dosed delivery of CytoD in living cells, and was used in 
previous works to regulate actin dynamics in cell biology studies.20,21 We analyze the time 
scale and spatial resolution at which actin control is realizable in living cells. This compound 
facilitates studies in cell biology by allowing regulation of a relevant element in the cellular 
force generation and transmission machinery at higher precision than a soluble drug.  
 
 

Results and Discussion 

 
Design and synthesis of Nvoc-CytoD  
 
The crystal structure of CytoD bound to monomeric actin has been reported.22 The graphical 
representation of actin-CytoD interaction site (Figure 1) shows that the isoindolone core 
(comprising the lactam ring bearing benzyl group and the –OH at C7) interacts with actin via 
five hydrogen bonds. The fused large 11-membered macrocycle containing a tertiary –OH 
exhibits only one H-bonding interaction. The positioning of CytoD is also strongly guided by 
hydrophobic interactions at the back half of the hydrophobic cleft between subdomains 1 and 
3. The relevant residues of actin for the stabilization of CytoD in the binding pocket are 
Ile136, Tyr169, Ala170, Pro172, Met355, and Phe375. Taking into account the chemical 
structure and reactivity of CytoD, and the interaction sites with monomeric actin, the 
secondary hydroxyl group at C7 (-OH) seems to be the most adequate position for caging 
(Figure S1, S2). C7 hydroxyl group interacts through water-mediated hydrogen bonds with 
carbonyl of V134 and NH of I136. Introduction of a PPG at this position would presumably 
affect the two H bonds and destabilize the complex. For this study the PPG 3,4-dimethoxy 
nitroverytryloxocarbonyl (Nvoc) was selected. Nvoc-CytoD was synthesized in one step by 
reacting CytoD with Nvoc-Cl (Figure S1). The reaction occurred selectively, only at the 
secondary C7 hydroxyl, with no interference of the less reactive tertiary hydroxyl at C18. 
Nvoc-CytoD was obtained in 68% yield after purification. The high specificity and reasonable 
yield of this reaction is important, since CytoD is a very expensive drug available at mg scale. 
The chemical structure of the product was confirmed by 1H-NMR and mass spectrometry. H7 



signal shifted from δ 3.83 ppm in CytoD (1H NMR in CDCl3) to δ 5.00-4.96 ppm (1H, d, J = 
11 Hz) in Nvoc-CytoD as consequence of deshielding by the carbamate group. A downfield 
shift of H8 signal was also observed, from 2.67 ppm in CytoD to 3.22–3.15 ppm in Nvoc-
CytoD (Figure S2a). Nvoc-CytoD was readily soluble in DMSO, chloroform and 
dichloromethane. Nvoc-CytoD was stable in PBS (pH = 7.4) and 4% DMSO for at least 24 
hours. HPLC analysis of the solution showed no hydrolysis during this time (Figure S3). 
However, insolubilization and formation of aggregates was noticed within a few hours. 
 
Photochemical properties 
 
The photolysis of Nvoc-CytoD was followed by UV spectrophotometry and HPLC studies of 
solutions irradiated at λmax = 360 nm for increasing times. The UV spectra of Nvoc-CytoD 
showed an absorption maximum at 343 nm, as consequence of the presence of the Nvoc 
(Figure 2B). Upon exposure, a drop of absorbance at λmax, was observed, in parallel to a rise 
of absorption intensity around 400 nm. Similar changes in the UV profile have been reported 
for other Nvoc-photolysis cases and are attributed to the formation of the nitroso byproduct 
during photolysis.8, 23-24 In the HPLC curves, the intensity of the Nvoc-CytoD peak (retention 
time 16.6 min) decreased, while a new peak of increasing intensity appeared at retention time 
of 13 min (Figure 2A). Mass analysis confirmed that this peak corresponded to free CytoD. At 
full exposure at 360 nm, 70% of Nvoc-CytoD was photolyzed and 64% of CytoD was formed 
(Figure 2C), according to HPLC quantification. Longer exposure doses did not improve this 
ratio and lead to formation of other photodegradation byproducts, which we were not able to 
identify (Figure 2A). 
 
Activity of the drug and toxicity tests 
 
The cytotoxicity of Nvoc-CytoD was assessed first in a live/dead assay. This experiment was 
done on confluent monolayers of MDCK cells incubated overnight with either CytoD or 
Nvoc-CytoD in the concentration range of 10 nM to 50 µM. Cell viability ratios dropped to 
70% at 0.1 µM CytoD incubation concentration. In contrast, viability > 90% were observed 
for Nvoc-CytoD at concentrations up to 1 µM. These results demonstrate a significant lower 
toxicity of CytoD by introducing the Nvoc PPG at C7 in its molecular structure. Viability 
dropped to 80% at 5µM Nvoc-CytoD incubation concentration, which represent the 
experimental condition selected for the photoactivation experiments. Although this ratio of 
cell death is not negligible, it is important to note that the conditions used to evaluate 
cytotoxicity (overnight incubation) are never applied in a cell biology study. Shorter 
incubation times are expected to be much more benign to the cells. The observed cytotoxicity 
of Nvoc-CytoD at >5µM could be due to enzymatic cleavage of the carbamate group and 
consequent release of CytoD. 
 
We further examined the bioactivity of Nvoc-CytoD by measuring changes in the spreading 
area of cells after incubation with the drug, since cell spreading is very sensitive to changes in 
the actin fibers. For this experiment epithelial MDCK cells were not convenient since these 
cells form clusters and collective effects could counteract the effect of the drug. 
Mesenchymal-like hTert-RPE1 cells were selected, as these cells can be kept isolated in 
culture when using low cell seeding density. The quantification of the cell area after 7 hours 
incubation with CytoD and Nvoc-CytoD is shown in Figure 2B. A decrease in cell area was 
clearly visible in cells incubated with CytoD at concentrations > 0.02 µM, and cells were 
found to detach from the culture plate at concentrations > 10 µM. In contrast, cells incubated 
with Nvoc-CytoD did not show visible changes in spreading area at concentrations < 1 µM. 



These results confirm that Nvoc-CytoD affects the survival rate and the shape of cells at 
significant lower extent than CytoD. 
 
The effect of Nvoc-CytoD treatment on the actin cytoskeleton was visualized in live imaging 
experiments at shorter incubation times, i.e. 1-3 hours, as used in later cell experiments. For 
this purpose L929 fibroblasts were first labelled with Sir-actin by overnight incubation.25 
Upon addition of 0.1 µM CytoD the F-actin was immediately disrupted and cells were not 
able to spread properly. Figure S4 shows exemplary images taken after 3 hours incubation 
with the drug. L929 cells exposed to Nvoc-CytoD did not show visible signs of a disrupted 
cytoskeleton at any incubation concentration up to 50 µM. These results further confirm the 
drastic change in CytoD activity upon introduction of the Nvoc group, and reflect the 
concentration range at which Nvoc-CytoD can be used for experimentation. 
 
Demonstration of light-induced changes in actin using Nvoc-CytoD in cell cultures 
 
The experimental conditions to use Nvoc-CytoD as a photoactivatable drug to interfere with 
the actin cytoskeleton of living cells upon light exposure were tested in different experiments 
using MDCK, RPE1, L929 and MEF cell types. Actin was labelled with SiRactin (for 
MDCK, L929 and MEFs) or with LifeAct (for RPE1 and A2780). Experiments were designed 
to identify the minimum incubation concentration necessary to induce local actin changes 
without appreciable photodamage to the cells, and to explore the resolution in time and space 
and the degree of control at which actin can be disrupted or regulated using Nvoc-CytoD. 
In preliminary experiments, MEFs labelled with SiR-actin were exposed to 50 µM Nvoc-
CytoD and a defined intracellular area (ca. 180 µm2) containing visible actin stress fibers was 
irradiated (Figure 4A). Neither visible changes in the spreading area nor in the organization of 
the actin cytoskeleton were visible in the presence of the non active drug, as observed in 
previous experiments with L929 (Figure S4). Upon illumination, we observed a fast 
fluorescence loss within the irradiated area, both in Nvoc-CytoD treated and control samples, 
indicating bleaching of the F-actin fluorophore at the exposure conditions. Fluorescence 
recovered after 10 min in the control experiment and showed cells with similar F-actin 
structures as before exposure, demonstrating that the irradiation step alone was not affecting 
the actin structures. In contrast, cells treated with Nvoc-CytoD and illuminated showed a 
distorted actin cytoskeleton with clusters of actin and actin-free areas after fluorescence 
recovery (Figure 4A). The observed features in the F-actin cytoskeleton are expected for a 
treatment with CytoD. These results confirm that Nvoc-CytoD can diffuse inside the cells and 
liberate active CytoD when irradiated. They also highlight that bleaching of the fluorophore 
precludes fluorescence imaging of actin disruption during the recovery time of the 
fluorophore. In these experiments the strongly associated reporter SiR-actin was used, which 
has the exchange kinetics in the order of minutes. This agrees with the observed 10 minutes 
necessary for full recovery of the initial fluorescence pattern. Eventually a weaker associated 
F-actin reporter (eg. LifeAct with exchange kinetics in the order of seconds) could shorten 
this time lag. 
 
In order to avoid bleaching of the actin label and to minimize cell photodamage during 
intracellular exposure step, we performed a similar experiment by irradiating a region outside 
of the cell, close to the cell membrane. We hypothesized that the free CytoD would diffuse 
from the illuminated region into the cytosol of the cells. In fact, Figure 4B shows the actin 
cytoskeleton 10 min after irradiation of a 180 µm2 area outside the MEF cell. A disrupted 
actin fibers and formation of actin clusters was observed. Also cellular structures dependent 
on the actin network, like focal adhesions26, were affected. The total area and average size of 
the focal adhesions decreased after exposure (Figure 4C,D). In contrast, no significant 



changes in the actin organization or the focal adhesions were observed in the control 
experiments. These results demonstrate the possibility to deliver CytoD, to avoid bleaching of 
actin and to image early actin changes by irradiating extracellular space close to the imaging 
site. It is important to note that the drug concentration at the imaging site will depend on the 
Nvoc-CytoD concentration, the exposure dose, and also on the diffusion rate of the molecules 
from the exposed site to the imaging site. Diffusion will occur in a gradient form and cannot 
be easily quantified. This is a limitation of this approach. A time lapse experiment using 
RPE1 cells expressing LifeAct shows that the diffusion of activated CytoD and subsequent 
actin disruption occur already within the first minute after exposure (video S1, Figure S5).  
The changes in the actin cytoskeleton as a consequence of light activation of Nvoc-CytoD 
were temporal. In many cases (not all) cells recovered an organized actin cytoskeleton within 
less than one hour (MEFs in Figure S6) within a time frame spanning from 5 min to 1 hour 
depending on the concentration of CytoD liberated in the experiment, and eventually the 
exposure conditions and cell type. This is a consequence of the dilution of the locally 
liberated drug in the medium and allows successive experiments within a cell culture without 
changing the medium. This cannot be achieved upon incubation with CytoD, since all cells 
are exposed to the same drug concentration at a time. 
 
We then explored the spatial resolution at which delivery of CytoD is possible by local 
activation of NVoc-CytoD at subcellular level. For this purpose a small region close to the 
leading edge of migrating A2780 cells was exposed. Local delivery next to small protrusions 
reduced the intensity of Lifeact-mEmerald and led to collapse of the protrusion within 5 
minutes, with recovery of actin polymerization at later times (Figure 5A). When Nvoc-CytoD 
was activated in a small region close to larger lamellipodial protrusions, the local effect of 
CytoD was clearly observed by the splitting of lamellipodia due to disassembly of F-actin 
close to the irradiated region (Figure 5C,D), whereas by irradiation in the absence of Nvoc-
CytoD lamellipodia remained intact (Figure 5B). The snap shots from 20 minute time lapse  
(Figure 5D) show that the protrusion close to photorelease site loses F-actin (loss of LifeAct-
Emerald signal) up until around 10 mins, at which point F-actin identity begins to increase 
again, presumably after the effective concentration of photoreleased Nvoc-CytoD decreases 
due to diffusion. These data demonstrate that Nvoc-CytoD can be released in a highly targeted 
manner. Reducing the area of irradiation and time of activation can lead to local disruption of 
actin networks at a subcellular level in cells without the cellular damage associated with 
conventional photoablation methods. 
 
In a different experimental setting, we explored the limits of the use of Nvoc-CytoD to 
interfere with the actin cytoskeleton of a cell embedded in a confluent monolayer of epithelial 
cells20. It is important to note that, compared to the widely used laser ablation method,27 
Nvoc-CytoD is specific towards the cytosolic component that is destabilized. In this 
experiment we sought to destabilize the equilibrium of traction forces within the monolayer 
by illuminating a 6 x 7 µm² cytosolic area of a single MDCK cell within the monolayer 
treated with Nvoc-CytoD. Dissociation of the actin stress fibers in the illuminated cell was 
observed already 1 minute after exposure (SiR-actin labelling, Figure 6A,B). The changes 
started at the illuminated area. They propagated through the cell at 45 nm/s during the first 
160 seconds, and at lower rate (31 nm/s) for 3 minutes afterwards (Figure 6C). At 5 minutes 
the actin cytoskeleton of neighbouring cells also appeared distorted (Figure 6A, * symbol), 
while the cytoskeleton of the second neighbours was less affected (Figure 6A, arrow). In the 
control irradiation experiment with no Nvoc-CytoD we observed bleaching of the actin 
staining after illumination, followed by fluorescence recovery within 50 s time scale (Figure 
S6), and no changes in the actin structure. Note that the destabilization of the actin 
cytoskeleton fibers in the monolayer is a consequence of two parallel effects: the CytoD 



liberated upon exposure and possibly diffusing to neighboring cells, and the natural 
cytoskeletal rearrangements upon loss of the force equilibrium inside the monolayer. The 
differentiation between the two contributions is not possible in our experiment, and is a 
potential experimental limitation of Nvoc-CytoD and disadvantage vs. laser ablation method. 
We hypothesize that optimization of the experimental conditions by minimizing the 
photoliberated CytoD concentration and the irradiated volume could allow reducing the effect 
of drug diffusion to the single cell level. 
 
The local concentration of photoreleased CytoD in the cell culture cannot be easily 
determined. This is a limitation of this method. However, the relative concentration and the 
drug release profile can be varied by simply changing illumination parameters. In order to 
visualize this possibility, we monitored the change in the cell area of a MDCK cell in a 
monolayer after different exposure conditions. The distortion of the actin structure upon 
illumination is expected to create a temporal force imbalance that could result in a cell shape 
change. To quantify cell area we imaged E-cadherin signal at the median plane of the cell. 
Exposure of a MDCK cell of the monolayer to a defined exposure dose (5 illumination pulses 
at t = 0 min) resulted in an abrupt increase of cell area  within the first minute, followed by a 
slower increase up to a final 10% increase of the initial cell area during 5 minutes (Figure 7A 
and B). This result is in agreement with an expected impaired ability of the cell to apply 
cytoskeletal contraction forces. The cell area remained constant for longer time points, i.e. at 
10 min (Figure 7C) or 30 min (data not shown). In contrast, the area of a MDCK cell exposed 
at 1 pulse per minute during 5 minutes showed a continuous increase of the cell area and 
reached the same 10% increase at 5 min. When the exposure dose was doubled (5 more pulses 
per minute in the following 5 minutes), a net 20% increase in cell area was observed. This 
experiment visualizes how exposure profiles can be utilized to regulate CytoD concentration 
in time and space. 
 
Altogether, these results show that Nvoc-CytoD allows localized delivery of CytoD at cellular 
level in cell culture and offers a reasonable degree of control on the delivered drug amount 
and pharmacokinetic profile. All experiments were conducted with low intensity illumination 
at 405 nm. Control experiments verified that the used exposure doses did not cause any 
changes in the actin organization by themselves. These results highlight the potential and 
limitations of Nvoc-CytoD to locally disturb the filamentous actin within a cell. This 
compound has proven useful in the study of dilution of cortex induced cell super elasticity 
behavior in epithelial domes.20 Operating with Nvoc-CytoD is simple, as it can easily added 
to the cell culture medium. This is an advantage vs. other existing approaches for actin 
regulation relying on microinjected photoactivatable actin-binding proteins (photoactivatable 
Thymosin �4 applied to photocontrol actin dynamics and the direction of migration of 
keratocytes28 or photoactivatable Cofilin tested with MTLn3 cells29) or on optogenetic 
engineering of the cell of interest.30-31 
 
Nvoc-CytoD opens the door to interesting experiments in cellular biology and 
mechanotransduction. A few examples are: i) the study of mechanical tension within cell 
monolayers (i.e. epithelium) and the response cell-cell junctions to actin alterations;20 ii) the 
function of local actin dynamics in control of cell structure and organization (e.g. during cell 
division, cell migration);21 iii) localised cross talk between actin organization and cell-cell and 
cell-matrix adhesion; iv) roles of actin within the cell nucleus. 
 
Conclusions 

 



Nvoc-CytoD is a photoactivatable derivative of CytoD that can be added to the medium and 
allows light-mediated local delivery of the CytoD drug within a few seconds. Using Nvoc-
CytoD and controlled light exposure at the outer side of the cellular membrane, the actin 
network can be affected at subcellular level within time scales of tens of seconds to minutes. 
The pharmacokinetic profile of the free drug can be controlled by light exposure, but diffusion 
causes the free drug to be diluted in the medium in a gradient-form, making quantification of 
liberated CytoD complicated. Diffusion allows local CytoD concentration to be diluted and 
actin distortion to be reverted depending on the drug concentration. These features allow 
multiple experiments with the same cell, or in the same dish without washing steps or medium 
change. The experiments can be performed using a normal confocal microscope equipped 
with a 405 nm laser (without photo-manipulation unit). Activation of Nvoc-CytoD by 
intracellular irradiation is also possible, though the required light dose leads to extensive 
bleaching of labelled actin and hinders imaging of actin dynamics during recovery time (ca. 
10 mins). Advanced PPGs with higher photosensitivity could overcome this problem and 
push the limits of temporal and spatial resolution and accurate quantification in advanced 
biological questions. Experiments in this direction are in progress. 
 
  



Experimental Section 

 
Cell culture and sample preparation 
Mouse Fibroblasts L929 (NCTC clone, ATCC) were cultured in RPMI 1640 medium 
(GIBCO) supplemented with 10% fetal calf serum (FCS; GIBCO). WT eGFP-Vinculin mouse 
embryonic fibroblast lines (MEFs) were cultured in DMEM with 10% fetal bovine serum, 1% 
Nonessential Amino Acids, 1% Sodium Pyruvate and 4 mM L-Glutamine (all of them 
purchase from GIBCO).32  L929 and MEFs expressing Vinculin-GFP were cultured in a 
humidified incubator at 37 C/5%CO2.  Madin-Darby Canine Kidney (MDCK) cells stably 
expressing E-Cadherin-RFP were cultured in DMEM medium (Gibco) with 10% fetal bovine 
serum (Fischer scientific), 1% GlutaMAX (Fischer Scientific) and 1% penycilin/streptomycin 
(Gibco). 
SiR-actin was used for actin imaging. After cell attachment, cell culture medium was replaced 
by fresh medium containing SiR-actin (100nM). After 12h incubation F-actin was labeled by 
Sir-actin. Then Nvoc-CytoD in DMSO was added to the medium to a final concentration of 
50 µM Nvoc-cytoD or 0.1% DMSO. DMSO was used for the control group. 
Retinal Pigment Epithelial cells (h-tert RPE1) were genetically modified by infection in order 
to stably express LifeAct-mcherry, a filamentous actin reporter.33 Cells were cultured in 
DMEM/F-12 medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin 
and 1% Glutamax (all of them purchased from GIBCO) in a humidified incubator at 37°c and 
5% CO2.  
For sample preparation for microscopy, 0.5 ml of cell suspension (30.000 cells/ml) was filled 
into each of the 4 compartments of cell culture dish CELLview™. 
 
Live-Cell Imaging 
Time-lapse recordings were acquired with 20x, 63x objectives using either a Cell Observer 
inverted microscope (Zeiss Axio Observer Z1) controlled by  ZEN blue software, a confocal 
microscope (Zeiss LSM 880) controlled by ZEN black software or an inverted Nikon Ti-
Eclipse microscope equipped with a Yokogawa CSU-W1 spinning disk head and a FRAPPA 
module (both from Andor Technology) for photoactivation .  All microscopes were equipped 
with an incubation chamber which maintained the temperature at 37 °C and CO2 
concentration at 5%. 
 
In situ photolysis of Nvoc-CytoD 
A selected position in the cell culture was scanned using a Zeiss LSM 880 with a 405 nm 
laser (laser power 0.234 mW) for 45 seconds. Briefly, the selected position was zoomed in 
full field of view, then took a picture by 405 nm laser (108.7µs per pixel, image area is 179.99 
µm2). The irradiation area was labeled with square by ZEN black software. For inside cell 
irradiation, 5-15% of maximal intensity of the laser laser (nominal power of the laser: 30mW) 
was used through a 60x Apochromat objective (Zeiss), while 100% laser power was used for 
outside cell irradiation. Images of the cells were recorded shortly before and 10 min after 
irradiation. For time lapse movies, images were acquired every 30 seconds during 10 min 
using a 63x oil objective after irradiation. 
 
Toxicity assays 
Live-dead assay. MDCK cells were grown to confluence in 96 well plates for 24 hours. Cell 
medium was then exchanged for fresh medium containing different concentration (0.001 – 
100 µM)  of CytoD or Nvoc-CytoD. After one night, the cell medium was removed and 
exchanged by PBS containing 8 µM Fluorescein diacetate (ThermoFisher scientific) (live 
cells) and 20 µM propidium iodide (ThermoFisher scientific) for 5 minutes. The staining was 
then replaced by PBS and cells were imaged for green and red fluorescence. 



 
Cell area measurements. HTert-RPE1 stably expressing mcherry lifeAct cells were seeded at 
low density in 96 well plate and kept in incubator until they reached around 40 % confluence. 
Cell medium was exchanged by fresh medium containing different concentration of CytoD or 
Nvoc-CytoD. After 7 hours incubation, 2 images per well were taken in brightfield and red 
fluorescence. The cell area was then determined by segmentation of the fluorescent signal and 
automatic particle detection with Fiji software.34 
 
Imaging and data Analysis 
The acquired fluorescent images and DIC time series were processed and analyzed with Fiji 
(distribution of ImageJ), or ZEN blue software, or homemade routines under Fiji (Macros). 
For the quantification of the size of focal adhesion, the images of MEFs before and 10 min 
after expose were acquired. To assess the size of focal adhesion, an automatic particle 
analysis (homemade macros) was performed and the number, area and total area of particle 
were measured to get the number, size and total area of focal adhesion. 
 
Statistical analysis 
For each condition a minimum of three independent experiments were performed. Data were 
expressed as mean ± standard deviation. Box plots represent the middle 50% of data between 
the 1st to the 3th quartile (interquartile range IQR); the whiskers indicate variability outside 
the upper and lower quartiles. One-way ANOVA was used to determine significance between 
groups followed by a post-hoc Tukey contrast (GraphPad Software). For non-parametric data 
we performed Kruskal-Wallis analysis followed by Dunn’s post-hoc multiple comparisons. 
All the cases a value of p < 0.05 was used for statistical significance. 
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Figure 1. A) Structure of Nvoc-CytoD and its photochemical activation reaction. B) 
Expanded view of CytoD (cyan sticks) bound to monomer actin (grey). Hydrogen bonding 
interactions (red dotted lines) are highlighted. This Figure is recreated from PDB ID 3EKU,22 
and rendered using PyMOL (DeLano Scientific). C) Hydrogen bonding interactions (red 
dotted lines) involved in CytoD-actin binding are highlighted. Note that the hydroxyl at C7 
interacts with Ile136(NH) and V134(CO). 
 
  



 
 
 

Figure 2. A) HPLC profile and B) UV-VIS spectra of a 0.55 mM Nvoc-CytoD solution after 
increasing irradition time at 360 nm (2.7 mW/cm2). C) Quantification of the conversion 
degree of the photochemical reaction from HPLC analysis of irradiated solutions in A. Note 
that the range of drug concentration (mM) and exposure times (hours) required for these 
physicochemical experiments are completely different to the conditions used in cell 
experiments in next Figures (local µM concentrations and seconds).  
 
  



 
Figure 3. Toxicity and bioactivity assays A) Ratio of living MDCK cells after incubation with 
varying concentrations of CytoD or Nvoc-CytoD overnight. Viability ratio was calculated as 
percentage of viable cells compared to untreated control monolayer using live/dead assay. B) 
Quantification of cell area in hTert-RPE1 cultures after incubation with different 
concentrations of CytoD and Nvoc-CytoD for 7 hours. Cell area values were averaged for at 
least 50 cells per conditions (split in 2 independent experiments) and were normalized by the 
mean cell area for the control condition (0.1% DMSO). Results for both experiments are 
represented as mean ± standard deviation of the mean. 
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Figure 4: A,B) Representative fluorescence images of MEF cells incubated with 0.1% 
DMSO (control) or with 50 µM Nvoc-CytoD in DMSO immediately before exposure and 10 
min after exposure. Exposed region is marked with a white square and was inside the cell (A) 
or outside of it (B). Irradiation time was 45 s. F-actin (red) was labelled with SiR-actin. Green 
represents GFP-Vinculin. Scale bar is 5 �m. C) The total area of Focal adhesions and, D) the 
average size of focal adhesion before and 10 min after light irradiation at nearby region 
outside the cell (as in B). *** p <0.001, ** p <0.01, NS = not significant. 
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Figure 5. Photoactivatable Cytochalasin D selectively inhibits leading edge actin dynamics at 
subcellular resolution.  A) Representative A2780 cell expressing LifeAct-mEmerald and 
treated with 50 µM Nvoc-CytoD captured pre photo-manipulation and 1, 3 and 5 minutes post 
photo-manipulation (top), where the yellow box corresponds to the photo-manipulated 10 x 
10 µm ROI, and the white dashed box corresponds to the zoomed time-course images of this 
leading edge region (bottom). B) Representative control A2780 cell in the presence of vehicle 
(i.e. the solvent and no Nvoc-CytoD) imaged as in A. C) Representative A2780 cell 
expressing LifeAct-mEmerald and treated with 50 µM Nvoc-CytoD 1, 3 and 5 minutes post-
photo-manipulation, showing clear lamellipodial disruption. D) Representative A2780 cell 
expressing LifeAct-mEmerald and treated with 50 µM Nvoc-CytoD pre-photomanipulation 
and 5-19 minutes post-photo-manipulation. 

 

  



 

 
Figure 6. Activation of Nvoc-CytoD within a MDCK cell in a confluent monolayer. MDCK 
cells were stained with SiR actin. A) Confocal (bottom plane) images of actin fibers taken 2 
minutes before illumination (top image) and 7 minutes afterwards (bottom image). The 
illuminated area is marked with a red square. The yellow dotted frame indicates the region 
used for the images in B. Arrows highlight actin structures that do not change after 
illumination. The asterisk denotes structures that are strongly altered. Scale bar: 20µm. B) 
Images extracted from the yellow square in A at different times. The red frame corresponds to 
the site of local activation. The red lines shows the regions used to record the kymographs 
shown in C. Scale bar: 10µm. C) Kymographs recorded from the time-lapse over the two lines 
drawn in B at t = 0 min. The calculated velocity for the disappearance of the stress fibers is 
indicated on the kymograph. 
 
  



 

Figure 7. Variation in MDCK cell area upon intracellular activation of Nvoc-CytoD within a 
confluent monolayer. For illumination a diode laser (405 nm) was used at a 5% of is maximal 
intensity using a 60x Apochromate objective (Zeiss). Dwell time was 131 µm.  A) Exemplary 
overlayed image of E cadherin staining of a MDCK cell at the time of illumination (green) 
and 200 s after the illumination (magenta). Scale bar: 10 µm. B) Normalized area of 
illuminated cells measured during 5 minutes after photorelease of CytoD. The exposure dose 
included 5 consecutive pulses. The red curve show the mean normalised cell area in the 
presence of 5 µM Nvoc-cytoD (N = 6 cells), the black curve represents the control (0.1% of 
DMSO, N = 6). Error bars represents the standard deviation of the mean. C) The red curve 
shows the normalized area of two cells illuminated with one pulse per minute (noted by the 
red vertical dotted lines). The black curve is extracted from the data in (B). Between t = 300 s 
and t = 600 s only 3 cells were measured. 
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Reagents and Materials 

 

Cytochalasin D was purchased from Zygosporin A (Santacruz Biotechnology), Nitroveratryl chloride 

from Merck (Darmstadt, Germany). All other reagents were purchased from Sigma-Aldrich unless 

otherwise specified. Dimethylamino pyridine (DMAP) and dry chloroform had p.a. quality and were used 

without other purifications. A JASCO HPLC PU-4086 series equipped with a diode array UV-Vis 

detection system, fraction collector and a semi-preparative column (100  mm C18) filled with Reprosil 

RP18 (5 micrometer grain size) was used for purification of CytoD. For analytical HPLC a smaller 

column (100 mm, 4.6 mm) filled with the same material was used. NMR spectra were measured at room 

temperature with a Brucker Avance 300 spectrometer. UV-Vis spectra were recorded with a Varian 

Cary 4000 UV/VIS spectrophotometer. 

4 compartments-CELLview™ Cell Culture Dishes were purchased from Greiner bio-one (627870).  Live 

Cell Fluorogenic F actin Labelling Probe (SiR-actin, SC001) was purchased from Tebu-bio. DAPI was 

purchased from Sigma. 

 

 

Synthesis of Nvoc-CytoD 

 

To a solution of 5 mg CytoD (9.85 mmol, 1 equiv.) in 1 ml dry chloroform (CHCl3) at 0°C and under inert 

atmosphere, 8.14 mg Nvoc-Cl (29.54 mmol, 3 equiv.) and 4.81 mg DMAP (39.39 mmol, 4 equiv.) were 

added. Reaction was stirred at 0 oC for 30 minutes and allowed to continue overnight at room 

temperature in the dark. After 18h the organic layer was rotavaporated. The yellow residue was 

dissolved in 95% acetonitrile containing 5% water and the reaction product was separated by HPLC 

(solution A: water + 0.1% TFA, solution B: 95% acetonitrile + 5% water + 0.1% TFA; gradient from 20% 

B to 95% B in 40 min). Nvoc-CytoD, showed a retention time of 33 minutes in the HPLC semi-

preparative column and was obtained in 68% yield (5 mg). 1H-NMR (CDCl3, 300 MHz): δ (ppm) 7.71 

(1H, s, ); 7.34-7.29 (2H, m); 7.27-7.23 (1H, m); 7.14-7.12 (2H, d, J= 7 Hz); 6.94 (1H, s); 6.45 (1H, s); 

6.06-6.00 (1H, dd, Ja = 3 Hz, Jb= 16 Hz); 5.67-5.55 (2H, m); 5.50-5.48 (2H, d, J =6.5 Hz); 5.36 (1H, s); 

5.29-5.19 (1H, m); 5.16-5.10 (1H, dd, Ja = 3 Hz, Jb = 16 Hz); 5.09 (1H, s); 5.00-4.96 (1H, d, J= 11 Hz); 

3.96-3.95 (6H, d, J= 3 Hz); 3.25 (1H, m); 3.22–3.15 (1H, t, J= 9 Hz); 2.8–2.6 (4H, m); 2.44-2.33 (1H, q, 

J= 11 Hz); 2.29 (3H, s); 2.19-2.17 (1H, m); 2.01 (1H, s); 1.91-1.85 (1H, dd, Ja = 5 Hz, Jb = 13 Hz); 1.50 

(3H, s); 1.18-1.16 (3H, d, J= 7 Hz); 0.83-0.80 (3H, d, J= 7 Hz). 13C-NMR (CDCl3, 75 MHz): δ (ppm) 

210.05; 174.75; 169.65; 154.04; 153.52; 148.44; 144.17; 139.93; 136.70; 133.30; 131.75; 129.16; 

128.98; 127.87; 127.22; 126.54; 116.52; 110.47; 108.23; 77.66; 77.29; 66.35; 56.47; 56.43; 54.19; 

53.61; 49.13; 44.75; 43.88; 42.19; 37.73; 32.63; 24.18; 20.82; 19.37; 12.98. ESI-MS: 763.6 (M+NH4+), 

785.4 (M+K+). 

 

 

Photochemical studies 

A 0.55 mM solution of Nvoc-CytoD in acetonitrile (0.2 ml) was irradiated at 360 nm (2.7 mW/cm2) using 

a LUMOS 43 LED (Atlas Photonics Inc). Aliquots of 20 µL were taken at different time points and diluted 

with 80 µL solution of 95% ACN, 5% H2O and 0.1% TFA (solvent B used in HPLC). Analytical HPLC 

was run to detect the photolysis of Nvoc-CytoD into CytoD upon light exposure. The solvent gradient 

used for separation was 0-3 min - 5% B; 3-22 min – 5% - 95% B; hold 3 min 95%B. The solvent A 

comprised H2O and 0.1% TFA. Quantification of released CytoD concentration was performed from the 

area% of the peaks appearing in channel at 210 nm after calibration with stock solutions of CytoD. 
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Figure S7. Control experiment to Figure 7. Confocal fluorescence images of actin stress fibers 

of MDCK cells in a confluent monolayer after addition of 0.1% of DMSO and illumination (no 

Nvoc-CytoD). A) Large area image showing the activated region (yellow square) 3 min 20 s 

before activation (top) and 8 min 30 s after activation (bottom). Scale bar: 20 µm. B) High 

temporal resolution images of a zoom within the images of (A) taken 5s before, at activation 

and 15 s and 50 s after activation. Activation occurred in the region depicted in red. Scale bar: 

10µm.�
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