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ABSTRACT: Described are ligand-directed catalysts for live-cell, photocatalytic activation of bioorthogonal chemistry. Catalytic groups are localized via 
a tethered ligand either to DNA or to tubulin, and red-light (660 nm) photocatalysis is used to initiate a cascade of DHTz-oxidation, intramolecular Diels-
Alder reaction, and elimination to release phenolic compounds. Silarhodamine (SiR) dyes, more conventionally used as biological fluorophores, serve as 
photocatalysts that have high cytocompatibility and produce minimal singlet oxygen. Commercially-available conjugates of Hoechst dye (SiR-H) and 
Taxol (SiR-T) are used to localize SiR to the nucleus and tubulin, respectively. Computation was used to assist the design of a new class of redox-activated 
photocage to release either phenol or n-CA4, a microtubule-destabilizing agent. In model studies, uncaging is complete within 5 min using only 2 µM of 
SiR and 40 µM of the photocage. In situ spectroscopic studies support a mechanism involving rapid intramolecular Diels-Alder reaction and a rate 
determining elimination step. In cellular studies, this uncaging process is successful at low concentration of both the photocage (25 nM) and the SiR-H 
dye (500 nM). Uncaging n-CA4 causes microtubule depolymerization and an accompanying reduction in cell area.  Control studies demonstrate that 
SiR-H catalyzes uncaging inside the cell, and not in the extracellular environment. With SiR-T, the same dye serves as photocatalyst and the fluorescent 
reporter for tubulin depolymerization, and with confocal microscopy it was possible to visualize tubulin depolymerization in real time as the result of 
photocatalytic uncaging in live cells.

Introduction 
  
The localization and regulation of enzymes at the subcellular-level 
provides the foundation for the activity and behavior of cells.  
Mimicking nature’s ability to control subcellular catalytic behavior 
represents an important challenge to the field of chemical biology.1 
Antibody-enzyme conjugates have been explored as a method for 
catalytically uncaging small molecules at the surface of tumor cells.2 
Related strategies based on catalytic antibodies,3 gene therapy,4 and 
CAR-T directed enzyme delivery5 have also been described.  
Transition metal catalysis has also been developed as a way to uncage 
small molecules in cellular and in vivo systems.1, 6-17 
 
Light has played a key role in the achieving spatiotemporal control 
desired for the control of biological systems.18 Classically, these 
processes are activated through excitation with UV or short 
wavelength light. Photocaging19, 20 and photoaffinity labeling21 have 
become staples for modulating and probing the activity of small 

molecules. Additionally, photochemical switches have been used to 
reversibly modulate a biological response.22 For example, 
azobenzene analogs of the natural product combretastatin CA-4 have 
been developed as photoswitchable probes of tubulin binding.23  
Light has also been used to regulate the activity of enzymes, 
providing control over protein assembly in engineered cells.24  
 
The bioorthogonal chemistry of tetrazines has become increasingly 
important across a range of applications in chemical biology, 
imaging, medicine and materials science.25, 26  Stoichiometric, “click-
to-release” chemistry based on tetrazine-trans-cyclooctene ligation 
was initially described by Robillard and coworkers and has since 
found broad application for the temporally controlled release of 
biologically active small molecules.27-45 Aryl vinylethers have been 
used in conjunction with tetrazines to release phenols and alcohols.32, 

34, 39 This approach has the advantage of simpler synthetic access but 
proceeds at rates that are slower than the trans-cyclooctene 
counterpart. 

 
Fig 1. Graphical depiction of subcellularly-localized photocatalysis in conjunction with far-red light. Photocatalytic activation of  
photocage initiates a cascade of dihydrotetrazine oxidation, intramolecular Diels-Alder reaction, and aromatization to release a 
biologically active phenol.  
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Photoactivatable bioorthogonal chemistry— or ‘photoclick 
chemistry’— has emerged as a tool for labeling biological 
molecules.46 Prominent examples include conjugations initiated by 
the photolysis of tetrazole47 and cyclopropenones,48 as well as 
photochemically inducible analogs of the Staudinger49 and CuAAC50 
reactions as well as cycloadditions involving azirines,51 benzyne52, 
diarylsydnones,53, 54 quinones,55-58 o-napthaquinone methides59, o-
quinodimethanes60, 61 and trans-cycloheptene.62 Photochemically 
inducible tetrazine ligation has been described based on methods for 
uncaging cyclopropene63, 64 and bicyclononyne65 dienophiles. 
Inducible versions of tetrazine ligation have also been described 
based on the oxidation of dihydrotetrazine (DHTz) precursors66, 67 
Recently, an o-nitrophenyl protected dihydrotetrazine has been used 
with 405 nm light and without catalysis to uncage tetrazines.68  
 
The ability to mimic the cellular compartmentalization with non-
natural catalysts would provide a unique tool for regulating cellular 
processes. Recently, several groups have described photocatalytic 
proximity labeling as a chemoproteomic tool,69-75 including the use of 
Ir-photocatalysis has been used to promote azide 
reduction/uncaging in live cells,72 where the positively charged Ir-
catalyst was non-specifically localized to the negatively charged 
environment of the mitochondria. Additionally, Ru-photocatalysis in 
the presence of cells has been used to promote a cellular effect via E- 
to Z-isomerization of a combretastatin analog.76 In this study, neither 
the substrate nor catalyst were directed to a cellular target. Our own 
group has developed catalytic activation of bioorthogonal chemistry 
with light (CABL) as a tool for inducing bioorthogonal chemistry in 
live cells and in vivo.77-79  In these approaches, photocatalysis and 
long wavelength light was used to initiate dihydrotetrazine (DHTz) 
oxidation and thereby activate rapid bimolecular chemistry with a 
fluorescently-tagged trans-cyclooctene. Silarhodamine (SiR) or 
fluorescein dyes, commonly used as fluorophores, were repurposed 
as photocatalysts in combination with 660 nm or 470 nm light, 
respectively.77, 78 In these studies, the DHTz was anchored to a 

biological target, and a freely soluble photocatalyst was utilized. 
Herein, we describe the first ligand-directed catalysts for the 
activation of bioorthogonal chemistry, , whereby catalytic groups are 
localized via a tethered ligand either to DNA or to a protein target 
in the subcellular environment and used to initiate selective, non-
natural reactions with spatiotemporal control (Fig 1). A new class of 
photocage based on intramolecular tetrazine ligation is described 
and activated at the organelle level in live cells. Here, a far-red 
silarhodamine photocatalyst is localized to intracellular targets and 
used to activate a novel photocage for the release of a microtubule-
destabilizing agent in living cells. The photocatalytic system uses 
long wavelength (660 nm) light which is non-toxic and tissue 
penetrant as necessary for ultimate in vivo application.   
 
Results and Discussion 
A photocatalytically inducible photocage based on 
dihydrotetrazine-tetrazine redox chemistry was designed as 
outlined in Figure 2. DHTz-vinylether of structure A was designed 
to upon oxidation produce tetrazine B, which is situated for 
intramolecular 4+2 cycloaddition to produce adduct C.  We 
anticipated that the rate of the intramolecular Diels-Alder reaction 
of B would be rapid, and that the effective molarity could be 
enhanced by using a secondary amide tether capable of positioning 
the dienophile in a reactive s-cis amide conformation. Elimination of 

C would deliver a phenol and a dihydropyridazine byproduct. DFT 
calculations were used to predict whether the intramolecular 
cycloaddition would be feasible (Fig 2B). Computation at the 
M06L/6(311)+G(d,p) level located a concerted, asynchronous 
transition state with ΔH‡ 13.44 kcal/mol and ΔG‡ 15.97 kcal/mol.  
The more advanced nature of the bond formation at vinyl ether Cb 
(1.918 Å) relative to Ca (2.540 Å) reflects the polarization of the 
vinyl ether dienophile in the Diels-Alder transition state.80  
 
DHTz-based photoredox cages were synthesized as shown in Figure 
3. Compound 1 was designed to release pyridazine 2 and n-CA4, a 
potent tubulin inhibitor that is an oxazole-analog of the 
combretastatin natural products.81 Also synthesized was the model 
system 3, which releases phenol upon photocatalytic 
oxidation/Diels-Alder, and the control compound 4 that lacks the 
alkene and is therefore unable to engage the tetrazine in Diels-
Alder/release chemistry.  
 
The synthesis of 1 was carried out as shown in Figure 3B. In the key 
step, the vinylether function was installed by the Alder-ene reaction 
of aryl allylether 7 with ninhydrin.82, 83 Thus, isocyanide 5 was 
condensed with aldehyde 6 to produce the allyl substituted n-CA4 
analog 7.81 The ene reaction with ninhydrin gave vinyl ether 8 with 
4:1 E/Z selectivity; an isomeric mixture that was carried through to 
the final step.  Subsequent oxidation with H5IO6 produced carboxylic 
acid 9. 82, 83 Curtius rearrangement with DPPA produced carbamoyl 
azide 10, which could be reduced to the amine 11.84, 85 Me3Al-
mediated coupling with ethyl 6-(2-pyridyl)-dihydrotetrazine-3-
carboxylate77 provided DHTz-caged n-CA4 analog 1 as a single E-
stereoisomer after flash chromatography. An analogous sequence 
was used to produce the model compound 3 from allyl phenyl ether.  
Also prepared was control compound 4, a dihydro-analog of 1 that 
lacks the alkene group and therefore cannot undergo intramolecular 
Diels-Alder reaction to release nCA-4. Shown in Figure 3C are the 
structures of commercially available SiR-dyes.  As shown for the 
parent SiR, these dyes exist in equilibrium between the more cell  

 
 
Fig 2. (A) Design of DHTz-Vinylether photocages of structure A 
which upon oxidation under photocatalytic conditions sequentially 
produce a tetrazine B and Diels-Alder adduct C.  Elimination-
aromatization uncage a phenol and produce a pyridazine byproduct. 
(B) Computation of the transition state for the Diels-Alder reaction 
of B at the M06L/6(311)+G(d,p) level.  
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Fig 3. (A) Cage compounds and controls for photocatalytic activation of uncaging based on intramolecular tetrazine ligation. (B) 
Synthesis of photocage 1 using a ninhydrin Alder-ene reaction to install the aryl vinylether functionality in the key step. (C) Structures of 
SiR-dyes used as far-red photocatalysts. 
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permeable closed-form and the chromophoric open-form. The SiR-
Hoechst conjugate SiR-H derivative targets the chromophore to 
DNA in the cell nucleus,86 and the SiR-Taxol conjugate SiR-T targets 
the chromophore to tubulin.87  
 
Photocatalytic oxidation and uncaging studies using model 
compound 3 were monitored using UV-Vis and HPLC analyses (Fig 
4). In the presence of SiR (2 µM, 5 mol%), irradiation of 3 (40 µM) 
by 660 nm light for 20 mins lead to the release of 2 and phenol. The 
yields of the products by HPLC were 86% and 84% respectively (Fig 
4A and S6). Stability toward background conversion for compound 
3 at room temperature without photocatalyst present was tested in 
chelex-filtered PBS.88  After 5 days, 3 showed only 15% conversion 
exhibiting good stability for cellular studies (Fig 4B). 
 
Uncaging was monitored by using UV-Vis spectroscopy every 20 
seconds to track the presence of starting material, intermediates, and 
products (Fig 4C). In a cuvette, a PBS solution containing 3 (40 µM) 
and SiR (2 µM) was irradiated with 660 nm light until uncaging was 
complete. Compound 3 absorbs with a UV-vis maximum at 227 nm, 
and pyridazine product 2 absorbs with a UV-maximum of 275 nm. 
UV-vis spectral monitoring was carried out during the course of the 
photochemical reaction, and showed a decrease in absorbance at 227 
nm due to the conversion of 3 with concomitant increase in 
absorption at 275 nm (Fig 4C,D). Transiently, absorption at 310 nm 
increases and then decreased over the course of the experiment, 
consistent with the formation of an intermediate.  The absorption 
due to this intermediate reached a maximum after 80 seconds (blue 
line in Fig 4D,E), and decayed with a half-life of ~100 seconds.  

 
A Diels-Alder/elimination mechanism is proposed for the 
conversion of 3 to 2, and we sought to determine if the transient 
intermediate observed was tetrazine B or Diels-Alder cycloadduct C 
(or a tautomer of C). Tetrazines typically display a weak, long 
wavelength absorption due to the tetrazine n-π* transition, providing 
a spectroscopic handle for distinguishing intermediate B. N-Butyl 6-
(2-pyridyl)-dihydrotetrazine-3-carboxamide,77 an analog of B that 
lacks the vinylether group, displays an absorption at 525 nm with ε 
~450. Due to the low absorptivity expected for B, a long pathlength 
(5 cm) cuvette was used to monitor the photochemical conversion 
of 3 to 2. Under these conditions, tetrazine intermediate B would be 
expected to show absorbance of 0.09 AU at 525 nm. Over the course 
of the reaction, a significant increase and then decrease in 
absorbance at 310 nm was again observed. However, no change in 
absorbance at 525 nm was observed (Fig 4C), suggesting that the 
tetrazine is short lived and the intramolecular reaction occurs faster 
than is detectable by UV-Vis monitoring. This also means that the 
intermediate absorbing at 310 nm is intermediate C (Fig 4E). 
 
We next demonstrated photocatalytic uncaging of n-CA4 with a 
cellularly-localized catalyst. Uncaging of 1 was analyzed using 
HPLC. In the presence of SiR (5 uM, 10 mol%) and irradiation with 
660 nm/220 mW/cm2 light for 20 mins, yields of 2 and nCA4 were 
94% and 39% respectfully (Fig 5). A number of small peaks were 

 
 
Fig 4 Photo-oxidation studies were done by UV-Vis and HPLC using a model compound 3, SiR, and 660 nm light. (A) Mechanism of 
uncaging from 3 to release phenol. By HPLC, the yields of 2 and phenol are 86% and 84% respectively. (B) Stability of 3 in PBS. (C) Whole 
UV spectra of photo-oxidation of 3 (40 µM) with SiR (2 µM) and red light (660 nm, 400 mW/cm2) over 400 s. Inset: increase and decrease 
in 310 nm absorbance for transient intermediate. (D) Absorbance at 227 nm decreases as soon as light turns on. Trace for 310 nm shows 
increase and decrease in absorbance. Steady increase at 275 nm (2). (E) Long pathlength cuvette experiment to better observe 
intermediates. No change in 525 nm absorbance (intermediate B). Same increase and decrease in 310 nm absorbance observed 
(intermediate C).  



 

observed along the baseline of the HPLC trace. The modest yield 
of n-CA4, an electron rich phenol, is due in part to product 
degradation under the photocatalytic reaction conditions: 
independent irradiation of 50 µM n-CA4 for 20 min at 660 nm (220 
mW cm2) with SiR (5.0 µM) led to 45% degradation and a similar 
HPLC profile (Fig S8A). However, degradation was far worse with 
dyes that produce singlet oxygen in high quantum yield. For 
example, 5 µM Ru(bipy)3(PF6)2 with 470 nm (220 mW/cm2) light 
completely degraded 50 µM n-CA4 after 20 min (Fig S8B). With SiR, 
the uncaging reactions of 1 and 3 proceeded at low catalyst loadings 
(2-5 µM), prompting us to study if uncaging could be promoted with 
photocatalysts localized to targets in live cells.       
 
To study the intracellular uncaging of n-CA4, we treated NIH3T3 
mouse fibroblasts with 1 and a nuclear- localized SiR-H 
photocatalyst. NIH3T3 cells were chosen because they display 
elongated tubulin structures making uncaging of a tubulin 
depolymerizing agent evident and readily quantified. Figure 6 shows 
a high magnification image of cells that were treated with n-CA4 
compared to vehicle.  The untreated cells display elongated tubulin 
fibrils, whereas in the nCA4 treated cells, smaller, bundled tubulin 
structures are observed.  As a result of the collapse of the tubulin 
cytoskeleton, the nCA4 treated cells show a significant loss in 
average cell area. To study if a localized, subcellular catalyst could 
initiate uncaging, we first localized the photocatalyst to the cell 
nucleus with the silarhodamine-Hoechst dye conjugate SiR-H. 
Following a 2 hour incubation with 500 nM SiR-H, unbound 
photocatalyst was washed away and cells were imaged to verify 
localization of SiR-H to the nucleus (Fig S9B). Cells were then 
treated with either 1 (25 nM), 4 (25 nM), or n-CA4 (10 nM), and 
then were irradiated with 660 nm light for 20 mins to initiate 
uncaging. The lower concentration of n-CA4 (10 nM) used in 
controls was based on the release yield observed in vitro from 1 (Fig 
5).  Following irradiation, cells were washed once and incubated an 
additional 25 mins in the dark to allow time for n-CA4 to promote 
tubulin depolymerization. Cells were then fixed, stained, and imaged 
to visualize tubulin structures. Controls were performed in cells that 
were not treated with SiR-H, and in cells that were incubated with 
SiR-H in the dark for 20 mins instead of irradiated with 660 nm light 
(Fig 7A).  
 
Images shown in Figures 6 and 7 depict tubulin in green (antibody 
stained AF488) and in Figure 7 nuclei are in depicted in blue 
(DAPI). For the vehicle control (0.1% DMSO in DPBS), cells 
exhibit elongated, polymerized, and organized tubulin structures, 

shown in Fig 7B (left) and in high magnification in Fig 6A. Upon 
treatment with n-CA4 (10 nM), cells display a collapse of the tubulin 
cytoskeleton and a reduction in cell area [Fig 7B (middle)]. The 
dramatic change in cell morphology for n-CA4-effected cells is 
shown in high magnification in Fig 6B. Similarly, cells treated with 
uncaging conditions [1 (25 nM) + SiR-H + light) exhibit 
depolymerized tubulin consistent with successful uncaging of n-CA4 
(10 nM expected based on a 39% release yield) as shown in Fig 7B 
(right). For quantification, cells were imaged at 4x magnification, 
and object area analysis was performed using BioTek Gen5 software 
in order to measure cellular area relative to cell nuclei (Fig S10). The 
average area of the tubulin (green) was divided by the average area 
of the nucleus (blue) for each image to calculate average cell area. 
The average area for each sample was then normalized to that of the 
vehicle control for that biological replicate, and the percent 

difference between the sample and vehicle was plotted (Fig 7C). 
Data with negative values signify a decrease in cell area relative to the 
vehicle control implying tubulin depolymerization, while data at or 
around zero indicates little change in cell area. Cells treated with n-
CA4 regardless of light irradiation displayed a 20% (+/– 4.2%) 
decrease in cell area compared to the vehicle. Similarly, a  21% (+/– 
3.0%) decrease in area was observed for cells treated under uncaging 
conditions (1 + SiR-H + light). In the absence of light or 
photocatalyst, 1 does not have a significant effect on cell area. Cells 
treated with 4, which lacks the alkene essential for release, do not 
show a change in cell area with or without photocatalyst and/or light. 
Additionally, irradiation with SiR-H alone does not impact cell area 
and is not toxic towards cells (Fig S9). These results indicate that the 
decrease in cell area for 1 + SiR-H + light is due to the successful 
localized uncaging of nCA4 from 1. Control images for cells treated 
with conditions that should not induce uncaging (either lacking 
light, SiR-H, or alkene) are shown in Figure 7D. Cells display 
elongated and organized tubulin similar to that of the vehicle control 
(Fig 7B(left)) as expected. 

 
 
Fig 5. Photocatalytic oxidation/uncaging releases n-CA4 and 2 at 
low catalyst concentration. Confirm light power density. 
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Fig 6. High magnification images of representative NIH 3T3 cells 
(A) without and (B) with n-CA4. After treatment, cells were 
incubated for 45 min, and were subsequently fixed, antibody stained 
with AF488, and imaged by confocal microscopy (63.1x 
magnification with 2x zoom). Scale bars 10 µM  



 

  

 
 
 
Fig 7 (A) Workflow for localized subcellular uncaging. SiR-H localized to the nucleus. (B) Fixed cell images. Green: AF488 antibody 
(tubulin), Blue: DAPI (nucleus). (C) Quantification of cell area calculated using average tubulin area divided by average nucleus area. 
Cell areas normalized to that of the vehicle for that data set (biological replicate). “0” indicates average area of vehicle. A significant 
decrease in cell area was observed upon treatment with nCA4 or uncaging conditions (1 + SiR-H + light). No significant change in area 
for non-releasing conditions. Red bars (light) irradiated with 660 nm light 20 mins. (D) Fixed cell images of controls. Green: AF488 
antibody (tubulin), Blue: DAPI (nucleus). Scale bars 10 µM. 
 



 

Because SiR-H is a reversible binder of DNA (KD of 8.4 μM),86 we 
sought to rule out the possibility that unbound SiR-H was promoting 
photocatalytic uncaging of 3 in the extracellular environment. In 
order to prove that uncaging is occurring due to the subcellular 
localization of SiR-H, ascorbate was used as an extracellular 
quencher of photocatalysis. Intracellularly localized SiR-H would be 
unaffected by ascorbate, which is poorly cell permeable,89 and 
successful uncaging would still be observed (Fig 8A). However, a 
cell-impermeable SiR-derivative would be quenched by ascorbate 
and uncaging would not be expected to occur (Fig 8B).  
 
Excess ascorbate quenches the ability of SiR to photocatalyze the 
oxidation of 3 as shown by UV-Vis with in situ irradiation (Fig S4). 
Ascorbate was also shown to quench SiR-catalyzed oxidation of a 
dipyridylDHTz analog to its corresponding tetrazine (Fig S4). SiR 
was conjugated to a high molecular weight HA polymer (40 KDa) to 
create SiR-X: an extracellular and impermeable version of the 

photocatalyst (Fig 8D). Confocal microscopy showed that SiR-X is 
excluded from live 3T3 cells (Fig S13).   In the absence of ascorbate, 
SiR-X was shown to catalyze conversion of 3 by UV-Vis when 
irradiated with 660 nm light (Fig S4). For cellular experiments, we 
hypothesized that the extracellular ascorbate would quench the 
ability of extracellular SiR-X to photocatalyze uncaging of 3. 
Conversely, we anticipated that poorly-permeable ascorbate would 
not quench SiR-H which retains photocatalytic activity in the 
intracellular environment.  
 
Cells were treated with either SiR-H or SiR-X (500 nM), ascorbate 
(2 mM), and 1 (25 nM) or nCA4 (10 nM) and all samples were 
irradiated with 660 nm light for 20 mins. Again, the lower 
concentration of n-CA4 (10 nM) used in controls was based on the 
release yield observed in vitro from 1 (Fig 5).  Cells treated with 
ascorbate alone displayed elongated tubulin structures while 
treatment with nCA4 and ascorbate led to depolymerized tubulin. In 

 
 
 
Fig 8 Experiments showing that photocatalytic uncaging takes place intracellularly. Ascorbate deactivates extracellular photocatalysis. (A) 
Intracellular uncaging should be unaffected by extracellular ascorbate, which has low permeability. (B) Extracellular photocatalyst will not 
induce uncaging in presence of ascorbate. (C) Ascorbate quenches DHT oxidation (see also Fig S4). (D) Structure of the extracellular 
photocatalyst SiR-X. (E) Fixed cell images. Conditions indicated, all treated with 2 mM ascorbate and irradiated with 660 nm light for 20 
mins. In uncaging experiments, the concentration of 1 was 25 nM. Scale bars 10 µM. (F) Quantification of cell area. Similar to the nCA4 
control, a significant decrease in cell area is observed for cells irradiated after treatment with 1 + intracellular photocatalyst SiR-H, 
indicating that uncaging is due to localized photocatalyst. A decrease in cell area is not observed in photochemical experiments with 1 and 
the extracellular catalyst SiR-X, or in a control where photocatalyst is omitted. 



 

the presence of ascorbate, 1 + SiR-H, which localizes to the nucleus, 
displayed depolymerized tubulin as consistent with successful 
uncaging (Fig 8E). However under the same conditions, treatment 
with 1 + SiR-X, the cell-impermeable photocatalyst, did not lead to 
depolymerization of tubulin. The deactivation of SiR-X is consistent 
with the quenching of extracellular photocatalysis by ascorbate, and 
the persistence of photocatalyzed tubulin depolymerization with 
SiR-H in the presence of ascorbate is consistent with an active, 

photocatalyst that is localized to the intracellular environment. 
These conclusions are further supported by cell area quantification 
data (Fig 8F). Similar to cell studies described above, cell area for the 
samples treated with ascorbate was calculated. A significant decrease 
in cell area was seen for cells treated with nCA4 or with 1 + SiR-H, 
the intracellularly localized photocatalyst. However, cells treated 
with 1 + SiR-X or 1 alone exhibited no change in cell area relative to 
the vehicle control. Again these results suggest successful uncaging 
due to subcellular photocatalysis. 
 
Finally, confocal microscopy was used to visualize tubulin 
depolymerization as the result of photocatalytic uncaging in real time 
in cells that were imaged while live. To do this, we took advantage of 
the properties of SiR to serve as both a photocatalyst and a 
fluorophore. By localizing SiR to the tubulin (SiR-T), we were able 
to image the tubulin and initiate uncaging with the 633 nm laser of 
the confocal microscope. Cells were incubated with SiR-T (500 nM) 
for at least 2 hours before washing and incubating with 1. 
Immediately following addition of 1, cells were imaged every 5 mins 
for 45 mins. Over this time, steady depolymerization of tubulin can 
be observed (Fig 9A and Supplementary Movie File). After 45 mins 
the tubulin structures diminished and there was a loss of the 
elongated structure seen in normal tubulin. 
 
We also looked at the real time effect of 4 with SiR-T. The lack of 
alkene on 4 prevents uncaging from occurring and we see normal 
tubulin throughout the 45 min treatment (Fig 9B and 
Supplementary Movie File). As additional controls, the same 
experiment was repeated without the addition of 1 or 4 and no 
change in tubulin structure was observed. Finally, cells were treated 
with SiR-T and were imaged before the addition of 1 and were not 
imaged again until 45 mins following addition. This serves as a 
control without light irradiation (Fig S12). No change in tubulin 
structure was seen in this control experiment demonstrating that 
light irradiation is necessary for uncaging and that 1 alone does not 
affect tubulin structure. 
 
Conclusions 
In summary, ligand-directed catalysis has been demonstrated for the 
photocatalytic activation of bioorthogonal chemistry in live cells. 
Commercially-available SiR-conjugates of Hoechst and Taxol were used 
to localize SiR to the nucleus and tubulin, respectively, and a new class of 
redox-activated photocage was used to release n-CA4, a microtubule-
destabilizing agent. Spectroscopic studies support a mechanism involving 
rapid intramolecular Diels-Alder reaction and a rate determining 
elimination step. Uncaging n-CA4 causes microtubule 
depolymerization and an accompanying reduction in cell area, and 
control experiments show that uncaging takes place inside the cell, 
and not in the extracellular environment. With SiR-T, the same dye 
serves as photocatalyst and the fluorescent reporter for tubulin 
depolyerization, and with confocal microscopy it was possible to 
visualize tubulin depolymerization in real time as the result of 
photocatalytic uncaging in live cells. 
 

SUPPORTING INFORMATION 
Synthetic procedures and compound characterization data; Spectral studies 
and kinetics of photooxidation and uncaging; Photostability and Toxicity 
studies; Live cell imaging and quantification of cell area upon uncaging. A 

 
 
 
Fig 9 Live cell images of uncaging with photocatalyst localized to 
tubulin (SiR-T). Illumination at 633 nm activates SiR-T, which 
serves both as a photocatalyst and fluorescent reporter. The 633 nm 
laser of the confocal microscope serves the dual purpose of activating 
the fluorescence and the photocatalytic activity of the SiR-T dye.   
(A) SiR-T (500 nM) and 1 (25 nM) were added to cells. Cells were 
illuminated and imaged every 5 mins for 45 mins. Images at 0, 25, and 
45 mins show gradual deolymerization of tubulin due to uncaging, 
characterized by losses in cell area, brightness, and fibrillar structure.  
Inset: Brightness increased 200%, 1.5x zoom in on single cell to show 
morphological change. (B) SiR-T (500 nM) and 4 (25 nM) were 
added to cells. Images were taken every 5 mins for 45 mins. Images at 
0, 25, and 45 mins show no change in tubulin. Lack of alkene prevents 
uncaging. Scale bars 10 µM. 



 

video file shows the live cell uncaging experiments and controls displayed in 
Figure 9. 
 
The Supporting Information is available free of charge on the ACS 
Publications website. The file type is PDF. 
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