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Sulfur-Tetrazine as Highly Efficient Visible-Light Activatable Photo-
Trigger for Designing Photoactivatable Fluorescence Biomolecules
Shudan Yang, ‡a Mengxi Zhang, ‡a Axel Loredo, a David Soaresa, Yulun Wua and Han Xiao*a,b,c,d

Light-activated fluorescence represents a potent tool for investigating subcellular structures and dynamics, offering 
enhanced control over the temporal and spatial aspects of the fluorescence signal. While alkyl-substituted tetrazine has 
previously been reported as a photo-trigger for various fluorophore scaffolds, its limited photochemical efficiency and high 
activation energy have constrained its widespread application at the biomolecular level. In this study, we demonstrate that 
a single sulfur atom substitution of tetrazine greatly enhances the photochemical properties of tetrazine conjugates and 
significantly improves their photocleavage efficiency. Notably, the resulting sulfur-tetrazine can be activated using a lower-
energy light source, thus transforming it into a valuable visible-light photo-trigger. To introduce this photo-trigger into 
biological systems, we have developed a series of visible-light activatable small molecular dyes, along with a 
photoactivatable noncanonical amino acid containing sulfur-tetrazine. Using the Genetic Code Expansion technology, this 
novel amino acid is genetically incorporated into fluorescent protein molecules, serving as a phototrigger to create an 
innovative photoactivatable protein. These advancements in tetrazine-scaffold photo-trigger design open up new avenues 
for generating photoactivatable biomolecules, promising to greatly facilitate the exploration of biological functions and 
structures.

Introduction

Photoactivatable fluorophores are renowned for their ability to 
rigorously control their photophysical properties through a 
photochemical reaction that transforms a non-emitting 
precursor into a fluorescent dye1–18. Typically, the precursor 
molecule is a well-known fluorophore modified with a 
photoremovable protecting group, commonly referred to as a 
"photo-trigger," which quenches dye fluorescence through two 
distinct mechanisms. One mechanism involves Förster 
resonance energy transfer (FRET), a distance-dependent 
physical process in which the energy transfer from the excited 
molecular fluorophore (the donor) is captured by the acceptor, 
represented by the intimately attached cage group. Upon 
exposure to light, the caged fluorophores undergo 
photochemical reactions that remove the "cage," thus restoring 
the active fluorophores19–24. In contrast, through-bond energy 
transfer (TBET) does not necessitate spectral overlap between 
donors and acceptors. In this context, the phototriggers are 
conjugated to fluorophore donors through a conjugated linker, 

enabling faster energy transfer through bonds compared to 
nonradiative decay processes25–29.
In recent decades, tetrazine has emerged as an effective trigger 
in the design of fluorogenic fluorophores.30–36 Its visible light 
absorbance overlaps with the emissions of numerous dyes, and 
its ability to participate in the Inverse Electron Demand Diels–
Alder (IEDDA) cycloaddition reaction with strained hydrophobic 
alkenes makes it a valuable tool for eliminating quenching 
functionality33–45. Even though the wide use of bioorthogonal 
click reaction, photoactivation offers much more distinct 
advantages in terms of being 'biofriendly' and easy to 
manipulate, facilitating precise spatiotemporal remote control 
and programmed manipulation in a non-invasive manner14,15,46–

53. In 2020, our research group introduced tetrazine as a 
photocleavable trigger for various fluorophore cores, 
employing the through-bond energy transfer (TBET) 
mechanism31. However, despite these efforts, the relatively low 
efficiency, and the reliance on ultraviolet light for tetrazine 
removal in most cases have limited its applicability to biological 
molecules. Consequently, there is a growing need for a more 
efficient tetrazine photo-trigger that can be applied to both 
small molecule dyes and proteins of interest.

In this study, we first compare the photolysis rates of alkyl-
substituted and sulfur-substituted tetrazine photo-triggers. We 
found that introduction of a thioether cap to tetrazine 
fluorescent probes significantly enhanced the photoactivation 
efficiency at longer wavelengths that were previously 
inaccessible with alkyl-based tetrazines31.  Next, these 
improved phototriggers were employed in the development of 
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a series of visible-light activatable small molecular dyes. In 
comparison to traditional tetrazine-based dyes, those sulfur-
tetrazine photo-triggers exhibited significantly faster photolysis 
reaction rates in live cell imaging. To create sulfur-tetrazine-
based photoactivatable proteins, we designed the first 
noncanonical amino acid (ncAA) containing the sulfur-tetrazine 
moiety. This ncAA was precisely incorporated in close proximity 
to the chromophore of a fluorescent protein using Genetic Code 
Expansion (GCE) technology, enabling precise control of the 
fluorescence of the affiliated protein and yielding a novel 
photoactivatable fluorescent protein. These innovative 
molecules were employed for studying protein localization and 
dynamics through live-cell or fixed-cell imaging (Fig. 1). 

Results and discussion 
Photochemical reactivity comparison between tetrazine and 
sulfur-tetrazine photo-triggers 

Sulfur-substituted tetrazines exhibit a redshifted energy 
transition, enabling their photolysis using longer wavelengths of 

light. This shift has been attributed to either a distinct n-π* 
transition or a charge transfer involving sulfur54,55. Such 
tetrazines have been developed as amino acid-based 
derivatives, where the tetrazine is incorporated between two 
cysteine groups, and have been employed in the study of 
peptide folding dynamics32,56–58. Therefore, tetrazines 
containing a sulfur atom at the 3- or 6-position may offer a 
superior class of photo-triggers for designing photoactivatable 
fluorescence molecules. To investigate this, we first synthesized 
various alkyl and sulfur-substituted tetrazine derivatives with 
different substituent sizes (Fig. 2A, Table. S3, Figure S3). Alkyl-
substituted tetrazines were synthesized using zinc triflate-
catalyzed conditions, followed by oxidation with sodium nitrite 
in aqueous HCl (1M).59 Sulfur-substituted tetrazines, on the 
other hand, were prepared by reacting thiols with pyrazole-
substituted tetrazine in acetonitrile with triethylamine. 
Photocleavage experiments were conducted in the presence of 
UV 254, 365 handheld light sources, or 405 nm LED light. The 
rate constants, calculated based on the characteristic 
absorption bands of each compound monitored during the 
photoirradiation process, revealed that compounds 

Figure 1. Sulfur-tetrazine demonstrates enhanced photolysis efficiency compared to its parent alkyl-substituted tetrazine, serving as a 
versatile photo-trigger for both photoactivatable fluorescent proteins and small molecule fluorophores with broadly bio-applications. 
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incorporating sulfur atoms, exhibited higher photolysis rates 
compared to those without a sulfur substituent when exposed 
to either 254 nm or 365 nm light (1 and 2). Upon LED 405 nm, 
only sulfur-substituted tetrazine can be photolyzed (2, 4, 6). 
Furthermore, the presence of a phenyl group facilitated faster 
dissociation compared to aliphatic substituents (4 and 6).

Computational calculations on the frontier molecular orbitals of 
model compounds 1 and 2 revealed that the introduction of a 
sulfur-based electron-donating group onto the carbon of s-
tetrazine results in the addition of a new π-type orbital. This 

new orbital is observed to raise the energy of the Highest 
Occupied Molecular Orbital (HOMO) while lowering the energy 
of the Lowest Unoccupied Molecular Orbital (LUMO), thereby 
reducing the band gap energy. This reduction in the band gap 
energy is expected to lead to a red shift in the excitation 
wavelength (Fig. 2B and C). Hochstrasser and his research group 
also corroborated the enhanced photochemical yield of sulfur 
tetrazine based on their study of di-cysteine S,S-tetrazines, 
attributing it to vibrational energy redistribution32. As they 
indicated, the presence of the sulfur atom can decelerate the 

Figure 2. (A) Photolysis kinetics of isopropyl-tetrazine and sulfur-tetrazine derivatives under UV 254 and UV 356 and LED 405 
nm light irradiation. (B) HOMO and LUMO orbitals of molecules 1 and 2 reveal the smaller energy gaps of isopropyl-sulfur-
tetrazine compared to that of isopropyl-tetrazine which contribute to (C) the red-shift in excitation wavelength of sulfur-
tetrazine derivatives. (D) Photoactivation schemes of MeTz-Coumarin and SMeTz-Coumarin.  (E) Photoactivation rate 
comparison of MeTz-Coumarin and SMeTz-Coumarin using 405 nm LED light. (F) Photoactivation of MeTz-Coumarin and 
SMeTz-Coumarin incubated with A431 cells using 405 nm confocal laser. The confocal images were obtained at indicated 
irradiation times.  (G) Fluorescence enhancement of MeTz-Coumarin and SMeTz-Coumarin in A431 cells under irradiation of 
405 nm confocal laser. (H) Photoactivation schemes of MepTz-BODIPY and SMepTz-BODIPY. (I) Photoactivation rate 
comparison of MepTz-BODIPY and SMepTz-BODIPY using 405 nm LED light.  (J) 1H NMR spectra of SMepTz-BODIPY obtained 
at the indicated light irradiation times using 365 nm handheld UV light. (K) Photoactivation rate comparison of MepTz-BODIPY 
and SMepTz-BODIPY using 510 nm LED light. (L) Photoactivation of MepTz-BODIPY and SMepTz-BODIPY incubated with A431 
cells using 405 nm confocal laser. The confocal images were obtained at indicated irradiation times. (M) Fluorescence 
enhancement of MepTz-BODIPY and SMepTz-BODIPY in A431 cells under irradiation of 405 nm confocal laser. (N) Photolysis 
schemes of SMeFretTz-BODIPY. (O) Photoactivation comparison of SMeFretTz-BODIPY upon 405 nm and 510 nm handheld 
light. Scale bar = 60 µm. ** p<0.05, **** p<0.0001.
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rate at which energy dissipates from the tetrazine ring, thereby 
opening up a new photochemical pathway. 

Design of photoactivatable fluorophores for live cell image using 
sulfur-tetrazine photo-trigger

Based on the data above, we expect the sulfur-tetrazine to 
represent a new class of ultra-fast photo-triggers for the design 
of photoactivatable fluorophores. To demonstrate the sulfur-
tetrazine motif can be used as a general photo-trigger of various 
fluorophore conjugates with highly improved photolysis 
efficiency, sulfur-tetrazine BODIPY (SMepTz-BODIPY, 
SMeFretTz-BODIPY, Fig. 2H and N) and coumarin (SMeTz-
Coumarin, Fig. 2D) conjugates were designed based on Through 
Bond Energy Transfer (TBET) or Förster Resonance Energy 
Transfer (FRET) mechanism. These conjugates were prepared 
through a one-pot conversion of (3-methyloxetan-3-yl) methyl 
carboxylic esters into asymmetrical 3-thiomethyltetrazines by 
condensing oxabicyclo[2.2.2] octyl orthoester intermediates 
reported by Fox in 201060. Although phenyl-sulfur tetrazine 
exhibited a higher photo reactivity (Fig. 1A), effective synthetic 
methods for conjugating it to other structures are still lacking. 
In addition, the bulky and hydrophobic benzene ring limits its 
applicability in biological systems. All resulting sulfur-tetrazine 
conjugates, SMepTz-BODIPY, SMeTz-Coumarin, and SMeFretTz-
BODIPY exhibit negligible fluorescence (Table S5). Compared 
with their corresponding methyl-tetrazine conjugates, sulfur-
tetrazine conjugated fluorophores underwent much rapider 
and more complete conversion to give highly fluorescent cyano-
fluorophores upon irradiation with UV or visible light (Fig. 2E, I, 
K, S2 and S4). Spectro-Fluorometer was used to monitor the 
fluorescence increasing, and 1H-NMR (Fig. 2J) analysis of the 
reaction mixtures revealed the reaction processes and 
characterized the resulting products generated during the 
irradiation process. The signals corresponding to the phenyl 
protons a and b at 8.63 and 7.62 gradually shift to 7.91 (a’) and 
7.58 (b’); and proton c slightly upfield shifts to c’, and the methyl 
proton d shift from 1.47 to 1.39 (d’). All the new signals were 
identical to those observed with synthesized cyanophenyl-
BODIPY (CN-BODIPY)31. Upon irradiation with a 405 nm LED, the 
turn-on ratio of SMepTz-BODIPY was 134, significantly higher 
than the 3-fold increase observed with MepTz-BODIPY (Fig. 2I, 
Table S4). Under 510 LED, the fluorescence intensity of SMepTz-
BODIPY increased 84 folds while no fluorescence changes of 
MepTz-BODIPY was detected within 20 hours (Fig. 2K). Similar 
results were observed with the coumarin conjugates, wherein 
the turn-on ratio of SMeTz-Coumarin (12 folds) was 6-fold 
higher than that of MeTz-Coumarin (2 folds) after irradiation 
with 405 nm LED for 90 minutes (Fig. 2E, Table S4). 

To investigate whether sulfur-tetrazine can act as a 
photoactivatable FRET quencher, we examined the 
photoactivation process of SMeFretTz-BODIPY. In this setup, 
the BODIPY dye is quenched by sulfur-tetrazine through the 
FRET mechanism (Fig. 2N). Photoactivation of SMeFretTz-
BODIPY was carried out in acetonitrile under the same 
conditions, resulting in a 27-fold and 12-fold increase in 

fluorescence intensity under 405 nm and 510 nm irradiation, 
respectively (Fig. 2O).

Encouraged by the significantly improved photoactivation 
efficiency, we proceeded to evaluate the compatibility of the 
sulfur-tetrazine conjugated probes, SMeTz-Coumarin and 
SMepTz-BODIPY, for live imaging (Fig. 2 F and L). These were 
compared with their methyl tetrazine counterparts, MeTz-
Coumarin and MepTz-BODIPY. The probes were incubated with 
A431 cells in darkness for one hour, followed by three washes 
with PBS (1X, pH7.4) and imaging with confocal microscopy. To 
assess the turn-on ratio and speed of these photo-triggers in live 
cells within a limited time frame, we employed a 405 nm laser, 
commonly available in commercial microscopes and capable of 
activating methyl-tetrazine photo triggers. Continuous scanning 
of the cells was performed using this laser. Before laser 
scanning, no noticeable fluorescent signals were observed in 
cells incubated with different probes. However, after scanning 
with the 405 nm microscopy laser for 2 minutes, we observed a 
7- and 9-fold enhancement of intracellular fluorescence signals 
from SMeTz-Coumarin and SMepTz-BODIPY, compared to 3- 
and 4-fold increased fluorescence observed in the 
corresponding methyl-tetrazine conjugates, MeTz-Coumarin 
and MepTz-BODIPY (Fig. 2 G and M). These results confirm the 
outstanding photo-dissociation properties of sulfur-tetrazine 
photo-triggers, along with their good dark stability and cell 
permeability, rendering them compatible with live-cell imaging 
in the visible region.

Genetic Incorporation of Sulfur-Tetrazine Photo-Trigger into 
Proteins using Genetic Code Expansion (GCE)

To introduce the sulfur-tetrazine photo-trigger into proteins, 
we utilized GCE technology, which allows for the site-specific 
incorporation of ncAAs with distinct physical, chemical, and 
biological properties and endow the modified proteins with 
new functions61–65. The desired ncAA is encoded by a nonsense 
or frameshift codon, using a bioorthogonal aminoacyl-tRNA 
synthetase (aaRS)/tRNA pair that is specific for the ncAA but 
does not cross-react with endogenous host aaRSs, tRNAs, or 
amino acids. In designing an ncAA with a sulfur-tetrazine photo 
trigger, we investigated tetrazine-containing ncAAs reported 
previously. To address the slow reaction rates of traditional 
bioorthogonal reactions, several phenylalanine-based tetrazine 
ncAAs have been developed and genetically incorporated into 
proteins using GCE technology66–69. Given the reported aaRS’s 
selectivity for the position of the tetrazine ring, which enables 
the genetic incorporation of tetrazine-based amino acids in 
eukaryotic cells66, we conjugated the sulfur-tetrazine moiety 
with phenylalanine at the meta position, naming it m-Stet-Phe 
(Fig. 3A). 

To demonstrate the genetic incorporation and photoactivation 
capabilities of m-Stet-Phe, we utilized super-folded green 
fluorescent protein (sfGFP) as our model. This model was 
chosen due to its inherent brightness and emission wavelength 
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that significantly overlaps with the absorbance spectrum of 
sulfur-tetrazine, ensuring efficient Förster Resonance Energy 
Transfer (FRET) (Fig. 3C). Beside the spectral overlap, the 
distance between the FRET donor and acceptor pair is crucial 
for FRET efficiency24. To maximize FRET efficiency, we site-
specifically introduced m-Stet-Phe into position 149 of sfGFP 
using a previously reported mutant Methanosarcina barkeri 
pyrrolysyl-tRNA synthetase/tRNACUA pair (Table S2)66. Next, we 
assessed the efficiency and fidelity of m-Stet-Phe incorporation 

by expressing the resulting sfGFP protein with m-Stet-Phe at 
residue 149 (sfGFP-149m-Stet-Phe) in E. coli, followed by 
purification and characterization using Electrospray Ionization 
Mass Spectrometry (ESI-MS) and SDS-PAGE analysis. ESI-MS 
analysis of sfGFP-149m-Stet-Phe confirmed the expected mass 
of 27,755 Da (Fig. S5). Combined with SDS-PAGE analysis, this 
demonstrated the high fidelity and efficient incorporation of m-
Stet-Phe at the desired site within sfGFP (Fig. 3B). Purified 
sfGFP-149m-Stet-Phe emitted pretty weak fluorescence signal 

Figure 3. (A) Genetic incorporation of ncAA acid m-Stet-Phe into sfGFP at residue 149 creates photoactivatable fluorescent 
protein sfGFP-149m-Stet-Phe, in which the fluorescence of sfGFP was caged by sulfur-tetrazine through FRET mechanism. 
Fluorescence recovery takes place after sulfur-tetrazine photolysis. (B) SDS-PAGE analysis of sfGFP-149m-Stet-Phe and wild 
type sfGFP proteins. (C) Spectrums overlap between sfGFP and sulfur-tetrazine. (D) Fluorescence intensity of sfGFP-149m-
Stet-Phe is 7 times lower than wile type sfGFP. (E) Photoactivation of sfGFP-149m-Stet-Phe upon the irradiation of 405 LED 
light in PBS (1X, pH 7.4) buffer. (F) Confocal image of live HEK 293T cells expressing sfGFP-149m-Stet-Phe before and after 
irradiation with 405 nm confocal laser for different time points. Scale bar = 50 µm.  (G) The enhancement of green fluorescence 
from sfGFP upon activation. (H) Nuclear Lamin B1 labelling with photoactivatable fluorescent protein sfGFP-149m-Stet. (I) 
Confocal imaging of the quenched fluorescence of fused protein (Lamin B1) - (sfGFP-149m-Stet) by sulfur tetrazine moiety 
being restored by 405 nm confocal laser irradiation. Scale bar = 50 µM.
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in PBS (1X, pH 7.4) solution, seven times lower than sfGFP (Fig. 
3D). While upon activation with 405 nm LED, its fluorescence 
continuously increases within 2 hours (Fig. 3E).

We next investigated the photoactivation properties of this 
photoactivatable sfGFP when expressed in living mammalian 
cells. HEK 293T cells were transfected with both the 
suppression plasmid pAcBac1-R2-84-MbRs-Tet-v3.0 and the 
reporter plasmid pAcBac-sfGFP-C1-149TAG, in the presence of 
50 µM m-Stet-Phe. Following a 24-hour incubation period and 
three washes with PBS (1X, pH 7.4), Nikon confocal microscopy 
was employed to monitor changes in cell fluorescence during 
405 nm laser scanning. Before photoactivation, minimal green 
fluorescence was observed at 488 nm excitation in HEK 293T 
cells expressing sfGFP-149m-Stet-Phe, while it obviously 
intensified during the photoactivation process (Fig. 3F). After 
continuous scanning for 15 minutes, the green fluorescence 
had increased by up to 4-fold, indicating gradual photolysis of 
the sulfur-tetrazine cage and restoration of sfGFP fluorescence 
within the cells (Fig. 3G).

The successful construction of the novel photoactivatable 
sfGFP renders it an appealing candidate for live-cell imaging. Its 
advantages include a potentially low signal-to-background 
ratio, specific localization, excellent photo-switching properties 
with no side-product formation during photoconversion, and 
improved solubility compared to conventional large organic 
dyes. Consequently, we expand its application to visualize 
other proteins in live cells, particularly structural or functional 
proteins. Nuclear Lamin plays a pivotal role in various nuclear 
functions, with its expression level crucial in determining 
nuclear size70. Additionally, positive Lamin B1 expression levels 
have been correlated with tumor formation and progression in 
various cancer types71. To further investigate Lamin B1, we 
fused it with sfGFP-149m-Stet-Phe (Fig. 3H). By co-transfecting 
this newly fused-protein expression plasmid with the 
suppression plasmid pAcBac1-R2-84-MbRs-Tet-v3.0 into U2OS 
cells and incubating them with 20 µM m-Stet-Phe, we observed 
a concentrated signal of Lamin B1 at the nuclear envelope 
surface during photoactivation with 10% 405 nm confocal laser 
scanning, as expected (Fig. 3I).

Labelling proteins with Sulfur-Tetrazine Photo-Trigger using SNAP-
Tag Technology

Besides fluorescent protein-protein fusion, small fluorescent 
probes are also able to label the proteins to be studied and 
realize fluorogenic imaging through self-labelling protein tags.72 
Considering the remarkable photoactivation speed and 
efficiency of sulfur-tetrazine on small molecule conjugates, we 
synthesized SMepTz-BODIPY-SNAP (Fig. 4A) featuring a 
benzylguanine moiety attached to the SMepTz-BODIPY scaffold. 
This design allows for the covalent binding of the probe to the 
cysteine of the SNAP Tag, enabling the labelling of proteins of 
interest with a photoactivatable fluorescent probe. To assess 
the performance of SMepTz-BODIPY-SNAP in protein labelling, 
we incubated it at 20 µM in complete DMEM medium with both 

live and fixed U2OS cell lines expressing the NUP96-SNAP Tag 
fusion protein for 45 minutes. Following three washes with PBS 

(1X, pH 7.4), we utilized a 40% 405 nm confocal microscope 
laser to activate the sulfur-tetrazine conjugated probe. The 
labelling of NUP96, a protein of the nuclear core complex, 
exhibited a 25-fold increase in brightness within 20 minutes for 
live cells (Fig. 4B) and an 8-fold increase in 5 minutes for fixed 
cells (Fig. 4C).

Conclusions
In conclusion, we have developed sulfur-tetrazine as a versatile, 
ultrafast visible-light activated photo-trigger, demonstrating 
superior photochemical kinetics and photoproduct yields 
compared to traditional tetrazine photo-triggers. Its longer 
activating wavelength and lower photo transferring energy 
contribute to enhanced biocompatibility compared to its 
methyl tetrazine counterpart. Through genetic incorporation of 
sulfur-tetrazine-based ncAAs using the GCE technology, we 
successfully controlled the fluorescence of green fluorescent 
proteins. Moreover, by incorporating this photoactivatable 
ncAA into structural and functional proteins, we have laid the 
groundwork for studying various subcellular structures in future 
research with photoactivatable fluorescent proteins. 
Additionally, in conjunction with small molecule fluorophores, 
sulfur-tetrazine was utilized to photoactivate protein labels 
through the SNAP Tag. Leveraging their exceptional 
spectroscopic properties, we conducted both live-cell and fixed-

Figure 4. (A) Site-specific labeling of the protein of interest 
(POI) based on SNAPTag using the photoactivatable SMepTz-
BODIPY-SNAP probe. (B) Confocal image of live U2OS cells 
expressing NUP96-SNAP tag before and after irradiation with 
405 nm confocal laser for different times. The enhancement 
of green fluorescence was collected through 488 nm channel. 
(C) Confocal image of fixed U2OS cells expressing NUP96-
SNAP tag before and after irradiation with 405 nm confocal 
laser for different times. Scale bar = 50 µm. The enhancement 
of green fluorescence was collected through 488 nm channel. 
Scale bar = 50 µm.
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cell imaging, yielding clear visualization of the nuclear envelope. 
Currently, we are investigating other heteroatom-substituted 
tetrazine photo-triggers, aiming to expand the range of light 
wavelengths available for photochemical reactions and to 
facilitate the construction of additional photoactivatable 
fluorescent macro biomolecules in future studies.

Experimental
Materials 

Chemical reagents were purchased from Sigma-Aldrich, Oakwood 
Chemical, TCI Chemicals, and used without further purification. LB 
agar and 2YT were ordered from BD Difco TM. Isopropyl-β-D-
thiogalactoside (IPTG) was purchased from Anatrace. 4-12% Bis-Tris 
gels for SDS-PAGE were purchased from Invitrogen. QuickChange 
Lightning Multi Site-Directed Mutagenesis Kit was purchased from 
Agilent Technologies (Cat. 210515). Oligonucleotide primers were 
purchased from Integrated DNA Technologies and Eurofins 
Genomics. Plasmid DNA preparation was carried out with the 
GenCatch TM Plus Plasmid DNA. Miniprep Kit and GenCatch TM 
Advanced Gel Extraction Kit. FastBreak™ Cell Lysis Reagent 10x was 
purchased from Promega (Cat. V8572). Ni-NTA Agarose was obtained 
from Qiagen (Cat. 30230). 1H and 13C NMR spectra were measured 
on a Bruker AVANCE III HD 600 MHz spectrometer. UV-vis absorption 
spectra were measured on a Thermo Scientific Evolution 220 UV-Vis 
Spectrophotometer. Fluorescence measurements were conducted 
on a Horiba FluoroMax-4 spectrofluorometer. ESI mass spectroscopy 
was performed on a Bruker MicroToF ESI LC-MS System. Confocal 
fluorescent images were performed using Nikon A1R-si Laser 
Scanning Confocal Microscope (Japan), equipped with lasers of 
405/488/561/638 nm.

Fluorescence measurements

Stock solutions of small molecular probes in acetonitrile were diluted 
into 1 µM in the corresponding solvent and purified protein was 
diluted into 0.04 µM in the pH 7.4 1X PBS buffer in a 1 cm x 1 cm 
quartz cuvette. Measurements of emission spectra were recorded 
before light irradiation. Activation ratios were calculated from the 
peak emission intensity of the photolyzed tetrazine and the pre-
irradiation intensity. Light irradiation was stopped at the 
corresponding time points to record emission spectra and continued 
until a plateau was reached.

Photolysis rate calculation

Compounds were dissolved in acetonitrile (1mM) and irradiated by 
254 and 365 nm light. The decrease in absorption was monitored 
over time to obtain the zero-order reaction rate as follows:

k=-([A])/t

Equation 1. Zero-order reaction rate determination.

Where: k = reaction rate (M/s), [A] = compound concentration (M), 
t= time (s).

Quantum yield determination

Quantum yields measurements were determined using fluorescein73 
(fluorescence quantum yield of 0.79 in 0.1 M NaOH) and Quinine 
sulfate74 (fluorescence quantum yield of 0.546 in H2SO4 0.5 M). The 

fluorescence quantum yield, Φf (sample), were calculated according 
to equation as following: 

Φ𝑓,𝑠𝑎𝑚𝑝𝑙𝑒

Φ𝑓,𝑟𝑒𝑓
=

𝑂𝐷𝑟𝑒𝑓 ∙ 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑑2
𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝐼𝑟𝑒𝑓 ∙ 𝑑2
𝑟𝑒𝑓

Φf: quantum yield of fluorescence.

I: integrated emission intensity.

OD: optical density at the excitation wavelength.

d: refractive index of solvents, dCH3CN=1.34; dethanol=1.36; 
dwater=1.33.

Cell culture

A431 cells, HEK 293T cells and U2OS cells were incubated in complete 
medium Dulbecco’s modified Eagle’s Medium (DMEM), 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin at 37°C in atmosphere containing 5% CO2.

Confocal image of small molecular probes

The stock solution of SMepTz-BODIPY, MepTz-BODIPY, SMeTz-
Coumarin and MeTz-Coumarin in anhydrous DMSO was prepared to 
a concentration of 2 mM. The solution was diluted to a final 
concentration of 5 μM by complete growth medium in 35 mm glass 
bottom mattek dishes with A431 cells. After incubation of SMepTz-
BODIPY, MepTz-BODIPY, SMeTz-Coumarin and MeTz-Coumarin for 
30 minutes under dark conditions, cells were washed with PBS (pH 
7.4, 1X) twice and turned to confocal laser scanning microscope 
(CLSM). Cell imaging was performed with a Nikon Instruments A1 
Confocal Laser Microscope. BODIPY dyes were activated using 405 
nm light at 100% laser intensity. Coumarin dyes were activated using 
405 nm light at 50% laser intensity. Differential interference contrast 
(DIC) and fluorescent images were processed and analyzed using NIS-
Elements.

Plasmid construction

Plasmid pUltra-Tet3.0-R2-84-MmPylT was generated from pUltra-
MbPylRS-MmPylT by two rounds of mutations N311G, C313S (by 
primer mz167, mz168) and L270G (by primer mz165, mz166) via 
Gibson assembly. DNA sequence of Tet3.0-R2-84 is listed in 
Supplementary Table S2.

Plasmid sfGFP-WT-LaminB1-10 was constructed by a two-piece 
Gibson assembly of sfGFP-WT (cloned from addgene plasmid #54579 
with primers mz324, mz325) and LaminB1-10 (cloned from addgene 
plasmid 57141 with primers mz326, mz327). Plasmid sfGFP-149TAG-
LaminB1-10 was generated by sfGFP-WT-LaminB1-10 single 
mutation with primers mz163, mz164. All primers are listed in Table 
S1.

Protein expression and purification

E. coli. DH10B cells were co-transformed with protein expression 
plasmid (pET22b-T5-sfGFP149TAG) and ncAA incorporation plasmids 
(pUltra-Tet3.0-R2-84-MmPylT) and grown in 2YT medium at 37 °C. 
The protein expression was carried out in Luria-Bertani (LB) medium 
supplemented with or without 1 mM m-Stet-Phe (Prepared as 100 
mM DMSO stock solution). Expression was induced by the addition 
of isopropyl-β-D-thiogalactoside (IPTG) to a final concentration of 1 
mM at OD 0.6 and cells were grown for an additional 18 h at 30 °C. 
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Cells were harvested by centrifugation at 4,750 × g for 10 min. The 
cell pellets were suspended in lysis buffer (cell lysis reagent 10x at 1x 
pH 7.4 PBS) and lysed 2 h at 18 °C. The resulting cell lysate was 
clarified by centrifugation at 14,000 × g for 30 min, and protein was 
purified on Ni-NTA resin (Qiagen) following the manufacturer’s 
instructions. The purified protein was used for SDS-PAGE and ESI-MS 
analysis.

Transfection and confocal image of photoactivatable fluorescent 
protein

HEK 293T cells were plated in a 35 mm glass bottom mattek dishes 
at about 40% confluency so that they reach 70% ~ 90% confluency at 
the time of transfection. Cells were transfected using PolyJet 
(Thermo Fisher) 2000 ng of plasmid DNA was diluted in 125 μl of 
serum free DMEM and 6 μl of PolyJet reagent was diluted in 125 μl 
of serum free DMEM. They were combined and incubated for 10 min 
at RT before adding to cells.  m-Stet-Phe amino acid was added to 
the cells immediately and incubated for 24 hours before washing 
with PBS (1X, pH 7.4) three times. Fluorescent images and differential 
interference contrast (DIC) images were captured using Nikon A1 
confocal laser microscope system with 60x oil len. Sulfur tetrazine 
caged sfGFP was activated using 405 nm light at 5-10 % laser intensity 
and the sfGFP signals were collected with 488 nm channel. The 
captured images were processed and analyzed using NIS-Elements.

Confocal image of SMepTz-BODIPY-SNAP stain

After inubation with SMepTz-BODIPY-SNAP 20uM in complete 
DMEM medium, cells being able to express NUP96-SNAP tag were 
fixed with 4% paraformaldehyde PBS (1X, pH 7.4) solution in a 35 mm 
glass bottom mattek dishes and washed three times with PBS (1X, pH 
7.4). Imaging was performed at room temperature on the Nikon A1 
confocal laser microscope. Activation used 405 nm light at 40 % laser 
intensity and signals from BODIPY were collected using 488 nm 
channel. Differential interference contrast (DIC) and fluorescent 
images were processed and analyzed using NIS-Elements.
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