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Triggering biological processes: Methods and applications of 
photocaged peptides and proteins 
Alicia E. Mangubat-Medina and Zachary T. Ball*

There has been a significant push in recent years to deploy fundamental knowledge and methods of photochemistry toward 
biological ends. Photoreactive groups have enabled chemists to activate biological function using the concept of 
photocaging. By granting spatiotemporal control over protein activation, these photocaging methods are fundamental in 
understanding biological processes. Peptides and proteins are an important group of photocaging targets that present 
conceptual and technical challenges, requiring precise chemoselectivity in complex polyfunctional environments.  This 
review focuses on recent advances in photocaging techniques and methodologies, as well as their use in living systems. 
Photocaging methods include genetic and chemical approaches that require a deep understanding of structure-function 
relationships based on subtle changes in primary structure. Successful implementation of these ideas can shed light on 
importnat  spatiotemporal aspects of living systems.

1.  Introduction
Light—or electromagnetic radiation—is perhaps the most 

powerful external stimulus to probe or alter the internal state 
of complex biological environments, including cells, tissues, and 
whole animals. It can be instantaneously delivered from afar 
with high spatial and temporal control and often with minimal 
damage to biological systems when using light of suitable 
wavelengths. Most biological molecules and structures of 
interest are transparent to light, and some biological pathways 
have been engineered to respond to or utilize visible light.1–6 
Photocaged peptides and proteins represent one important 
tool in the toolbox of methods to build light-responsive complex 
systems.7–11 Photocontrol has also been accomplished with 
photoswitches where irradiation with light induces 
conformational change, though these will not be described in 
this review.12–23 Photocaged structures are used to mask 
enzymatic activity, binding sites, supramolecular assembly, or 
unique other reactivity that is revealed upon exposure to 
electromagnetic radiation.24 In recent decades, photocaging 
techniques have allowed the discovery and study of important, 
complex biological pathways and mechanisms. Spatiotemporal 
control of specific individual molecule activation, made possible 
by photocaging concepts, has proven to be a remarkably 
empowering capability.  

Photocaging concepts are often akin to photocleavable 
protecting groups in small-molecule and polymer chemistry.24,25 
Irradiation with light induces selective bond scission, releasing 
a product with native structure or with some other desirable 
biological activity. There is an ever-increasing need to develop 

photocaging concepts and the chemical methods to synthesize 
caged structures. Among the challenges that drive this 
innovation are the diverse structures and functional groups 
found in biological systems, the need for multiple orthogonal 
photo-uncaging regimes, and the difficulties of tissue 
penetration. Furthermore, the complexities of predicting 
reactivity in complex environments based on much simpler 
small-molecule models tend to necessitate a variety of 
complementary photocaging approaches.

Since the landmark photocaging of adenosine triphosphate 
(ATP) in 1978,26 a range of photocaged small molecules has 
been reported, allowing light-triggered perturbation of 
biological systems.11 More recently, a variety of photocaged 
biomacromolecules (such as peptides, proteins, DNA,27–30 and 
RNA31–36), bioactive small molecules,1,2,37–46 and bio-compatible 
polymers47–49 have appeared, bringing a new set of tools to bear 
on biological problems. The relative paucity of early examples 
of photocaged peptides and proteins reflects the synthetic and 
analytical challenges to implementing a clean and predictable 
photo-uncaging concept. In this review, we examine the diverse 
approaches to construct photocaged peptides and proteins, 
focusing on recent advances. We focus on the chemical and 
synthetic challenges of accessing these photocaged structures, 
and present representative examples of the biological 
applications that demonstrate current capabilities and future 
potential of these discoveries. 

Photocaging groups that unmask natural structure via bond 
scission incorporate diverse core structures, such as 2-
nitrobenzyl (1-3, Figure 1), bromonitroindoline (4),50–52 benzoin 
(5),53–56 bimane (6),57,58 coumarin (7-15),59–65 and 
nitrodibenzofuran (17-19).66,67 This structural diversity is 
important to the goal of obtaining structures with diverse 
wavelengths of uncaging reactivity. The 2-nitrobenzyl core, one 
of the most widely used, was first described in 196668 and has 
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been used to cage  cysteine (Cys),67,69–75 serine (Ser),76 tyrosine 
(Tyr),77,78 aspartate (Asp),79 glutamate (Glu),80,81 asparagine 
(Asn),82 glutamine (Gln),83 and lysine (Lys)73,84,85 residues. Other 
photocaging agents have been less commonly employed, often 

with demonstrated utility with a much smaller subset of this 
group. Broadly speaking, photocaging has been demonstrated 
with nearly all the polar or charged amino acids, while 
photocaging nonpolar amino acids is relatively unexplored.

Figure 1. Photocaging groups and their reported wavelength of photocleavage50-67 where (X) is the photocaged functional group.

Current photocaging reactions have mechanistic aspects in 
common. In one such example, the nitrobenzyl group (Figure 2, 
A) undergoes a photoreaction when irradiated with UV light via 
a C–H abstraction (Figure 2, B) mechanism leading to sp3 C–X 
bond cleavage (Figure 2, E), and many other photocaging agents 
follow suit. This is probably the primary reason that side-chain 
photocaging has been limited to polar (heteroatom-containing) 
amino acids, although limited approaches to photocaging 
backbone N–H bonds provides an alternative photocaging at 
such residues.86–88 Coumarin, for example, has been used to 
photocage the side chain of Cys,89 Lys,90 and the C-terminus of 
glycine (Gly),64 setting the stage for a structurally similar 
photocleavage of a (hetero)benzylic C–X bond that occurs by a 
rather different photochemical heterolytic C–X cleavage 
mechanism.63,91,92
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Figure 2. Nitrobenzene uncaging mechanism. 

Designing photocaging structures has lagged behind that of 
analogous light-emitting compounds, such as fluorophores.93,94 
Quantitative data for cleavage efficiency remains limited, and 
even complete understanding of effective cleavage 
wavelengths is sometimes lacking (Figure 1). Effective uncaging 
at wavelengths above 450 nm is quite limited. Efficient cleavage 
of nitrobenzyl chromophores are typically limited to ultraviolet 
or blue wavelengths (<365 nm), and many alternative structures 
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have similar limitations. A few structures (e.g. 13, 15, 16-19) 
have been shown to cleave above 500 nm, and some efforts to 
develop orthogonal pairs of cages with different uncaging 
wavelengths have been made.62 But full understanding of 
capabilities for red-shifted uncaging is still being uncovered. 
Layered on top of this discussion, there is also significant 
interest in developing photocaging groups with efficient two-
photon activation, which would allow uncaging at near-IR 
wavelengths (e.g. >700 nm, 16-19) that are most transparent to 
living tissue.67,87,95,96

Photocaged peptides and proteins have unique capabilities 
for developing our understanding of biological function. 
Photocaging a biomacromolecule of interest is a more direct 
and time-controlled method of controlling function, compared 
to more roundabout inhibitor- or transcription-based 
approaches. Despite the potential, synthetic preparation of 
photocaged peptides and proteins remains challenging. 
Photocaged peptides are often accessed by variations of solid-
phase peptide synthesis (SPPS). Combining SPPS with native 
chemical ligation concepts also provide access to photocaged 
proteins, though on a limited basis. Photocaged protein 
synthesis is also accomplished through genetic incorporation of 
photocaged unnatural amino acids. This review is divided into 
two parts: first, the synthetic methods for accessing photocaged 
peptides and their applications are described, and second, the 
complementary methods for accessing photocaged proteins 
and their applications are described.

2. Overview of photocaged amino acids for peptide 
and protein synthesis

Photocaged polypeptides have uniformly relied on C–X 
bond cleavage to reveal natural functionality. This typically 
means photocaging via a cleavable C–O bond (Ser, Tyr, Asp, 
Glu), C–N bond (Lys, Asn, Gln, N-terminus), or C–S bond (Cys). 
Thus, photocaging has typically been limited to polar or charged 
side chains. In broad terms, typical photoprotecting groups are 
general, and the same group could be used to photocage a 
variety of side chain structures. Indeed, the 2-nitrobenzyl group 
and its derivatives has been used to cage many different side 
chains, including Cys,67,69–71,74,95–97 Ser,76,98 Tyr,99 Glu,100 Asp,100–

102 and Lys.84,90,103 A common alternative to the 2-nitrobenzyl 
group is coumarin and its derivatives which was used to 
photocage Cys, Lys, and Asp. However, it must be noted that 
these photocaging groups all require UV light to uncage their 
substrate, save for rare examples of two-photon sensitive 
photocages and a single example of a green-light sensitive 
photocaged Asp, well above the wavelength range accessible 
with most photocleavage structures.102 Even in those cases with 
two-photon sensitivities, photocleavage is generally more 
efficient in biological contexts when irradiated with UV light.67 

Recombinant incorporation of photocaged unnatural amino 
acids (UAAs) via a unique tRNA is an important method for 
incorporating photocaged amino acids. An impressive array of 
photocaged residues has been accessed by UAA technologies, 
including Lys, Tyr, Ser, and Cys,74,99,104 although it is probably fair 
to say that recombinant methods remain structurally more 

limited than chemical approaches. Of these, photocaged Lys is 
perhaps the best-studied case, due to the ease of utilizing 
and/or evolving natural pyrrolysine processes. Indeed, even 
wavelength limitations have been addressed for Lys, with one 
example demonstrating two-photon uncaging above 700 nm.90 

3. Photocaged peptides: synthesis and 
applications

Figure 3. Fmoc-based synthesis of a 36-mer peptide with photocaged lysine residue(s). 
Incorporation of a photocaged tyrosine derivative at position Y1 and/or Y36 was 
accomplished with the reagent Fmoc-pY.

3.1 Synthesis of photocaged peptides

Synthetic access to photocaged polypeptides is often more 
straightforward than that for photocaged proteins, due to the 
flexibility of solid-phase peptide synthesis (SPPS). However, 
there are at least three approaches to introduce photocaging 
groups into peptides: (i) solid-phase peptide synthesis using a 
photocaged amino acid (pAA), (ii) solid-phase, functional-
group-selective reaction to install a photocaging group, and (iii) 
solution phase modification of a natural amino acid sequence.
3.1.1 SPPS using unnatural amino acids

Side-chain photocaged amino acids: The reliability and 
broad applicability of modern peptide synthesis methods has 
meant that installation of diverse side-chain photocaging 
groups within diverse peptide sequences is often possible 
without the need for special optimization or method 
development. While Boc solid-phase synthesis has important 
benefits in select applications,105 Fmoc solid-phase synthesis 
has become “the method of choice for peptide synthesis,”106 
and this is reflected in the literature of photocaged peptides as 
well. We are not aware of any reported examples of Boc solid-
phase synthesis to access photocaged peptides, but Fmoc solid-
phase synthesis of these targets is common.

Thus, compatibility with standard Fmoc SPPS techniques is 
one important factor in choice of photocaging structure. In one 
early example107 (Figure 3) caged analogues of the 36-mer 
neuropeptide Y was synthesized using an BOP/HOBt coupling 
approach, incorporating photocaged tyrosine residues at one or 
two tyrosine residues following global deprotection/cleavage 
with TFA. Notably, the effort required no special modification of 
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conditions to incorporate the photocaged residues, and this 
observation is consistent with other reports.108,109 The 
incorporation of photocaged tyrosine at both N- and C-terminal 
residues demonstrates the compatibility with even long 
synthetic operation. A variety of Fmoc SPPS-compatible 
structures are in common use. Peptides with photocaged Cys 
67,71 Asp,101,102,100 Glu,100 Ser,98 Lys, 108,84,90,110,103 and Tyr107 have 
been constructed using standard Wang and Rink Amide resins 
(Figure 4).

Figure 4. Representative examples of photocaged side-chains that have been shown to 
be compatible with SPPS.  reported is the wavelength of photocleave reported in the cited 
literature.

The lion’s share of examples to date involves photocaging of 
side-chain functional groups. Photocaged side chains are similar 
enough to traditional side-chain protecting groups in SPPS that 
the photocaged amino acid can be treated just as any traditional 
amino acid in routine peptide synthesis. However, the N-
terminus, C-terminus, or even specific backbone amide bonds 

are all potentially valuable alternative photocaging sites that 
may require unique synthetic approaches. 

The essential role of backbone H-bonding in secondary 
structures, such as α-helices or β-sheets, makes backbone 
amide photocaging an intriguing tool to directly control folding, 
structure, and function with light. But unlike side chain 
photocaging, access to sequences with modifications of 
backbone structure requires creative synthetic approaches. 
Peptides photocaged at backbone Gly N–H bonds have been 
synthesized by solid-phase synthesis,111 producing, for example, 
photocaged analogues of  collagen-mimetic peptides112 and 
amyloid peptides.88 Incorporation of N-(2-nitrobenzyl)glycine 
(Figure 5, path 1A) directly was found to be practical within 
unhindered Gly-Gly-Gly triads, and subsequent coupling of the 
secondary amine (path 1B) could be accomplished with DIC.111 
To access other sequences,  a corresponding two-step approach 
with bromoacetate coupling followed by amine alkylation was 
developed (Figure 5, path 2A),88 and the subsequent coupling of 
the secondary amine (path 2B) required the strong activating 
agent, triphosgene.88  However, the generality of both 
approaches is limited by poor coupling efficiency of the 
secondary amine in the photocaged monomer. No examples 
extending these concepts to amino acids other than Gly have 
appeared, presumably due to the steric demands of α-
branching, and even photocaged Gly (Figure 5) is a synthetic 
challenge. Typical carbodiimide coupling agents, and even 
modern highly effective coupling reagents such as HATU, fail to 
deliver effective coupling in sterically demanding situations.
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Figure 5. Examples of installing photocages on backbone structures through SPPS. (Path 
1) Photocaged Gly within a GGG sequence could be introduced as an N-benzyl amino 
acid with minor adaptation of standard coupling reagents. (Path 2) Within a more 
hindered sequence, photocaged Gly was introduced by an alkylative approach (path 2A), 
and the subsequence coupling required triphosgene (path 2B).
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3.1.2 Solid-phase selective functional group photocaging
Site-specific photocaging can also be accomplished through 

a unique, orthogonal protecting group. In this case, selective 
mono-deprotection allows installation of a photocaging agent 
prior to global deprotection and release from resin.  This 
approach is valuable in cases where a chemically sensitive 
photocaging agent is desired. Diederichsen et al. demonstrated 
selective N-terminal modification, on-resin, to install a 
photocleavable auxiliary for photoactivated native chemical 
ligation (NCL).113 This N-terminal photocage was synthesized as 
a nitrobenzyl derivative and installed onto the peptide by 
reductive amination (Figure 6). A variation of NCL113 with N-
terminal photocleavable auxiliaries has been used to ligate 
peptide fragments, forming a larger target peptide with a 
photocleavable group at a specific backbone N–H bond. An 
initial report (Figure 6) demonstrated ligation through a 
pathway involving trans-thioesterification and an SN acyl 
shift. The unhindered Gly-Gly and Ala-Gly gave 14-mer peptide 
products in good yield, while attempts to form more hindered 
linkages, such as Gly-Leu, gave significantly diminished yields. 
As a method for the preparation of large native peptides, 
significant improvement in the method would be needed to 
make the process effective and general for preparative use, and 
in cellulo or in vivo applications of this concept have not been 
reported. However, the concepts outlined here could be 
valuable for unique applications targeting structures not 
accessible by genetic (unnatural amino acid) approaches. 
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Figure 6. Photocleavable auxiliary allows NCL to occur at sequence sites without Cys. 

3.1.3 Solution-phase selective functional group photocaging
The major alternative to incorporating photocaging agents 

during SPPS is selective solution-phase reactions on 
polypeptides. Solution-phase methods may be especially 
desirable for peptides isolated from whole organisms or 
otherwise biological in origin. In addition, some photocleavable 

targets may be incompatible with SPPS methods, as is often the 
case with C-terminal photocaging structures.114  In fact, the first 
on-resin C-terminal photocaging was described by So and Xia in 
2020 using a three-component Passerini reaction.115 On the 
other hand, solution-phase modifications of peptides create the 
reactivity and selectivity challenges typical of selective reaction 
design in complex polyfunctional environments. Ideal solution-
phase methods might permit photocaging of fully unprotected 
sequences, but in practice selectivity concerns often require 
rather complex protecting-group strategies.

In an early example of selective solution-phase photocaging, 
a photo-reactive guanylating agent was reacted with an 
ornithine side chain of a peptide inhibitor of the cAMP-
dependent protein kinase (PKA) to form photocaged arginine 
(Arg) (Figure 7). This photocaged Arg allowed photocontrol of 
cAMP signaling.116 The group used Fmoc protection of the N-
terminus, retained from SPPS, to avoid competing reactivity. 
The creation of a caged Arg structure with this method is 
straightforward and efficient, but the chemistry required 
anhydrous conditions (DMF), and orthogonal protection of 
amine groups, limiting the utility of the approach. Many other 
examples of solution-phase photocaging similarly require 
sophisticated protecting-group strategies and organic-phase 
reaction conditions. C-terminal amidation or N-terminal 
carbamate formation reactions, for example commonly involve 
coupling reagents such as HCTU117  or TBTU,114 respectively.

Figure 7. A guanidinylating reagent used to install photocaged Arg in a solution phase 
procedure that required orthogonal protection of other amino groups.

While photocaging most commonly masks a specific 
functional group, photocleavable stapling ideas have been 
advanced as a way to use topological constraints to alter 
peptide function (Figure 8).114 Olefin metathesis was employed 
as a key method to cyclize (or “staple”) a small peptide after 
stepwise installation of two terminal olefins via typical 
amidation and carbamate formation methods. Photocleavage 
of both linkers then permits traceless release of the parent 
linear peptide. It is important to note, that examples described 
contain only hydrocarbon side chains, obviating the need for 
protecting groups. 

Relatively few studies provide approaches to photocaging 
non-protected polypeptides with diverse side chains. Copper-
catalyzed, histidine-directed coupling of boronic acids with a 
specific backbone N–H bond was shown to occur in water with 
fully deprotected peptide substrates (Figure 9).118 Molecular 
design of a light-sensitive alkenylboronic acid (Figure 9, B) 
reagent allowed preparation of photocleavable backbone 
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conjugates, creating a 1-step approach to specific backbone 
photocaging governed by a neighboring histidine (His) residue 
(Figure 9).86 The design hinges on a vinylogous analogue of 2-
nitrobenzyl photocaging agents (i.e. Figure 2). The 
photocleavage of an alkenyl–X bond in this instance is 
noteworthy. 
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Figure 8. Two photocaging groups, covalently linked by an olefin metathesis reaction 
with the Grubbs II catalyst, provide a topologically constrained cyclic peptide C, which 
releases the parent linear peptide A upon irradiation.

This photocaging method was used to cage peptidase 
substrates. Peptidase activity is often highly sensitive to local 
structure,119 and alteration with a photocaging group or other 
bulky group is often sufficient to abrogate activity.69,120,121 
Copper-catalyzed backbone modification of a -chymotrypsin 
substrate peptide (CSP) gave compound C (Figure 9). Consistent 
with expectation, photocaged peptide C was completely 
resistant to peptidase activity, while enzymatic proteolysis 
occurred quickly upon irradiation, affording peptides D–E. This 
photocaged peptide concept may be valuable in affording 
spatiotemporal control of proteolytic processing of pro-
hormones in vivo. 

Figure 9. Histidine-directed, CuII–catalyzed backbone N–H photocaging an α-
chymotrypsin cleavage sequence with boronic acid B. The N–H alkenylation product C is 
inert to α-chymotrypsin.

3.2 Applications of photocaged peptides 

3.2.1 Photocaging RGD peptides for triggered cell patterning
Cell adhesion is mediated by interactions with the short 

sequence, Arg-Gly-Asp (RGD).122 This fundamental recognition 
event is important for artificial scaffolds for tissue 
engineering123,124 and controlled cell growth on surfaces,125 and 
RGD recognition has important consequences for human 
medicine.126 Consequently, controlling RGD-mediated adhesion 
by light or other external stimulus has received attention.127–130 
Covalent side-chain photocaging allows light to turn on cell 
adhesion.80,101 In one such approach, SPPS produced a 
photocaged RGD peptide with backbone N-alkylation (2-
nitrobenzyl) at the key Gly residue which was immobilized on 
poly-L-lysine.80 Alkylation effectively blocked activity, and no 
adhesion was observed for caged peptides attached to a poly-L-
lysine surface. Exposure to light liberates the RGD motif, and the 
expected cell adhesion and spreading was observed. (Figure 
10a).

Figure 10. Spatial control of cell adhesion with immobilized photocaged RGD peptides. 
(a) Photocaged RGD peptides were immobilized on a poly-L-Lys surface and cells adhered 
to the irradiated left half of the surface. Copyright © 2008 WILEY-VCH Verlag GmbH & 
Co. KGaA, Weinheim. (b) Photocaged RGD peptides immobilized though a PEG linker to 
a silicon wafer.

In a complementary approach,101  installing a photoreactive 
DMNPB ester131 at an Asp side chain within a cyclic RGD 
sequence, again by SPPS, was used to prepare photoactivatable 
surfaces on silica (Figure 10b). The study also marked an early 
application of DMNPB esters, which were developed for high 
cleavage quantum efficiency (irradiation at 351 nm).131 Similar 
to the backbone Gly caging, DMNPB esters block key Asp 
interactions with the integrin MIDAS region,132 and similar 
photocontrol of cell surface adhesion was achieved. These two 
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studies also validate the compatibility of photocaging with 
surface-immobilized sequences, employing maleimide–
cysteine80 or siloxane–silica131 immobilization chemistries.

Cis-trans photoisomerization of azobenzene has been 
employed as a complementary approach to light-controlled 
RGD recognition. Light-driven cis-trans isomerization can also 
produce changes in biological function by changing the local 
structure and steric environment around a ligand, without any 
bond-breaking. Azobenzene photoisomerization can reversibly 
“switch on” a new biological state.133–135 Tethering an RGD 
peptide to a surface via an azobenzene linker produced a 
surface in which exposure to light induced isomerization to a cis, 
non-adhesive state.136

Figure 11. Synthesis of a photocaged agonist peptide (pFMRF). HCTU coupling installs a 
2-nitrobenzyl derivative of a C-terminal amide group. Uncaging (hν) produces active 
agonist peptide (FMRF). (inset) confocal images of astrocytes demonstrating elevated 
intracellular calcium levels (green, Fluo-8). Areas exposed to 365-nm light (inside white 
outline) exhibited a spike in Ca2+ levels within cells exposed to pFMRF. Reprinted with 
permission from Bioconjugate Chem. 2015, 26, 12, 2408–2418. Copyright 2015 American 
Chemical Society.

3.2.2 Light-activated investigation of cell-cell interactions
Like cell-surface interactions, cell-cell interactions have 

been fertile group for photocaged peptide applications. 
Photocaged peptides offer a unique ability to learn about 
biological pathways in a time-resolved fashion. In a study by 
Janett et al., a C-terminal photocaged neurotransmitter offered 
a peek into neuron–glia communication (Figure 11).117 As the 
two main classes of neural cells, a clear understanding of the 
interactions between neurons and glia are critical for 
understanding brain function.137,138 Astrocytes, the most 
abundant of glia cells, can monitor and alter synaptic function 
and structure, resulting in control of synaptic transmission in 

the brain.139 Astrocytic calcium elevation is a key indicator of 
astrocyte-neuron communication.  In one study, a synthetic 
photocaged agonist peptide, Phe-Met-Arg-Phe (pFMRF), of 
Mas-Related-Gene Gq-coupled-receptor (MrgA1R) enabled 
photo-triggered neuronal interactions within astrocytes. 
Intracellular spikes in calcium levels were readily imaged by 
confocal microscopy (Figure 11, image).117 Cells displaying 
MrgA1R receptors were exposed to the pFMRF agonist, and 
spikes in intracellular calcium levels were observed, dependent 
on UV exposure.
3.2.3 Peptide activation within live cells

Controlling peptide activation within cells is an intriguing 
challenge which lends itself to exploring mechanisms of action 
within biological contexts. Unlike extracellular activity, 
intracellular studies require an understanding of cell entry, 
subcellular compartmentalization, and intracellular protease 
stability. In one key example, a photocaged Cys was deployed 
to study enzymatic palmitoylation of peptides.67 In the report, 
2-nitrodibenzofuran was selected as the Cys photocage for its 
efficient UV- and two-photon-cleavage abilities. Alternative 2-
photon sensitive photocages such as brominated 
hydroxycoumarin were not compatible with Cys photocaging in 
all contexts due to photoisomer side products upon irradiation, 
as reported by the authors. The nitrodibenzofuran was installed 
within K-Ras-derived and Cys-Leu-Cys (CLC) peptides for 
enzymatic and cell studies, respectively.67 The CLC peptide was  
tagged with an NBDhex fluorophore to allow visualization of 
cellular localization. Cys S-palmitoylation induces migration to 
the membrane, and the photocaging approach allowed direct 
real-time visualization of palmitoylation and subsequent 
membrane localization (Figure 12). 

Figure 12. Scheme of NDB-hexCLC peptide uncaging and subsequence palmitoylation. 
Left: confocal images of peptide migration following irradiation of caged NBD-hexCLC 
peptide. Cell images reprinted with permission from J. Am. Chem. Soc. 138, 18, 5848. 
Copyright 2016 American Chemical Society.
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3.2.4 Probing amyloid oligomers through photocaged peptides
The complicated kinetics, initiation, and speciation of 

amyloid aggregation are confounding problems tailor-made for 
a photocaging approach. Chemical means of controlling or 
initiating amyloid assembly can provide valuable in vitro 
information. But chemical methods have drawbacks or are 
impossible in more realistic cellular models of disease, and light-
driven release of amyloid sequences has been pursued as a 
solution to this problem. In one important study, light-induced 
amyloid fibrillation was observed in neuroblastoma cells (SH-
SY5Y) exposed to photocaged Aβ-derived macrocyclic peptides 
(peptide NB, Figure 13).88 Before irradiation, the photocaged 
peptides were nontoxic up to 100 µM as measured with MTT 
assays (Figure 13). Following irradiation, membrane disruption 
was observed at uncaged peptide concentrations as low as 50 
µM. The work indicates the potential for photocaged peptides 
to deliver and probe the effects of sensitive and/or metastable 
species in cellular environments.

Figure 13. Photocaged Aβ-derived macrocyclic peptide NB. MTT conversion assays 
indicate that only the uncaged form of peptide NB (peptide NB + h) cause cell death. 
Reprinted with permission from J. Am. Chem. Soc. 140, 17, 5842. Copyright 2018 
American Chemical Society.

3.2.5 Phototriggered collagen mimetic peptide folding
Similarly, collagen sequences are metastable monomers 

that undergoes spontaneous assembly. Collagen assembles into 
initial triple helices, which further assemble into a variety of 
collagen biomaterials.140,141 Collagen-mimetic peptides (CMP) 
have been developed to model, mimic, and directly interface 
with, natural sequences.142–146 Controlling the kinetics and 
initiation of aggregation in these systems is important for our 
fundamental understanding of the assembly processes but is 
also essential for a range of biomedical or chemical biological 
applications of CMPs. The two studies of photocaging concepts 
on collagen systems used SPPS and solution-phase synthesis to 
install a photocaged backbone N–H at Gly.86,112 This photocaged 
CMP exhibited light-induced folding (

Figure 14a-b) upon exposure to UV light.86 In further studies, 
UV light triggered the photocaged CMP sequences to co-
assemble with degraded natural collagen in mouse model. 
Increased matrix metalloproteinase (MMP) activity, which is 
correlated with several pathogenic conditions, remodels 
collagen in diseased tissue, producing degraded collagen 
structures that were visualized by a fluorescently-tagged, 
photocaged CMP (Figure 14c).112

Figure 14. CMP modification-driven unfolding and photocleavage-driven refolding (a). 
(b) CD melt analysis indicating folding of modified CMP before (blue) and after (red) 
photocleavage with 365 nm light. Reprinted with permission from J. Am. Chem. Soc. 140, 
27, 8401. Copyright 2018 American Chemical Society. (c) Photo-triggered triple-helical 
folding of caged CMPs for detecting MMP activity in mouse models. Reprinted from Ref. 
107 with permission from the National Academy of Sciences.

4. Photocaged proteins: synthesis and 
applications

Proteins, while structurally and functionally similar to 
peptides, come with a host of additional challenges when 
photocaging these complex structures. Proteins generally 
require aqueous conditions, limiting chemical techniques 
available to photocage these macromolecules. Furthermore, 
when proteins are modified from their native structure, their 
behavior and stability are perturbed, leading to tractability 
problems.  While peptides have a whole host of photocaging 
technologies, such techniques for proteins are, in comparison, 
quite limited. Here, the synthetic technologies for photocaging 
proteins and applications of these photocaged proteins are 
described.
4.1 Synthesis of photocaged proteins

4.1.2 Genetic encoding of pAAs
Genetic encoding of photocaged amino acids (pAA) in whole 

proteins is now well established. Multiple reviews147–152 cover 
the topic of photocaged UAA incorporation extensively, and 
readers interested in a thorough treatment of that subject are 
directed there. In brief, an unnatural tRNA charged with the 
caged UAA is used to insert the UAA at a specific codon, typically 
a stop codon. Evolution of an orthogonal tRNA synthetase 
allows effective UAA incorporation in vivo. This review provides 
an overview of the scope of photocaged UAAs and focuses on 
unique approaches involving novel chemistries. In 1998, a 
genetic incorporation of a photocaged Tyr by nonsense/stop 
codon suppression technology was reported,77 and in 
subsequent years genetic incorporation of photocaged side 
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chains has proven broadly useful.97,99,104,149,153–161 Using a 
nonsense anticodon tRNA modified with the photocaged Tyr 
(pY, Figure 15), the muscle nicotinic acetylcholine receptor 
(nAChR) containing a photocaged Tyr in the α subunit was 
expressed in Xenopus oocytes.77 Building on prior work to 
incorporate UAAs in nAChR,162–164 both unnatural tRNA and 
mRNA encoding the desired nAChR protein were microinjected 
into oocytes. Other early examples include the incorporation of 
photocaged Cys (pC1) by the Schultz group, where E. coli leucyl 
tRNA synthetases were evolved by randomizing the amino acids 
(Met40, Leu41, Tyr499, Tyr527, and His537) that form the 
hydrophobic pocket, based on suppression of stop codons at 
positions 44 and 110 in the gal4 gene.74 Since this first report, 
many efforts have utilized such mutant pairs of E. coli leucyl-
tRNA synthetase (EcLeuRS)/tRNA and pyrrolysyl-tRNA 
synthetase (PylRS)/tRNA in yeast and mammalian cells for the 
genetic encoding of pAAs.148,165 

H2N COOH
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Figure 15. Genetically incorporated photocaged amino acids.  reported is the wavelength 
of photocleave reported in the cited literature.

This technology has now expanded significantly: tRNA stop 
codon techniques have been used to install photocaged 
Tyr,78,99,104,166 Ser,98 Lys,84,90,110 Cys,69,74,97,167 homocysteine 
(Hcy),167 and selenocysteine (SeCy) (Figure 15).165 In addition, 
the range of model organisms in which this photocaged 
technology can be deployed has expanded as well, and now 
includes E. coli, S. cerevisiae, as well as mammalian cells.74,84,99 

Surprisingly, relative few alternatives to photocaged UAA 
incorporation exist for building photocaged proteins.  These 
alternative methods include a single example of total protein 
synthesis using native chemical ligation (NCL) and, as well as 
solution-phase photocaging methods, such as Cys S-alkylation 
with a photodegradable active-site ligand.
4.1.2 Total chemical synthesis using SPPS and NCL

The first and only example of total chemical synthesis of 
photocaged proteins produced a photocaged hen egg 
lysozyme.103 Fmoc SPPS was required to synthesize four 
fragments that were subsequently ligated together to form 
lysozyme, a 14.3 kDa protein (Figure 16). Lysozyme was 
synthesized with three photocaged mutants at Lys96, Ser100, 
and Asp101.

Thz- Asn65-Asn93 -SR Cys- Ala95-X-Leu129

Cys- Asn65-Asn93 -Cys- Ala95-X-Leu129Lys1-Trp63 -NHNH2

Lys1-Trp63 -Cys- Asn65-Asn93 -Cys- Ala95-X-Leu129

1. ligation
2. Cys-Thz deprot

ligation

HEL [1–129]

HEL [1–129]h

ineffective
antigen

bioactivity
restored

X = pK196, pK296, pS100, pD2101

Cys- Ala31-Trp63 -NHNH2

Lys1-Val29 -NHNH2

R = CH2CH2COOEtSAcm

1

2

3 4

1. ligation
2. Acm deprot

Figure 16. Roadmap for total protein synthesis of a photocaged HEL variants. Four 
different photocaged amino acids were incorporated within the Ala95–Leu129 and the 
entire protein subsequently assembled by native chemical ligation.

4.1.3 Solution-phase selective functional group photocaging 
Selective photocaging reactions on whole proteins are the 

third major approach to photocaged proteins. The development 
of selective protein caging methods has mirrored broader 
efforts to develop site-selective bioconjugation methods. 
Solution-phase site-specific photocaging of an active-site side 
chain is an alternative approach to genetic pAA incorporation. 
Furthermore, solution-phase methods on whole proteins 
provide opportunities to develop conceptually different 
approaches to photocaging, such as PEG conjugation. 

Modification of numerous surface-exposed residues with 
photocleavable polyethylene glycol (PEG) polymers has been 
pursued as an approach to both inactivate and protect against 
degradation. A representative example168 employed Lys 
modification with a reactive carbonate containing a nitrobenzyl 
linkage to a large PEG chain (Figure 17a). Numerous PEG chains 
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attached to the surface had the effect of blocking natural cell 
lysis activity of the enzyme (PEG-lysozyme, Figure 17a). Upon 
irradiation, the cell lysis activity is recovered (Figure 17b). The 
technique produces heterogeneous changes to the protein 
surface, so reproducibility concerns and other issues regarding 
heterogeneous bioconjugation products are important caveats. 
Nonetheless, the method is simple, efficient, and has the 
distinct advantage of not requiring knowledge about protein 
structure on an atomic scale.

Figure 17. Polymer-conjugate-photocaging of lysozyme using NHS ester under aqueous 
conditions. (a) Schematic depiction of PEG-photocaging of lysozyme, which places 
multiple polymer chains at surface Lys residues. (b) OD measurements of Micrococcus 
lysodeikticus consumption by photocaged lysozyme during irradiation time points. 
Reprinted with permission from Bioconjugate Chem. 2010, 21, 8, 1404–1407. Copyright 
2010 American Chemical Society.

Achieving site-selective photocaging through reactions on 
canonical proteins is both a more daunting challenge and 
important for many applications of photocaging concepts. In 
rare cases, a unique amino acid residue—typically Cys—may 
exist in an appropriate location for selective photocaging. Such 
nucleophilic residues allow the use of reactive electrophiles, 
such as alkyl bromides or maleimides.89,169–172 In an extension of 
these ideas, enzymatic thiophosphorylation can be used to 
introduce a sulfur-based functional group with singular 
reactivity.173 For proteins without surface-exposed Cys, genetic 
incorporation of a specific Cys residue often represents the 
most straightforward way to incorporate a uniquely reactive 
site. 

To address the need for photocaging of natural proteins 
without genetic manipulation, the His-directed catalytic 
alkenylation of peptide backbone N–H bonds (Figure 9) was also 
demonstrated on a full-length protein, the soybean trypsin 
inhibitor (SBTI). Containing a single His residue, reaction of SBTI 
with boronic acids in the presence of a copper catalyst afforded 
singly-modified protein products, consistent with a His-directed 
mechanism. Upon irradiation, disappearance of the 

desthiobiotin-containing photocage was observed.86 
Photocaging protein backbone structures may be a simple tool 
to achieve significant alteration to protein structure, although 
further studies will be needed to establish the efficiency and 
potential of this approach. 

As an alternative to small molecule solution-phase 
photocaging, site-directed affinity labels take advantage of 
proximity-driven covalent modification at non-active site amino 
acids. In an example from Lawrence et al.,169 a peptide-based 
caging agent was designed to activate fluorescence labelling 
upon irradiation. Elegantly designed, the caging agent exhibits 
key moieties that direct the probe near the active site where 
the probe’s maleimide electrophile covalently bonds local Cys 
343, effectively labelling the protein. The caging agent also 
comprises of a fluorescent quencher that is release upon UV 
irradiation, activating fluorescence.
4.2 Applications of photocaged proteins

This section presents selected examples of the applications 
of photocaged proteins. We have chosen select examples that 
convey broad concepts or approaches involving the use of 
photocaged proteins in living systems, rather than provide a 
complete catalog of all such examples.

Figure 18. A photocaged TEV protease. (a) Photocaged Cys (pC4) was incorporated into 
mutant TEV protease. Western blot indicating free YFP following the cleavage of CFP-
TevS-YFP-V5 by light-activated TEV-C151-pC4. (b) FACS analysis of TEV-C151-pC4 
photoactivation in mammalian cells. Percentage of FREThi over time post-irradiation, 
confirming TEV protease activation (red). Inactive TEV (yellow) did not show protease 
activity. Controls: no TEV (green), wild-type TEV (black). Reprinted with permission from 
J. Am. Chem. Soc. 136, 6, 2240. Copyright 2014 American Chemical Society.

4.2.1 Photocaging protein active site: Tobacco Etch Virus (TEV) 
protease activation

Spatiotemporal variation in enzyme activity provides the 
basis for protein dynamics in cells and living organisms, and 
photoactivation of enzyme activity represents one of the most 
straightforward applications of protein photocaging. 
Photoactivation of the tobacco etch virus (TEV) protease 
selectively activates decomposition of proteins containing the 
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TEV cleavage site (TevS), potentially enabling an optically 
activated protein knock-out, and the opportunity to probe 
knock-outs at different cellular developmental stages. Using a 
photocaged Cys, Chin et al. engineered a photocaged TEV 
protease, TEV-C151-pC4, in E. coli and mammalian cells.69 
(Figure 18a). To analyze TEV activity in cells, a fusion protein, 
CFP-TevS-YFP-V5, was engineered containing a cleavage 
sequence (TevS) between two fluorescent proteins, CFP and 
YFP. Uncaging TEV-C151-pC4 with light induced proteolytic 
cleavage of the TevS sequence, which could be easily visualized 
by a FRET-based fluorescence activated cell sorting (FRET-FACS, 
Figure 18b).

Figure 19. Photoactivated Photinus pyralis firefly luciferase (Fluc) using stop codon 
suppression. (a) Model of Lys206 caged with pK4, disrupting a hydrogen bonding 
network and blocking substrates entering the binding pocket (model based on PDB: 
2D1S). (b) Irradiation generates wild-type (active) Fluc structure (PDB: 2D1S). (c) 
Photocaging of EGFP-mCherry fusion protein with pK4. Fluorescence is recovered 
following uncaging and folding of EGFP. (inset) Confocal microscopy of cells before and 
after irradiation with 405- or 760-nm light. Reprinted with permission from J. Am. Chem. 
Soc. 136, 44, 15551. Copyright 2014 American Chemical Society.

4.2.2 Photocaging protein active sites: Photoactivation of 
luciferase and GFP luminescence

Photocaging key residues is a conceptually straightforward 
way to disrupt function. In studies from the Deiters lab, this 
approach was implemented in two model proteins: photocaging 
the active site luciferase enzymes (Figure 19a-b) and 
photocaging GFP fluorescence (Figure 19c).90,167 The authors 
began studies by photocaging Renilla reniformis luciferase 
(Renilla) and Photinus pyralis firefly luciferase (Fluc) at key 
residues. According to modelling studies, Fluc has a key Lys 
(K206)90 at the entry channel of the active site for the substrates 
luciferin and ATP. When K206 was photocaged as pK4, luciferin 
and ATP are blocked from entering the active site, thus 

deactivating the protein (Figure 19a). Renilla demonstrated 
similar activity with C124167 was photocaged with pC7. 
Enzymatic activity was restored following UV irradiation in both 
the Renilla and Fluc examples. In the case of coumarin-
photocaged Fluc, one- and two-photon uncaging was 
demonstrated.90 Uncaged Fluc is generated by irradiation with 
365-nm light, and a 30-fold enhancement of 
chemiluminescence indicated recovery of the enzymatic 
activity.

This photocaging technique was also used to produce a light 
triggered EGFP. EGFP-mCherry fusion protein was photocaged 
with pK4. Lys photocaging disrupted the folding of EGFP and 
demonstrated the sensitivity of these folding motifs to 
perturbation (Figure 19c). Following irradiation with 405- or 
760-nm light, EGFP folds and becomes fluorescent (inset, Figure 
19c). These examples of photocaging fluorescent and 
bioluminescent proteins demonstrate the use of optical control 
of protein active sites as tools for probing cellular pathways.

4.2.3 Applications of solution-phase protein photocaging
Using chemical posttranslational modification to install a 

photocaged residue is limited to a few unique cases. The 
scarcity and unique reactivity of Cys means that Cys alkylation 
can be used for such purposes. Cofilin is a protein which 
regulates assembly/disassembly of F-actin through 
phosphorylation of Ser3.174 Cofilin was photocaged through 
production of a Ser3Cys mutant, followed by solution-phase 
alkylative photocaging with 2-nitrobenzylbromide alkylating 
reagent at this key position.170 Mutant Ser3Cys  remained active 
prior to photocaging, but was inactive after alkylation. (bottom, 
Figure 20). Upon irradiation, the uncaged cofilin activity was 
restored as indicated by cleavage sites observed in the F-actin 
filament (top, Figure 20).

Figure 20. Site-selective photocaging of cofilin, an actin regulatory protein that severs 
actin filaments. A unique engineered Cys residue allowed selective cofilin caging. (top 
image) Light microscope image of F-actin in presence of uncaged cofilin with cleavage 
sites (white arrows). (bottom image) Light microscope image of intact F-actin in presence 
of caged cofilin. Reprinted with permission from J. Am. Chem. Soc. 124, 11, 2440. 
Copyright 2002 American Chemical Society.

Similar Cys reactivity has been used to build photocaged ion 
channel proteins by chemical posttranslational modification, in 
an approach that complements the UAA-based method 
described above.89 In this example, a transmembrane ion 
channel porin (OmpG) was genetically encoded to contain two 
Cys residues within the transmembrane pore.89 OmpG is a 14-
stranded β-barrel structure consisting of a single amino acid 
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chain. Simple S-alkylation with a photolabile 7-(diethylamino)-
4-(hydroxymethyl)-coumarin bromide (DEACM) at the 
engineered Cys residues serves as a physical blockage of the ion 
channel (Figure 21). Of note, the authors observed that 
alkylative photocaging can take place in either the native state, 
or in a denatured state prior to refolding. The authors 
demonstrated 54% increase in ion conduction following 
uncaging of the physical blockage. 

Figure 21. Synthesis of photocaged OmpG-2 with DEACM photocaging group to produce 
the photocaged transmembrane porin. Unique Cys residues engineered within the pore 
opening allowed selective caging of the protein Cys (PDB: 4CTD). Reproduced from Ref. 
89 with permission from the Royal Society of Chemistry.

Figure 22. Photocaged Lys for controlling protein localization within cells. (a) Schematic 
representation of pK5 incorporation into NLS-p53-EGFP fusion protein and subsequence 
uncaging. (b) Sequence design of NLS-p53 fusion proteins. (c) Confocal microscopy 
indicating cellular localization of the p53-EGFP fusions before and 50 min after photolysis 
(5 s, 365 nm, 1.2 mW/cm2). Reprinted with permission from J. Am. Chem. Soc. 132, 12, 
4086. Copyright 2010 American Chemical Society.

4.2.4 Probing protein localization within mammalian cells
The vast complexity of living systems derives in large part 

from epigenetic factors. Engineering desired biological 
outcomes requires temporal and subcellular spatial control over 
protein expression and function. Understanding natural 

function, similarly, depends on controlling and understanding 
time-resolved changes in protein activity. Photocaging 
techniques are uniquely qualified for these challenges, in part 
due to the small steric size of photocaging groups and the 
development of methods for expressing proteins incorporating 
an unnatural pAA. The caged Lys pK5 is among the most 
common pAA for genetic incorporation with. Incorporating pK5 
in the nuclear localization sequences (NLS) of a p53–EGFP fusion 
protein (Figure 22a)84 resulted in incorrect localization of the 
fusion protein within the cytosol of HEK293 cells. After 
irradiation with light, the p53–EGFP fusion exhibited large 
changes in subcellular localization, with significant amounts of 
the p53–EGFP fusion found in the nucleus (Figure 22c).

4.2.5 A photocaged tyrosine for controlled STAT1 phosphorylation
Phosphorylation/dephosphorylation cascades are a key 

mediator of signal transduction processes. Incorrectly regulated 
phosphorylation pathways are a hallmark of many disease 
states,175–177 and external control of phosphorylation state is 
important to our understanding of these key disease pathways, 
in addition to representing a potentially important avenue to 
engineer new biological function.  STAT1, a transcription 
promoter, undergoes phosphorylation-induced dimerization 
and translocation to the nucleus, where the protein binds DNA 
and induces an immune response (Figure 23).104 When a site-
specific photocaged Tyr was genetically encoded into STAT1,  
phosphorylation is prevented and, thus, downstream signalling 
(Figure 23).104  Western blot analysis was then used to assess 
subsequent phosphorylation after photo-induced uncaging to 
reveal the natural Tyr residue (Figure 23, blot).178 

Figure 23. Photocontrol of STAT1 phosphorylation. A cartoon model of the interferon 
JAK/STAT1 phosphorylation pathway that can blocked by photocaging Tyr701. Western 
blot of pTyr-STAT1-GFP fusion protein where phosphorylation of STAT1-GFP increases 
over time with UV irradiation (saturating at 5 min, blot: P-STAT1). STAT1 blot reprinted 
with permission from J. Am. Chem. Soc. 134, 29, 11912. Copyright 2012 American 
Chemical Society.

4.2.6 Photocaged T7-RNA polymerase for controlled gene 
expression

Gene and protein expression are controlled at both the 
transcriptional and translational levels, giving the cell a plethora 
of potential control points. Protein deactivation can have 
profound and sometimes disastrous consequences for cells, and 
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site-specific protein photocaging has proven a useful tool to 
probe these effects.166 In one important study, photocaging was 
used to probe deactivation of mitosis genes. To examine the 
impacts of gene deactivation, a T-7 RNA polymerase was 
encoded with photocaged Lys (pK5) in mammalian cells, 
through standard UAA incorporation methods. As a proof of 
concept, a T-7 RNA polymerase with a photocaged Try residue 
(pY) was designed and produced in E. coli through standard UAA 
incorporation methods. This photocaging blocked GFP 
expression.166 In a follow up to this methodology for controlling 
gene expression, T7-RNA polymerase was photocaged at Lys 
(pK5) in mammalian cells. This study showed a light-triggered 
expression of luciferase, GFP, and short hairpin RNA (shRNA).110 
Using the photocontrolled shRNA expression, light-triggered 
inhibition of Eg5 gene, which encodes a motor protein required 
for mitosis179 was developed to study interfering RNA pathways 
in gene silencing. The photocaged T7-RNA inhibited expression 
of shRNA; thus, cells divided naturally (Figure 24, left). 
Photoactivation of T7-RNA promotes the synthesis of shRNA, 
inhibiting the Eg5 gene and resulted in binucleated cells during 
mitosis (Figure 24, right).

Figure 24. RNA interference triggers a binucleated cell phenotype (white arrow) through 
light-triggered shRNA inhibition of Eg5 using the caged T7RNAp. Scale bars = 20 μm. Cell 
images reprinted with permission from J. Am. Chem. Soc. 135, 36, 13433. Copyright 2013 
American Chemical Society.

4.2.7 Photocaged ion channels
Potassium channels are membrane proteins that play crucial 

roles in regulating neuronal excitability, action potential 
cessation, hormone secretion, heart rate, and salt balance.180 A 
photocaged Cys (pC5) residue was employed within a 
photocaged inwardly-rectifying potassium channel (Kir2.2) in 
embryonic mouse neocortex cells (Figure 25) and rat 
hippocampal neurons.97 Cys 169 was identified as a key residue, 
allowing ion flow into the channel. When Kir2.2 is photocaged 
with pC5, ion flow is blocked. To incorporate pC5, the amino 
acid was introduced as a dipeptide pC5-Ala to enhance 
transport into cells. Dipeptide pC4-Ala is readily hydrolyzed by 
cytosolic peptidases to the free pC5 for incorporation into Kir2.2 
via standard UAA incorporation methods. Ion channel current 
in embryonic mouse neurons was measured upon 
photoactivation of Kir2.2 in neocortical acute slices (Figure 25b). 
Following UV irradiation, the current changed dramatically at 
potentials below a turn-on potential of –60 mV. The current 
measured at –90 mV rose from −17 pA (black) to −317 pA (blue). 
Among control experiments, it was determined that Ba2+ 

inhibits the conduction of the photo-induced channels in a 
manner similar to native channels (orange).

Figure 25. Incorporation of pC5 into potassium channel Kir2.2 at C169 stops ion current.  
(top, right) Mouse neocortical neurons (I-V) plot. When irradiated, C169 is uncaged, 
allowing the flow of positive ions through the channel below ca. –70 mV for Kir2.2-
expressing neurons (blue). When inhibited with Ba2+, ion current is stopped (orange). I-
V plot reprinted from reference 97 with permission from Elsevier.

4.2.8 Photocaging of fast inteins for controlled protein splicing
Light-promoted protein activation has most commonly been 
achieved by modifying residues on mature proteins. Disrupting 
intein splicing and thus preventing the maturation of translated 
sequences can be viewed as a complementary strategy. The 
approach takes advantage of the predictable mechanistic role 
of Cys residues in intein splicing reactivity. In a study by Ai et al., 
a photocaged Cys residue (pC5) was incorporated into the N-
terminal region of the intein coding region of mCherry and 
separately into the catalytic domain of the human Tyr kinase, 
Src, using the Nostoc punctiforme (Npu) DnaE intein.70 As one 
of the most well-characterized and efficient inteins, Npu is 
compatible with a variety of flanking extein sequences and has 
a splicing half-life of ~60 s at 37 °C.181,182 As a proof of concept, 
cells incorporating the photocaged mCherry intein construct did 
not exhibit mCherry fluorescence until after UV irradiation, 
indicating the dependence of mCherry maturation on pC5 
uncaging.. In the Src example, Npu intein was incorporated 
within the Src protein sequence, creating a “photo-spliceable” 
kinase analogue (Figure 26a) expressed in HEK cells.70 For 
efficient splicing, the photocaged Src proteins also contained 
the S342C mutation to install the Cys necessary for enhanced 
splicing efficiency.182 Using a KRas-Src sensor (ECFP/YPet FRET 
reporter) for Src activity,183 the photoactivation of intein 
excision and maturation of Src was analyzed. HEK 293K cells 
expressing the KRas-Src sensor and photocaged Src proteins 
were treated with UV irradiation and fluorescence 
quantification was measure on the lysed cells. FRET-based 
imaging demonstrated dramatically higher response of the 
KRas-Src sensor after UV irradiation (Figure 26b). Light-based 
control of intein splicing is an efficient method for controlled 
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protein function with a fast response in cells,184 and related 
approaches have begun to appear.185

Figure 26. A light-triggered intein splicing activates of Src. (a) Schematic representation 
of Src-mCherry fusion protein before and after photoactivation of intein excision. (b) 
Post-treatment images of pseudocolored fluorescence ratio (YPet/ECFP) images of F1 
expressing HEK 293T cells treated with UV irradiation indicating the activation of Src 
based on decreased FRET ratio. Color bar: fluorescence ratio (YPet/ECFP). Adapted with 
permission from J. Am. Chem. Soc. 137, 6, 2155. Copyright 2015 American Chemical 
Society.

4.2.9 Manipulation of protein interactions using photocaged 
proteins

A remarkable and noteworthy protein synthesis effort 
served as the basis for a photocaging approach to study protein-
protein interactions in live cells. Total chemical synthesis of hen 
egg lysozyme (HEL) was used, as an alternative to genetic UAA 
incorporation, in hopes that systematic probing of a variety of 
photocaging locations might shed fundamental light on 
differences in photocaging efficiency.103  By caging multiple 
residues through total synthesis, the optimal location and 
photocage were identified for HEL and activity upon irradiation 
was assessed. HEL, a model antigen, is recognized by B-cells 
through a membrane bound HEL-specific antibody (HyHEL-10) 
on the cell surface.186  Residues Lys96, Ser100, and Asp101 were 
screened for activity in binding the HyHEL-10 receptor, and 
Lys96 was identified as a key residue for binding HyHEL-10 using 
ELISA assays. It was also determined that photocaging Lys96 
with 1-(2-nitrophenyl)ethyl (pK1) successfully inhibited the 
protein-protein interaction and, importantly, restored 
antigenicity after uncaging (Figure 27). With an optimized 
photocaged antigen in hand, the uncaging and subsequent B 
cell receptor (BCR) interactions were measured using total 
internal reflection fluorescence microscopy (TIRF, Figure 27, 
left). Alexa Fluor 647-labeled MD4 primary B cells were exposed 
to a glass slide containing immobilized, photocaged HEL-pK1. 
Irradiation activated B cell spreading responses to form 
microclusters and accumulation of BCRs into the B cells 
immunological synapse. The ratio of the mean fluorescence 
intensity (mFI) for the accumulation of BCRs was measured over 
time after UV irradiation and indicated a 5-fold increase in the 
mean fluorescence ratio following irradiation. This indicates the 

uncaging of HEL-pK1 and subsequent protein-protein 
interactions between HEL and HyHEL-10 on the cell surface.

Next, oscillation of Ca2+ levels were measured in response to 
the antigen-antibody interaction of HEL and HyHel-10 (Figure 
27, right).103  Calcium imaging was performed by prestaining the 
B-cells with calcium probe Fluo-4 and placing the cells on cover 
slides. HEL-pK1 was flowed over the cells. Only basal amounts 
of calcium were detected before UV irradiation, and no 
oscillation was observed. Following irradiation, uncaged HEL-
pK1 was able to interact with the B-cells, inducing an influx of 
calcium and successive oscillation at a cycle of 85-90 s. These 
data indicate light-dependent activation of HEL-HyHEL-10 
protein-protein interactions.  

Figure 27. Total protein synthesis of a photocaged hen egg lysozyme (HEL-pK196, PDB: 
2DQJ) by native chemical ligation incorporating a photocaged Ala95–Leu129 peptide. 
(left) Fluorescence images of UV irradiation of HEL-pK196 caused B cell spreading 
responses and accumulation of BCRs into the B cells immunological synapse. (right) 
Fluorescence images of UV irradiation of HEL-pK196-induced calcium influx and 
oscillation as indicated by increased in green fluorescence. Adapted from Ref. 103 with 
permission from the Royal Society of Chemistry.

5. Conclusions
Light can be a uniquely non-invasive approach to triggered 

folding, maturation, and activity of peptides and proteins. 
Spatial and temporal controls of protein activity with light are 
important features of photocaged approaches that are difficult 
to achieve with chemical reagents.  These attributes have 
allowed synthetic triumphs that became possible only in the 
past decade: the first photocaged protein in vivo, first total 
synthesis of a photocaged protein, first solution-phase 
backbone modification, and a plethora of creative advances in 
NCL, to name a few. 

However, there are several chemical themes that stand out 
as important future directions: (1) Photocaging has mostly 
targeted heteroatom-containing sidechains. Furthermore, 
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predicting sites of effective photocaging can be difficult, such 
that the union of effective photocaging sites and readily 
accessed photocages may be limited. In one example, Liu et al. 
reported photocaging a specific lysine was necessary to 
effectively deplete HEL-HyHEL-10 recognition in their study of 
photocaged HEL,103 while other reasonable photocaging targets 
failed. (2) Chemically photocaging full-length, natural 
sequences remains a challenge, with  selective alkylation of an 
engineered cysteine side chain offering probably the most 
predictably effective approach.89 (3) Photocaging at red-shifted 
wavelengths in the visible or near-IR has clear advantages due 
to tissue penetration concerns and/or UV-induced DNA 
damage. The development of visible light-sensitive photocages 
and two-photon photocages has been an important 
development that will likely continue.66,67,87,95 (4) Predicting 
effective photocaged target structures requires effective 
interplay of computational and experimental approaches, and 
computational advances should improve some of the empirical 
nature of this process. (5) Protein complexity is a challenge, and 
the contrast between techniques available for peptide versus 
protein substrates is extensive, paralleling the broader 
bioconjugation field. (6) Analytical capabilities and 
investigations remain a key area of need. In vivo and in cellulo 
dosing requires an understanding of uncaging efficiencies and 
kinetics, which are often to measure in vivo, as opposed to 
under controlled conditions in a test tube. Alternative fates of 
photo-excited intermediates and especially byproducts 
represent another crucial piece of understanding that is 
insufficiently well understood for many systems.
The successes, including those outlined here, are beginning to 
demonstrate some broadly effective and predictable 
photocaging approaches, practical implementations that allow 
these tools to be used in the hands of diverse researchers to 
address diverse problems. The field seems poised to move more 
broadly beyond chemical experts demonstrating proof of 
concept experiments, and into a more broadly used tool.  
Certainly, this development will occur in tandem with the 
development of fundamental advances in new methods, new 
caging approaches, and new reagents.
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