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Abstract

Biological processes are naturally regulated with high spatial and temporal control, as is perhaps
most evident in metazoan embryogenesis. Chemical tools have been extensively utilized in cell
and developmental biology to investigate cellular processes, and conditional control methods have
expanded applications of these technologies toward resolving complex biological questions. Light
represents an excellent external trigger since it can be controlled with very high spatial and
temporal precision. To this end, several optically regulated tools have been developed and applied
to living systems. In this review we discuss recent developments of optochemical tools, including
small molecules, peptides, proteins, and nucleic acids that can be irreversibly or reversibly
controlled through light irradiation, with a focus on applications in cells and animals.
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1. Introduction

Achieving precise conditional control of biological function represents a crucial tool for
studying the mechanisms of cellular processes. Naturally, these processes occur in a strict
spatially and temporally regulated fashion on a cell and organism level. In order to study
these processes, the utilized tools must operate with the same level of spatiotemporal
resolution. To this end, the use of light as a conditional stimulus has found extensive
applications for the activation and deactivation of small molecules, proteins, peptides, and
oligonucleotides. Harnessing light has enabled significant advances in biological studies and
holds promise toward use in clinical settings. This Review showcases many of the most
recent applications and methodology developments in optochemical control of biology. In
contrast to excellent previous reviews that focus on the chemistry of controlling biological
function with light,[1] this Review focuses on the manipulation of cell and animal biology
using photochemical approaches. Purely optogenetic approaches that do not utilize chemical
operations have been reviewed elsewhere.[?]

2. Optical Control of Small Molecules

Small-molecule probes have been essential tools to perturb and control cellular processes,
thereby providing a detailed understanding of biological function. Optical control of small-
molecule function provides an additional layer of precision to the molecular toolbox by
enabling temporal and spatial control with high resolution, as discussed in the examples
below. Small-molecule protein dimerizers, inhibitors, metabolites, and metal ions have all
been rendered light-responsive through the chemical installation of caging groups and have
been applied to the investigation of living systems. In contrast to photocaged nucleic acids,
peptides, and proteins, small molecules have the added benefits of being synthetically more
accessible and capable of being readily delivered into cells and animals.

2.1. Optical Activation of Rapamycin-Induced Protein Dimerization

Chemical inducers of dimerization (CIDs) are prominent tools for chemical biologists to
place biological processes under conditional control.[3] The most commonly utilized CID is
rapamycin, which binds to FK506-binding protein (FKBP) and the FKBP-rapamycin
binding (FRB) domain of mTOR to form a ternary complex. Due to the small size of FKBP
and FRB, these domains have been fused to humerous proteins, and subsequent
heterodimerization is induced by rapamycin. Processes that have been placed under
rapamycin control include Golgi/endoplasmic reticulum association to study mitosis,[“]
phosphoinositide control of endocytic trafficking,[®] and inactivation of proteins by rerouting
them to the mitochondria.[8] Caged rapamycin analogues allow these processes to be placed
under optical control in order to enhance temporal and spatial resolution.
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The photocaged rapamycin analogue 1 was generated through installation of a nitrobenzyl
caging group at the C-40 position (Figure 1a).[’1 When applied to cells, 1 still induces
FKBP-FRB dimerization, thus indicating that the caging group alone is not sufficient to
abrogate protein/small-molecule interactions, which is consistent with previous
modifications at C-40.I81 However, work by the Hahn group has shown that a truncated
FKBP, termed iFKBP,[?] exhibits increased flexibility in the loop that interacts with the C-40
position of rapamycin. This flexibility increases contacts for interaction with 1 and results in
a distorted binding conformation that prevents formation of the ternary complex consisting
of iFKBP, FRB, and 1. This system was then applied to the optical activation of FAK (focal
adhesion kinase), using an engineered iFKBP-FAK fusion that rendered the kinase inactive
until UV irradiation led to rapamycin decaging, FAK activation, and an expected cell
ruffling phenotype (Figure 1b). While 1 was readily synthesized, the need for FKBP
truncation required some protein engineering.

A concurrent approach by Inoue and co-workers addressed this limitation with the
photocleavable rapamycin construct 2, which contains a biotin linked through a photo-
cleavable caging group to the C-40 position of rapamycin.[20] Similar to 1, the biotin moiety
itself is too small to block FKBP interaction; however, when bound to the avidin protein,
steric demand is significantly increased and cell permeability is diminished, thus
sequestering 2 outside of the cell (Figure 2a). A related strategy of using a ligand/protein
complex as a caging group, rather than a small synthetic chromophore, was previously
reported by Miller.[11] Upon irradiation, the avidin-biotin moiety is removed to generate the
cell-permeable hydroxyethyl rapamycin 3, which leads to intracellular dimerization of
FKBP and FRB and, for example, membrane recruitment of a protein of interest, such as
Tiam, a Racl activator. The latter induces cell migration and ruffling at the edge of cells
(Figure 2b). Overall, 2 enables the spatiotemporal activation of protein dimerization and can
be readily interfaced with a range of biological systems that have already been placed under
control by rapamycin.

In order to alleviate the need for an external avidin protein while still capitalizing on the
dramatic steric demand provided through recruitment of a protein to the caging group, a
second rapamycin molecule was linked to generate the symmetric dimer 4 (Figure 3a).[12]
Computational and experimental studies confirmed that the formation of a FKBP-4-FKBP
homodimer sterically blocked binding of FRB. Since 4 does not require the use of an
engineered iFKBP or the use of an exogenous protein, such as avidin, this represents a more
practical engineering approach for light-triggered dimerization. The broad applicability of
light-activated 4 was demonstrated by optical control of mTOR kinase, TEV protease, and
Cre recombinase function through protein dimerization (Figure 3b,c).

2.2. Optical Activation of Other Chemical Inducers of Protein Dimerization

While rapamycin remains the best-studied CID, other dimerizer systems have been
developed and placed under optical control. One limitation of the caged rapamycin system is
the generation of free and diffusible rapamycin following UV irradiation, which limits
spatial resolution. To address this concern, Chenoweth and co-workers developed the photo-
activatable covalent protein dimerizer 5, which contains a chloro-alkyl moiety for
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bioconjugation to the HaloTag enzyme, and a trimethoprim (TMP) group that binds to £.
coli dihydrofolate reductase (DHFR).[13] The caging group blocks the TMP/DHFR
interaction until irradiation and subsequent ternary complex formation (Figure 4a,b). This
interaction can be reversed through addition of an excess of TMP, which outcompetes the
dimerizer ligand. Additionally, the modularity of this approach allows easy exchange of
components, such as caging groups and binding proteins (e.g., SNAP-tag or cutinase).[14]
The caged TMP-HaloTag ligand has enabled spatial control of protein dimerization in a
variety of cellular compartments, including kinetochores, centromeres, and centrosomes
(Figure 4c). Unlike the rapamycin dimerization system, where protein binding and ternary
complex formation occur following irradiation, this approach overcomes the diffusion
limitation through covalent tethering of TMP to the HaloTag protein, followed by ternary
complex formation after light activation to yield tight spatial control of dimerization.

In order to complement light-activated CIDs, Wymann and co-workers developed the light-
cleavable CID 6, which enables the deactivation of protein dimerization.[15] This approach
also utilizes the HaloTag protein and its chloro-alkyl ligand, as well as SNAP-tag technology
(Figure 5a). The SNAP protein is an engineered mutant of the DNA repair enzyme O°-
alkylguanine-DNA alkyltransferase and reacts specifically and covalently with
benzylguanine analogues. The chloro-alkyl group and the benzylguanine are linked through
a photocleavable linker. Delivery into cells induces covalent dimerization of SNAP-tag and
HaloTag fusion proteins until the linker is cleaved through UV irradiation (Figure 5b,c).
Cells expressing NLS-CFP-SNAP (nuclear) and Halo-RFP-giantin (Golgi) were treated with
6, which induced dimerization and translocation of CFP from the nucleus to the Golgi. Upon
UV irradiation and subsequent linker cleavage, CFP translocated back to the nucleus. This
approach may enable the deactivation of proteins through sequestration to a non-native
location until photoactivation triggers protein transport to its native compartment.

Additionally, two other natural product inspired, caged CIDs have been developed based on
abscisic acid[16] and gibberellic acid.l1”] These methods present alternative CID approaches
that do not require protein engineering for efficient optical control and have no endogenous
off-target interactions when applied in mammalian cells since the dimerization components
are native to plants.

Overall, several photo-controlled CIDs have been reported and enable the activation or
deactivation of protein—protein dimerization. The tools directly interface with well-
established and commercially available systems, such as FKBP/FRB, HaloTag, and SNAP-
tag, and thus have the potential to provide optical control for a wide range of cellular
processes.

2.3. Engineering Pharmacophores for Reversible Photoswitching of Cellular Processes

While optical control of most small molecules, including the examples above, involves an
irreversible photolysis step, pharmacologically active compounds have also been rendered
reversibly light-switchable to provide enhanced spatial and temporal regulation. Specifically,
azobenzene isosteres (“azosteres™) have been identified (Figure 6a)[18] including stilbenes,
N-aryl benzamides, benzyl phenyl (thio)ethers, benzyl anilines, and 1,2-diaryl ethanes.
Replacement of these structural motifs with a photoswitchable azobenzene is expected to
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yield comparable efficacy as the parent compound, while optical switching to the other
azobenzene configuration should abrogate or diminish biological activity. This direct
substitution of a similar structural motif with an azobenzene has been termed
“azologization” (Figure 6b), whereas the addition of an azobenzene group to an existing
fragment has been referred to as “azoextension” (Figure 6¢).[19 Unlike traditional caging
approaches, this method enables highly controlled on/off/on cycles for the precise and
dynamic activation and deactivation of biological processes.

In pioneering work by Trauner and co-workers, photo-switchable small molecules have been
successfully applied for controlling endogenous G-protein-coupled receptors,[19] bacterial
growth,[190:201 jon channels,[2X] GABA, receptors,[22] nicotinic acetylcholine receptors, 23]

insulin release,[24] histone deacetylases,[2°] amidohydrolases,[26] and proteasomal function.
[27]

Microtubules are cytoskeletal proteins that play a role in cell proliferation and migration, as
well as signaling and trafficking pathways.[28] They are attractive targets for cancer
therapeutics, and several small-molecule ligands have been discovered. Colchicine-like
inhibitors typically bind to the soluble a/p-tubulin dimers to prevent microtubule
polymerization; however, they can also bind to functional micro-tubules to induce
depolymerization.[2%] Unfortunately, existing small-molecule inhibitors cannot be controlled
spatially or temporally, and in order to address this challenge Trauner and co-workers
structurally analyzed colchicine (7) and combretastatin A-4 (8). The photoswitchable
analogue 9 was derived by replacing the central stilbene motif with an azobenzene (Figure
7a).130 While in the cis configuration, the azobenzene displays a set of pharmacologically
essential methoxy groups in the same arrangement as 7 and 8; however upon photo-chemical
or thermal reversion to the #ransisomer, the pharmacophore is lost. Cells were treated with 9
and stained for the presence of tubulin (absence of tubulin indicates an active inhibitor).
After optical switching of 9 to the active ¢is configuration, minimal tubulin formation was
observed and a 250-fold increase in cytotoxicity was detected compared to cells that were
kept in the dark (Figure 7b). Additionally, the function of 9 can be reversibly regulated,
which addresses the limitations of photocaged small-molecules that can only be activated
once.

Diacylglycerols (DAGSs) are components of the phospholipid bilayer and play a key role as
second messengers in signaling.[32 In addition, they are involved in membrane recruitment
of kinases and nucleotide-exchange factors through their C1 domain, a cysteine-rich region
found at the N-terminus of several proteins.[32] Although C1 domains are found in a variety
of kinases, only a specific subset is recruited to the membrane by DAG, thereby providing an
opportunity for controlled recruitment and dissociation of protein-membrane interactions.
Inspired by previous work on mimicking arachidonic acid with photoswitchable fatty acids,
[33] 3 photo-switchable DAG was engineered by Trauner and co-workers.[34] The molecule
mimics the natural glycerol 10 when photoisomerized from the more stable frans
configuration to the c/s configuration (Figure 8). Thus, introduction of #rans-11 does not lead
to membrane recruitment of a C1 domain GFP fusion protein until UV-induced switching to
cfs-11 takes place. Thermal reversion resulted in dissociation from the membrane. In these
experiments, recombinantly overexpressed C1 fusion proteins were utilized, possibly due to
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the necessity of outcompeting endogenous proteins bearing C1 domains. Further
applications of photoswitchable DAGs include regulating intracellular Ca2* levels and
controlling synaptic transmission in mammalian cells and C. efegans. Additionally,
reversibly controlled protein kinase C (PKC) localization and activation at the membrane
was demonstrated. Previously, PKC and C1 domains have been controlled through the
introduction of nitrobenzyl and coumarin caging groups on dioctanoyl glycerol[35] or
through bromohydroxycoumarin-caged DAG lactones;[36] however these methods only
allow off-to-on activation. The azobenzene-based system described above provides multiple
cycles of recruitment/activation and dissociation/inactivation in an innovative approach (see
Section 3.3 for a further discussion of the advantages of reversible photoswitching of
cellular processes).

In addition to the reversible control of signaling lipids, fatty acids have been caged through
traditional approaches. Lysophosphatidic acid (LPA) has been implicated in the mobility and
invasion of cancer cells.371 The biological effects of LPA are heavily dependent on
localization and timing, and Schultz and co-workers applied a coumarin caging group to the
phosphate head group in 12 to generate a concentration gradient of active LPA following
localized irradiation (Figure 9).[38] When A375M cells (a cell line with known chemotactic
behavior toward LPA) were treated with caged LPA in the dark, no cell migration was
observed. However, upon pulsed irradiation (20 ms every 40 s) for 4 hours, cells noticeably
migrated to the point of irradiation as the LPA concentration was locally increased (Figure
9). This demonstrates that localized release of a small, diffusible signaling molecule through
spatially controlled repetitive decaging enables the establishment of a concentration gradient
due to the diffusion of the caged effector into the irradiation area and the rapid dilution of
small quantities of decaged compound through diffusion into the surrounding area.

2.4. Multiwavelength Activation of Small Molecules

Although optochemical probes enable precise spatial and temporal activation and
perturbation of cellular processes, this is typically restricted to the light-triggering of one
biomolecule using a single wavelength (often 365 or 405 nm). In order to sequentially
control multiple molecules, wavelength-selective caging groups have been utilized.[39]

Microorganisms commonly exist in mixed populations, making treatment/removal of a
specific bacterial species challenging in the context of an infection.[40] The ability to remove
one strain in the presence of another by using an external trigger would enable controlled
selection and bacterial patterning. Feringa and co-workers utilized the complementary
antibiotics fluoroquinolone 13 and benzylpenicillin 14, which specifically target two
different bacterial species, £. coliand S. aureus, and rendered both light-activatable using
wavelength-selective caging groups (Figure 10). The 7-dialkylaminocoumarin (in 15) and 7-
alkoxycoumarin (in 16) have absorption maxima at 381 nm and 322 nm, respectively, and
thus can be triggered independently (or at least sequentially).[41] In the absence of light, both
bacterial strains grow on agar plates; however, irradiation at 312 nm removed all S. aureus
leaving the £. coliuntouched, while treatment with white light (>400 nm) showed the
opposite effect. This demonstrates the ability to optically activate different antibiotics for the
control of bacterial growth. The development of additional complementary antibiotics and
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additional light-orthogonal caging groups will enable the selective removal of specific
bacteria within complex microbial communities.

Wavelength-selective photoactivation was also applied to the control of protein kinase
activity through caged-cyclic AMP and caged protein kinase G.[42] Utilization of nitro-
benzyl and coumarin caging groups in concert allowed sequential activation in human cells.

Multiwavelength probing of neuronal functions has been performed in mouse brain slices.
Two neurotransmitters, -y-aminobutyric acid (GABA) and glutamate, have been extensively
studied and rendered light-responsive through caging. The work of Ellis-Davies and others
has combined multiwavelength, orthogonal caging groups in order to achieve the activation
of both neurotransmitters in a single experiment,[43] thereby enabling complex analysis of
synaptic integration upon simultaneous or sequential activation of glutamate and GABA in
living systems.

While wavelength-selective activation and deactivation of small molecules, oligonucleotides
(see Figure 23, Figure 29, and Figure 30), and proteins has provided unique tools, these
methods offer only off-to-on or on-to-off capabilities. In order to transition reversible control
of biological function to multiwavelength control, Feringa and co-workers developed
photoswitching groups that provide selective control in the <300 or >500 nm range, thereby
enabling pairing with classical azobenzenes that are switched with 300-500 nm light.
However, these switches have not been applied in cells or animals to date (also see Figure
18c for orthogonal photoswitching).[44]

Zebrafish and frog oocytes are two frequently used model organisms in developmental
biology. Jullien combined the photocontrol of 13-cis-retinoic acid (RA) with a caged inducer
of the transcription factor En2 that can be activated with blue light.l4?! Previous efforts had
successfully demonstrated that the En2 inducer cyclofen, which results in a distinct
reduction in eye size or eye loss in the zebrafish model, could be successfully caged to
optically control eye development.[46] Additional work by Jullien demonstrated that 13-cis-
RA could be photoisomerized to all-trans-RA using UV light, which allowed rescue of
hindbrain formation in embryos whose frans-retinoic acid pathway had been blocked by a
small-molecule inhibitor.l4”] A transgenic zebrafish line in which the third and fifth
rhombomeres were fluorescently labeled with GFP was used as a reporter for hindbrain
rescue (presence of GFP at the fifth rhombomere indicated hindbrain rescue). An orthogonal
system for photo-activating 13-¢/s-RA (365 nm) with a thiocoumarin caged cyclofen (488
nm) was developed, thereby enabling independent activation of eye loss or hindbrain rescue
when applied in vivo. Additionally, multiwavelength activation has been applied for the

control of antisense oligonucleotide function in zebrafish, as presented below (Figure 23).
[48]

2.5. Optical Activation of Small-Molecule Drug Release

Antibody-drug conjugates (ADCs) have emerged as innovative therapeutics to enhance the
specificity of existing drugs.[49] One of the limitations of traditional ADCs is their inability
for controlled release of a small molecule upon localization to the desired target. Linkers
that undergo proteolytic or reductive cleavage are commonly used; however, they are
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dependent on the endogenous cellular environment, provide no temporal control, and may
lead to off-target effects due to premature cleavage. Schnermann and coworkers developed a
new linker approach that utilizes near-IR light to cleave the drug from the antibody.[>%]
Panitumumab, a monoclonal antibody for the human epidermal growth factor receptor, was
conjugated to the microtubule inhibitor combrestatin 8 through a previously reported
cyanine photocagel®1] that is activated at 690 nm (Figure 11a). The novel caging group
capitalizes on the propensity of cyanine dyes to undergo photobleaching as a result of
carbon—carbon double bond photooxidation (Figure 11b). Upon irradiation at 690 nm,
photooxidation of the C=C bond results in bond cleavage to generate an enone. This
cleavage event alters the rt-conjugation of the dye, thus making the C—-N bond more
susceptible to hydrolysis. Hydrolysis generates a secondary amine, which cyclizes and
releases the drug. When applied to a xenograft tumor model, the injected conjugate
demonstrated full localization to the implanted tumors. Following irradiation at 690 nm,
only the light-exposed areas showed a loss of fluorescence as a result of cyanine dye
cleavage and concomitant release of 8 (Figure 11c).

This innovative approach provides spatiotemporal drug release through illumination with
significantly red-shifted light due to the absorbance spectrum of the cyanine dye, thereby
enabling good tissue penetration and minimal toxicity in live mice. In addition, it enables
tracking of the location of the ADC using the inherent fluorescent nature of the cyanine
caging group and drug release can be visualized through a decrease in fluorescence
following IR-light treatment. While this initial work provides a proof of concept in the
release of combrestatin A-4, the biological potency of the drug delivery was not tested.
Future work in the field may focus on measuring potency and cell viability in response to
spatiotemporal drug release.

2.6. Caged Fluorophores for Super-Resolution Microscopy

Photoactivation localization microscopy (PALM) has become a common super-resolution
microscopy technique, and can resolve structural features below the diffraction limit. In this
approach, a small molecule or protein fluorophore is stochastically activated, imaged, and
then bleached over thousands of micrographs.[52] Increased resolution is achieved through
the higher photon yield obtained from synthetic fluorophores compared to that of fluorescent
proteins. Caged fluorophores that are non-fluorescent prior to irradiation have been
developed for PALM applications. This enables fluorophore activation in specified locations
and elucidation of the exact location where the photons were emitted, which contrasts with
traditional imaging in which an emission of an excess of photons hampers the generation of
highly resolved images. In the last few years, the development and optimization of
photocaged fluorophores has provided researchers with several options.[53] Johnsson and co-
workers developed an 08-benzylguanine-modified rhodamine 110, which was caged with a
nitrobenzyl group (17, Figure 12a).154] Various SNAP-modified proteins were used to
demonstrate localization to the membrane (SNAP-B-adrenergic receptor), the nucleus
(SNAP-NLS), and within the cytoplasm (SNAP-MEK1) of fixed mammalian cells (Figure
12b). Following 488 nm irradiation to bleach any previously decaged molecules, and
irradiation at 405 nm to decage the fluorophores, PALM imaging was performed to generate
super-resolution images. However, one limitation of this approach is the necessity to fix cells
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prior to imaging unless a cell-surface target is used due to the impermeability of 17.
Similarly, Moerner and co-workers developed the HaloTag-modified
dicyanomethylenedihydrofuran 18, which bears an azide that is converted into an amine
upon blue-light illumination (594 nm), thereby activating the fluorophore (Figure 12c).[35] In
this particular example, a nearby computer monitor provided sufficient light to maintain a
steady-state of photo-activated fluorophores, thus eliminating the need for laser or LED
activation and minimizing photodamage. This photo-activatable fluorophore was used for
labeling of a-tubulin in fixed mammalian cells and for high-resolution imaging of swarmer-
pole-localized PopZ in live Caulobacter crecentus (Figure 12d). More recent advancements
have been made to generate photoactivatable fluorophores with different emission
wavelengths for imaging.[°¢!

The photoactivatable fluorophores described above have advanced the field of super-
resolution microscopy and have aided in the observation of protein localization and
organization. This is especially relevant in bacterial cells, which due to their small size often
only show diffuse fluorescence in traditional diffraction-limited imaging. Additionally, the
modularity of these photoactivatable fluorophores allows facile swapping of ligands,
fluorophores, or caging groups, thus making this a highly adaptable tool for imaging. Future
work in the field should focus on developing cell-permeable compounds to enable live-cell
imaging.

2.7. Optical Activation of Metal lon Release

Divalent metal ions play critical roles in biological processes, including as second
messengers in signaling cascades (e.g., Ca2*) and as coordination sites in metalloproteins
(e.g., Zn2* or Cu?*).157] Photocaging these ions has enabled temporal control in live cells.
Ellis-Davies and co-workers applied a nitrobenzy! derivative, as well as other chromophores,
for the regulation of calcium function.[58] Recently, the calcium chelator 19 was developed
and was activated with 810 nm (two-photon) or 405 nm light (Figure 13a).59] When cardiac
myocytes bearing a fluorescent Ca2* reporter were treated with 19, no change in calcium
levels was observed. However, upon illumination, a calcium wave was detected in both
directions from the light source (Figure 13b,c). This blue-light-activated caging group may
enable orthogonal calcium release together with other light-activated metal ion chelators or
signaling elements. Similar to calcium, optical release of Pt2*,[60] zn2* [61] and other
ions>7:62] has recently been reported. Advancements in caging group technology in
conjunction with two-photon excitation have enabled red-shifted ion release, which is
important for adapting the approach for future applications in living systems. While the
existing caging approaches have enabled the investigation of Ca2*, Zn?*, and Cu?* release,
there are many other biologically relevant and disease-linked metal ions (e.g., Cu*, Fe2*/
Fe3*, or Mg2™) that would benefit from optically controlled release.

3. Optical Control of Proteins and Peptides

Proteins and peptides play significant roles in the function of many cellular processes crucial
to maintaining homeostasis at the molecular, cellular, and organism levels. Not surprisingly,
the development of light-controlled tools to interrogate protein and peptide function has
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proven highly valuable.[®3] Optical control of protein and peptide function has been achieved
recently through the development of unnatural amino acid mutagenesis, enabling the site-
specific incorporation of photoactivatable caging groups and photoswitchable azobenzene
groups. Alternative methodologies provide complementary photodeactivation of proteins.
These advances have not only proven useful in probing numerous biological processes, but
have also been applied to a variety of drug delivery systems. Recent applications of optical
control of proteins and peptides are discussed below and exemplify the significant potential
that light-controllable systems afford.

3.1. Optical Activation of Protein Function

Optical control of peptide and protein function using chemical means has been achieved
through the introduction of photolabile caging groups. Traditionally, this is accomplished
through chemical modification of fully (or partially) synthetic proteins or through post-
translational modification of isolated protein samples.[84] However, labor-intensive synthesis
approaches and the need for peptide/protein delivery have limited their application in cells
and organisms. These limitations with regard to caging group installation were addressed
through the development of photocaged, genetically encoded unnatural amino acids (UAAS)
that can be incorporated into proteins and peptides in living cells. This was accomplished
through the engineering of orthogonal tRNA synthetases and their cognate tRNAS to create
biosynthetic machinery that enables site-specific installation of UAAS in response to an
amber stop codon (TAG) within a gene of interest. Using this method, nitrobenzyl and
coumarin caging groups have been installed on Tyr, Lys, Ser, and Cys residues.[83] Strategic
insertion of the caged amino acid at a critical residue on the protein of interest can perturb
function by masking an important chemical functionality or by generating steric hindrance.
Following photolysis of the caging group, the amino acids are returned to their native state,
thereby restoring wild-type protein structure and function.

Numerous applications of optical control of protein function using UAA mutagenesis have
been demonstrated, including control of protein localization,[65] DNA transcription,[€6]
DNA recombination, 671 intein splicing,[®8] protease activity,®°] epigenetic events,[7% and
protein phosphorylation.[71]

A precise understanding of protein phosphorylation events in kinase signal transduction
pathways requires 1) a spatiotemporal understanding of kinase activity within the
connectivity of a given network and 2) a detailed model of how individual components
within a pathway interact with other nodes within the same network or other networks.
Optochemical tools provide the necessary temporal and spatial control to meet these
requirements since genetic perturbations (e.g., gene knockdown or overexpression) are too
slow to prevent network adaptation, and since pharmacological perturbations (e.g., small-
molecule inhibitors) often lack the required level of specificity.[”2] By employing the
genetically encoded caged lysine 20 (Figure 14a), a light-activated kinase MEK1 was
developed in which a universally conserved lysine residue within the ATP binding pocket is
photocaged (Figure 14b).[731 MEK(1 is a critical component of the Raf/MEK/ERK signaling
pathway and is involved in many essential cell functions including cell growth, adhesion,
survival, and differentiation.[741 MEK1 phosphorylates ERK, and employing an EGFP-
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ERK2 reporter demonstrated that expression of the caged inactive MEK1 results in cytosolic
localization of EGFP-ERK?2. Following illumination and decaging of MEKZ, rapid
phosphorylation and sustained translocation of EGFP-ERK?2 into the nucleus was observed.
In contrast, cell-surface stimulation of the Raf/MEK/ERK pathway with epidermal growth
factor leads to network adaptation and nuclear export of EGFP-ERK?2, thus revealing that
adaptation of the network to a persistent stimulus may occur upstream of MEK1 and not
downstream as previously hypothesized (Figure 14c).[”5]1 While MAPK phosphatase activity
alone is not sufficient to prevent nuclear localization of ERK2, these results suggest that
MAPK phosphatase (MKP) activity is capable of maintaining an apparent steady-state of
nuclear ERK2 (Figure 14d). Overall, site-specific installation of 20 at a conserved lysine
residue in an active site has the potential to be broadly applicable to a wide range of kinases,
and ATP-dependent enzymes in general.[”®] The limitation of requiring UV light for
activation can be overcome by using a coumarin-caged lysine.l7"]

Gene-editing tools, such as zinc-finger nucleases, TALENS, and CRISPR/Cas nucleases
have been extensively used in the modification of cell lines and model organisms for
research purposest’®l and represent highly promising technologies for the treatment of a
wide range of diseases.[”! In order to enable spatiotemporal studies of gene function and to
potentially reduce off-target effects, different approaches to optically control gene-editing
activity have been reported. A photocaged zinc-finger nuclease was developed to enable
conditional generation of gene modifications with optical control by caging a tyrosine
residue critical for protein-DNA interaction through genetic code expansion.[8% Following
irradiation and subsequent decaging, gene-editing activity was rescued. Similar light-
triggered approaches have been applied to the spatiotemporal control of other genome-
modifying enzymes, such as Cre recombinase[®72b] and CRISPR/Cas9.[81] The development
of CRISPR/Cas9 as a biological tool has led to significant advances in genome editing, since
the sequence-specific targeting of the nuclease through a guide RNA (gRNA) greatly
simplifies the experimental effort and readily enables high-throughput and multiplexing
studies.[82] The first optically activated Cas9 protein was generated through UAA
mutagenesis, thereby providing photocontrol over gene editing (Figure 15a).[81] Based on
structural data, several lysine residues in close proximity to the Cas9—gRNA binding
interface and the nuclease domains were screened through UAA scanning, and ultimately
K866 (Figure 15b,c) was found to lead to an inactive enzyme when replaced with the caged
lysine 20. UV exposure fully restored Cas9 activity in cells, as demonstrated by a
fluorescent reporter assay. Furthermore, light-triggered silencing of the transmembrane
transferrin receptor CD71 was used to showcase the applicability of this optical gene editing
system to endogenous targets. Additional approaches to optically control Cas9 function have
employed light-inducible split-protein systems or light-induced protein homodimerizers.[83]
The same approach has been applied to catalytically inactive dCas9.1841 Moreover, optical
control of gRNA function has been achieved, as discussed below (Figure 27).[8%]

In addition to genetically encoded light activation of proteins, synthetic photocaged peptides
have been generated and applied to the optical control of biological processes. Lawrence and
co-workers adapted a highly potent and selective bivalent peptide inhibitor of Src tyrosine
kinase into a light-triggered molecular probe by strategically inserting a photocleavable
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group within the linker of the two inhibitor domains.[88] In the absence of light, the peptide
potently inhibited kinase activity. However, upon light exposure and cleavage of the bivalent
inhibitor, 90% of Src kinase activity was restored. While this method avoids the need for
genetic manipulation, it has been limited to in vitro and cell lysate applications thus far.
Other applications of peptides containing light-cleavable groups include optical control of
cell signaling,[871 protease activity,[88] and cell motility.[89] Simultaneous applications of two
different caging groups (see Section 5.1) has enabled multiwavelength control of protein or
peptide function.[90]

In summary, the development of photocaged amino acids has enabled precise optical control
of a wide range of protein and peptide targets. These approaches offer several key
advantages over other optogenetic approaches: 1) irradiation leads to the generation of the
wild-type protein structure; 2) the small size of the caging groups minimizes non-specific
perturbation of the protein structure, while providing precise blocking of essential amino
acid functions; and 3) sites for caging-group installation can be predicted using structural
and mechanistic data. However, this technology still faces difficult challenges for in vivo
engineering, and the irreversible nature of decaging events may limit dynamic control of
biological processes. The continued development of novel photocaged amino acids with
distinct photochemical properties promises to expand the capabilities and scope of this
technology to increasingly more complex models, thereby enabling a more detailed
understanding of intricate cellular processes.

3.2. Optical Deactivation of Protein Function

While examples of photoactivation of proteins and peptides through optical removal of
caging groups are prevalent, photodeactivation approaches are much less common but
constitute valuable tools for generating knockout phenotypes with spatiotemporal control.
One method that has been successfully applied is chromophore-assisted light inactivation
(CALI).?1I CALLI utilizes a chromophore in close proximity to the target protein that, when
irradiated with light, produces reactive oxygen species (ROS) that react with and deactivate
the target protein. Early methods relied on conjugation of photosensitizing dyes to
antibodies that bind to specific target proteins;[92] however, they were limited by the need for
microinjection into cells, the large size of the antibodies, and the risk of perturbing the native
function of the target protein prior to irradiation.[93] To overcome these limitations, small-
molecule ligands have been explored and applied to proteins in cells.[%¥] Recently, the
Kodadek group developed ruthenium-conjugated peptoids, which are chemically stabilized
peptide analogues capable of generating singlet-oxygen species to target and deactivate cell-
surface and cytoplasmic proteins (Figure 16a).1%] Using a peptoid targeting the VEGF
receptor 2 (VEGFR2), a growth factor receptor important in vasculogenesis and
angiogenesis, a Ru(tris-bipyridyl)2* ROS generator was appended to both the C- and N-
termini. Following illumination, highly efficient and selective VEGFR2 inhibition was
observed (Figure 16b). Similar constructs were designed to successfully deactivate the
ATPase Rpt4 and the serine hydrolase RBBP9.[%6] Thus, peptoid-ruthenium CALI
conjugates represent a selective and potent method to conditionally deactivate native
proteins in cells. One non-trivial limitation of this method is the necessity for a targeting
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ligand that has reasonable binding affinity for the protein of interest without significantly
inhibiting protein function prior to illumination.

CALLI systems based on genetically encoded target-specific labeling with photosensitizing
dyes through SNAP-tag and HaloTag systems have also been developed.[®7:98] Other
genetically encoded CALI agents have been based on ROS-generating proteins. While
fluorescent proteins such as GFP have been widely utilized for fluorescence imaging, they
are also capable of generating ROS, albeit very inefficiently. Optimized forms of GFP have
been developed to boost ROS generation, such as KillerRed.[9] Due to the size of KillerRed
(27 kDa) and tendency to dimerize, limitations on the folding, function, and cellular
localization of KillerRed fusion proteins have represented a challenge and are being
addressed through second-generation versions.[19% To continue to improve upon current
CALLI techniques and to reduce off-target damage through ROS generation, new
technologies should seek to enable improved proximity of the chromophore to the target
protein and minimize perturbation of native protein function prior to illumination.[101]

Taken together, the development of CALI has enabled photodeactivation in cells and
provides an attractive complementary system to traditional photoactivation techniques.
Continued improvement of CALI systems will look to reducing off-target ROS generation
and improving the general applicability of the approach to cell biological studies.

3.3. Reversible Optical Switching of Protein Function

The development of genetically encoded photo-caging techniques has provided an exquisite
level of target specificity while also granting precise spatio-temporal control; however,
photoactivation (or deactivation) is largely an irreversible event. In contrast, reversible
photoswitching of protein function may offer the following advantages: 1) close mimicking
of nature’s often reversible control of protein activity, and 2) enhanced spatial resolution due
to protein activity only in illuminated areas since diffusion outside of the light beam can lead
to reversible off switching.[102] Purely optogenetic approaches to reversible control have
been developed using naturally light-sensitive fusion proteins. In response to light, these
proteins (e.g., LOV domains, channelrhodopsins, or Cry/Phy protein dimerizers) undergo
conformational changes or changes in aggregation state and have been engineered to
optically control kinase activity,[103] protein localization,[194] transcription,[105] DNA
recombination,[1%6] and motor function.[107]

To circumvent the use of bulky protein fusion constructs, several chemistry-based
approaches have been developed that enable reversible and robust photoswitching of
proteins and peptides. An early report utilized solid-phase peptide synthesis to incorporate a
photoisomerizable azobenzene motif at specific residues within RNAse S, however only
modest changes in activity were observed.[108] Toward incorporating azobenzene motifs into
larger proteins, Maruta synthesized a cysteine-reactive azobenzene maleimide that was
bioconjugated to different kinesin motor domain cysteine mutants.[19%1 Upon trans-to-cis
photoisomerization, kinesin exhibited a 2-fold increase in ATPase activity. Further taking
advantage of the selective reactivity of surface-exposed cysteine residues, several groups
have developed bis-reactive azobenzene reagents that enable the installation of a photo-
isomerizable bridging moiety between two proximal cysteine residues.[119] A noteworthy
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advantage of bridging two residues on a peptide/protein is the enhanced induction of large-
scale conformational changes following photoisomerization. While general bifunctional
thiol-reactive azobenzene derivatives have proven successful in the photocontrol of protein
conformation, due to their high reactivity toward thiols and diminished selectivity, they have
limited utility in cellular experiments.

In efforts to site-specifically introduce a reversibly photo-switchable azobenzene motif into
proteins in live cells, Schultz and co-workers genetically encoded the azophenylalanine 21 in
E. coliusing an engineered M. jannaschiityrosyl-tRNA synthetase/tRNA pair, and applied it
to the reversible control of protein-DNA interactions (Figure 17a).[11] However, the lack of
a reactive functional group in 21 prohibits the formation of a photoswitchable azobenzene
bridge, thus limiting photoisomerization to impose localized structural changes rather than
large-scale conformational alterations. To address this limitation, Wang and co-workers
genetically incorporated the paramethylene chloride-modified azophenylalanine 22, which
is capable of reacting with a nearby cysteine residue to form a photoswitchable bridge on the
modified protein.[112] They applied it to the calcium-binding messenger protein calmodulin.
Incorporation of 22 in close proximity to an engineered cysteine residue resulted in the
formation of a covalent azobenzene bridge, and photoisomerization through irradiation at
365 nm induced a significant shift in the protein conformation. To improve upon the design
while maintaining the covalent bridging capability, Wang and co-workers introduced five
fluorine atoms onto the benzene ring to generate 23, affording visible (blue/green)-light
photoswitching (Figure 17b).[113] Conformational switching allowed photocontrol of
calmodulin binding to neuronal nitric oxide synthase (NOS1) in vitro. This represents a very
interesting approach that overcomes the non-specific labeling limitations of previous
azobenzene bridges, while simultaneously translating small structural changes in an
azobenzene chromophore into large structural changes in protein conformation.

Rather than relying on photoinduced protein conformation changes, other methods have
utilized photoswitchable tethered ligands (PTLs) to perturb protein function.[*141 PTLs
consist of three primary components: 1) a reactive moiety for bioconjugation to target
proteins; 2) a molecular photoswitch (e.g., an azobenzene); and 3) a ligand capable of
modulating the activity of the target protein. While efforts have been made to directly
incorporate molecular photoswitches into ligand structures, this requires the ligand to be
amenable to appropriate chemical modifications while also retaining high affinity and
specificity for the protein of interest (see Section 2.3 for a more detailed discussion of this
concept). In contrast, PTLs only require small-molecule ligands of low affinity because
covalent tethering places the ligand in close proximity to the specific protein, thereby
increasing its localized concentration.[113] |somerization of the tethered ligand is typically
efficient and does not rely on conformational changes to the protein structure to perturb
protein function. Furthermore, with traditional azobenzene bridging techniques (discussed
above), one must take into careful consideration the effect the peptide—protein structure
imposes on the isomerization and photoequilibrium properties of the azobenzene motif.
PTLs do not face this challenge and thus are more readily adaptable to a variety of
applications. Several cysteine-reactive PTLs have been successfully applied to various
receptors and ion channels.[216] Trauner and co-workers successfully applied a cysteine-
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reactive PTL for control of the ionotropic glutamate receptor LiGIuR in a live animal, thus
demonstrating photoswitchable control over neuronal activity and discreet dissection of
zebrafish neural circuitry.[117] Larvae expressing the PTL-functionalized LiGIuR were
exposed to 365 nm light and exhibited a loss of their fast escape response following
mechanical stimulation. However, following irradiation with 488 nm light, the zebrafish
larvae regained the touch response, thus demonstrating optical neuronal control in vivo
(Figure 18a). Recently, the Trauner group developed a photoswitchable orthogonal remotely
tethered ligand (PORTL), based on SNAP-tag labeling, thereby significantly improving
selectivity and enabling multiplexed optical control.[128] As a proof of principle, PORTL
was applied to a G-protein-coupled metabotropic glutamate receptor (mGIuR2), where
glutamate acts as the ligand. Synthetic constructs consisted of a glutamate ligand, an
azobenzene moiety to enable photoswitching, and a PEG linker containing the terminal
benzylguanine moiety for conjugation to the SNAP-tag fusion protein (Figure 18b).
Expression of a SNAP-mGIuR2 fusion construct produced efficient labeling and robust
photoswitchable activation of SNAP-mGIuR2 receptors in HEK293T cells (Figure 18c). Due
to the bioorthogonal nature of the SNAP-tag technology,[12°! Trauner and coworkers were
also able to demonstrate simultaneous optical control of two independent glutamate
receptors: mGIuR2 and LiGIuR. By employing two orthogonal azobenzene moieties
harboring distinctive spectral properties, they achieved independent and sequential activation
of the receptors, thus showcasing the ability to multiplex PORTL (Figure 18d). Monitoring
receptor activity using a whole-cell patch-clamp electrophysiology assay, treatment of cells
with 380 nm light resulted in a slow response, as expected by activation of the slow mGIuR2
receptor. Treatment with 590 nm reversed mGIuR2 activation, while subsequent exposure to
500 nm light activated a fast LiGluR-mediated response. Multiplexing multiple receptor
populations provides an opportunity to probe crosstalk between proteins, enabling complex
investigations at the molecular, circuit, or cellular levels.

To capitalize on specific bioconjugation reactions in live cells, while removing the
requirement of a fusion protein for PTL bioconjugations, Chin and co-workers developed a
genetically encoded photoswitchable bioorthogonal ligand tethering (photo-BOLT)
technique that takes advantage of the rapid and specific conjugation of genetically encoded
strained alkenes and alkynes with tetrazines through an inverse electron demand Diels—Alder
reaction.[120] Covalent modification effectively increases the local concentration of the
inhibitor for the mutant protein, while inclusion of an azobenzene moiety provides
photoswitchable control over the ability of the inhibitor to bind (Figure 19a). As a proof of
principle, this approach was successfully applied to the kinase MEK1 in HEK293T cells
expressing a mutant MEK1 protein containing the strained alkyne UAA 24 (Figure 19d),
thereby complementing previous photocaging efforts (Figure 14).[73]1 Upon treatment with
25, a non-selective MEK1/MEK?2 inhibitor modified with an azobenzenetetrazine moiety
(Figure 19d), significant inhibition of mutant MEK1 activity at concentrations as low as 100
nM was observed. In contrast, treatment of cells with the tetrazine-modified inhibitor alone
at concentrations of up to 10 pM (the solubility limit) showed no inhibition of wild-type
kinase, thus demonstrating the ability of BOLT to confer protein selectivity and high
efficacy to otherwise non-selective, low-affinity inhibitors. Following illumination at 360 nm
and photoisomerization to the c/sisomer, the activity of mutant MEK1 was restored, since
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the inhibitor could not access the binding pocket anymore. Subsequent switching to the trans
isomer through illumination at 440 nm led to inhibition of the mutant MEK1 (Figure 19b,c),
thus demonstrating the reversible photo-switching of kinase activity. Alternatively, thermal
relaxation from the cisisomer to the #ransisomer also results in inhibition of mutant MEK1
activity. Capitalizing on the enhanced specificity and potency associated with tethering, this
approach is widely applicable to all kinases, even those for which no selective inhibitors
exist. This crucial advantage may also extend the potential of photo-BOLT to other protein
families in which selective inhibition with small molecules is challenging.

Photoswitchable technologies have significantly improved the options for optical control of
systems, providing improved regulation of protein and peptide activity. Recent advances in
azobenzene photoswitches have been focused on the chemical properties of the
chromophore in the hope of tuning thermal relaxation rates, enhancing isomer conversion
stoichiometry, and allowing red-shifted isomerization for improved in vivo efficiency.[121]
Reduction of azobenzenes by thiols (e.g., glutathione) remains a concern for the application
of these photoswitches in cells and organisms and should be taken into consideration when
utilizing azobenzene derivatives.[122] Continued development of systems that are easier to
design and less invasive holds promise for generating new approaches for improving the
implementation of reversible photochemical control in living organisms.

3.4. Photocaging Groups for Peptide and Protein Delivery

Precise analysis of suitable biomarkers is one prerequisite to the development of
personalized medicine approaches. Methods to quantify oncogenic Kinase activity in human
primary cells has been challenging due to the small quantity of cells available in clinical
specimens and the low throughput of current techniques.l*23] To achieve a feasible clinical
assay for kinase activity, the assay must be 1) specific for the kinase of interest; 2) resistant
to phosphorylation until the desired assay start time; and 3) able to deliver statistically
significant results from single (or few) cells. To meet these requirements, a cell-permeable
light-activated peptide sensor system (Figure 20a) was developed by Allbritton and
Lawrence to assess phosphorylation activity of the protein kinase Akt, a key player in tumor
formation and progression.[124] The threonine phosphorylation site within a short
fluorophore-labeled native peptide substrate was caged with a nitrobenzyl group, thereby
blocking phosphorylation by Akt and silencing the reporter as a kinase substrate (26) until
UV exposure decages it to 27, followed by phosphorylation to 28. Phosphorylation was
analyzed by capillary electrophoresis (CE; Figure 20b,c). The ability to optically control the
assay start time enables precise detection of reaction kinetics and prevents the sensor from
being acted upon by kinases during cellular uptake and distribution. Most peptide reporters
have relied on micro-injection or cell-penetrating peptides (CPPs) to be delivered into cells,
which limits efficiency and throughput of these approaches.[12%] Interestingly, incorporation
of a single nitro-benzyl caging group into the peptide substrate provided improved cell
permeability of the peptide, thereby overcoming a major limitation of previous kinase
sensors, which suggests that incorporation of the caging group may sufficiently increase the
hydrophobicity of similar peptides. In a pilot study, the sensor was applied to an automated
single-cell CE system. Treatment of pancreatic cancer cells with the sensor enabled the
measurement of Akt kinase activity with substantially increased throughput (7.2 cellsh™1)
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compared to previous methods (0.5 cellsh™1).[126] This sensor design has the potential to be
developed for additional kinases and may enable rapid evaluation of aberrant kinase
activities in small clinical samples, ideally in a multiplexed fashion in order to use oncogenic
patterns of hyper-phosphorylation as cancer biomarkers.[127]

The field of drug delivery has also harnessed light to improve the spatiotemporal control of
various systems. As discussed earlier, photocleavable antibody—drug conjugates have been
developed that enable cell-targeted and light-controlled delivery of therapeutics. Conjugation
of combrestatin to an EGFR monoclonal antibody via a photolabile linker was shown to
facilitate targeted release at tumor sites (Figure 11). The field of RNA/DNA therapeutics has
extensively incorporated light-controlled mechanisms to improve spatiotemporal control and
delivery. In contrast to the caged DNA and RNA nucleobases discussed below, one approach
pioneered by the Ohtsuki lab utilizes a protein carrier to deliver RNA cargo (i.e., SiRNA or
shRNA) into cells through the conjugation of photosensitizer dyes to cell-permeable RNA-
binding proteins (RBPs).[128] |In the absence of light, a significant portion of the RNA/RBP
complex remains trapped in endosomes and is eventually degraded. However, illumination
with light affords improved endosomal escape and subsequent release of the RNA cargo into
the cytosol. Another strategy for the delivery of DNA/RNA involves conjugation of CPPs
derived from the HIV TAT protein to caged nucleobases.[12% This technology was applied to
DNA antisense reagents and following efficient cellular uptake mediated by the CPP, light
exposure resulted in removal of the caging group/CPP conjugate and activation of the
antisense agent. Importantly, by installing the CPP onto the caging groups, multiple CPPs
were conjugated and light-triggered decaging yielded the antisense product in its native state
with no potentially deleterious modifications that could perturb activity. This technology
proved to be highly modular, and conjugation of the caged nucleobases to folic acid enabled
targeted cell delivery through cell-surface folate receptors. In an alternative approach, Mei
and co-workers made use of conjugating caged CPPs to liposomes, where the caging group
inhibits interaction of the CPPs with the cell membrane, thereby preventing liposomal
delivery. Following decaging, the CPP is permitted to interact with the cell membrane,
which results in efficient cellular uptake and delivery of cargo. This approach was
successfully applied for the delivery of siRNA,[130] antimicrobial peptides,[*31] and small-
molecule therapeutics.[*32] The Friedman group successfully developed a photoactivated
insulin depot for the treatment of diabetes.[X33] Conjugating insulin proteins to a
biodegradable insoluble matrix via a photolabile linker enabled light-controlled release of
insulin in an in vivo mouse model.[*34] This application of light-controlled release has the
potential to be applied to numerous other drugs in which spatiotemporal delivery is
advantageous for treatment.

Finally, spatiotemporal release of therapeutic small molecules and proteins from modified
hydrogels has been demonstrated using a light-controlled system. To this end, Anseth and
co-workers employed two wavelength-orthogonal photolabile linkers covalently attached to
bone morphogenic proteins 2 and 7, thereby enabling sequential release and delivery into
mesenchymal stem cells for improved osteogenic differentiation.[%P] Importantly, the extent
of each respective protein release was tunable by adjusting the duration of light exposure.
This work has implications for the design of biomaterials capable of delivering therapeutics
to tissues for regeneration, wound healing, and disease treatment.
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In summary, optical control of protein and peptide function is not limited to the perturbation
of biological systems, but also has potential to further improve biological sensors. Moreover,
even small structural changes imparted through caging-group installation on peptides can
have beneficial effects on the properties of the molecules, such as greatly improved cellular
delivery. Finally, various drug delivery systems have benefited from the enhanced spatio-
temporal control through the incorporation of photorelease technologies to afford improved
targeting and controlled dosing. While the incorporation of caging groups directly into
proteins has enabled the investigation of many biological processes, light-responsive motifs
cannot be genetically inserted into nucleic acids and thus require synthetic (or semi-
synthetic/enzymatic) approaches.

4. Optical Control of Oligonucleotides

Nucleic acids have been extensively used as biological probes, with promising developments
into therapeutics already underway.[13%] Oligonucleotides can be ideal for studying
biological pathways because they can affect processes at the DNA, RNA, and protein level
in a sequence-specific and fully programmable fashion. Optical control of nucleic acid
function has allowed the spatiotemporal control of RNAI, transcription, translation, gene
editing, and nucleic acid detection.[1f.136]

Photocleavable groups have been synthetically incorporated into oligonucleotides in a
variety of different ways to allow precise activation or deactivation of nucleic acid function
with spatiotemporal control (Figure 21). A straightforward approach consists of utilizing a
photocleavable linker, for example, in an antisense agent,[137.138] thereby enabling optical
activation of gene expression (Figure 21a). Photocleavable linkers have also been utilized for
tethering of antagomirs,[13%] peptide nucleic acids,[*4%1 and morpholino oligonucleotides41]
directly to short inhibitor strands that block activity through hairpin formation. The
inhibitory strand is removed with light, leading to activation of the antisense strand (Figure
21b). Recently, this approach was further advanced by synthesizing circular nucleic acids in
which the two termini are linked via a photocleavable moiety. The resulting cyclic structure
cannot efficiently hybridize to its target due to the induced curvature until it is linearized
through photochemical cleavage of the linker (Figure 21c).[142] Other approaches to optical
control include the introduction of chemical modifications such as caged phosphate
backbones,[143] caged 2”-hydroxy groups,[*44] and caged nucleobases.[14%] Caged
nucleobases have demonstrated particularly broad applicability since they block Watson—
Crick hydrogen bonding, thereby rendering the oligonucleotide inactive until irradiation.
This has been employed for the light-mediated regulation of antisense agents,[146]
antagomirs,[147] splice-switching oligonucleotides,[148] PCR primers,[249] and many other
oligonucleotides (Figure 21d).[150] The same approach can also be used for the optical
deactivation of oligonucleotide function through light-triggered hairpin formation, thereby
sequestering the active nucleic acid sequence (Figure 21e), as demonstrated for antisense
agents, [1°1]1 DNAzymes,[151] and triplex-forming oligonucleotides.[150c]
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4.1. Optical Activation of RNA Interference

Sequence-specific gene silencing through RNA interference (RNAI) has been extensively
used as a research tool and is being evaluated in clinical studies.[152] Several strategies have
been developed to optically control short-interfering RNAs (siRNA duplexes of 21-23 nt),
(1531 with the first report utilizing the incorporation of nitrobenzyl caging groups at random
nucleobases along the phosphate backbone.[143¢] The McMaster and Friedman groups
installed caging groups at the 5” phosphate of an siRNA antisense strand to block binding to
the RNA-induced silencing complex (RISC), however background activity of the caged
siRNA was observed and attributed to some level of tolerance for 5-blocked phosphates.
[154] Friedman and co-workers then developed a more sterically demanding cyclododecyl-
containing nitrobenzyl caging group to improve blocking of RNAI function through
installation at the 3" and 5" termini.[X5%] Not only did this new photolabile group improve
the dynamic range of caged siRNAs, but also the site-specific installation allowed a more
facile synthesis of the reagents.

This design was further simplified by the Tang group, who recognized that a single vitamin
E modification on the 5" terminus of SiIRNAs results in loss of RNA. activity.[1568] Thus, by
placing a photolabile linker between a vitamin E moiety and the 5" terminus of the antisense
strand of siRNA reagents, they were able to reduce the number of required terminal
phosphate caging groups from four to one, thereby enabling activation with a single
photolysis step (Figure 22a,b). Efficient off-to-on switching of gene silencing was detected
after UV exposure, and spatial control of GFP-targeting siRNA was demonstrated through
patterned irradiation of a monolayer of mammalian cells using a mask (Figure 22c). The
ability to achieve virtually complete off-to-on switching through UV irradiation with a
single chemical modification further facilitates the synthesis and application of these light-
activated gene-silencing tools.

In a nucleobase-caging approach, Heckel and co-workers first incorporated guanidine and
thymidine deoxynucleotides carrying nitrobenzyl groups at the O6 and O4 positions into a
siRNA reagent, specifically into nucleotides in close proximity to the mRNA cleavage site.
[157] The disruption of hydrogen bonding and introduction of steric hindrance resulted in up
to 90% inactivation of a caged siRNA targeting EGFP, however, after 28 hours, fluorescence
began to decrease in the absence of light, possibly due to instability of the caging groups.
Subsequently, a series of sSiRNA reagents were synthesized in which nitrobenzyl-caged
uridine or guanosine residues were incorporated into the mRNA cleavage site or seed region
of an siRNA duplex.[1%8] The photolabile groups were installed at the N1 or N3 position of
guanosine or uridine, providing enhanced stability of the caged siRNAs for at least 48 hours
and resulting in excellent off-to-on photoswitching. Moreover, optical control of sSiRNAs
through the installation of caged nucleobases within the seed region directly translates to
optical activation of microRNA (miRNA) function.

Overall, development of siRNA duplexes containing bulky caging groups at the 5° terminus
provides a method for facile synthesis of RNAI reagents capable of spatiotemporal gene
control. Incorporation of caged nucleobases during oligonucleotide synthesis eliminates the
need for post-synthetic installation of bulky caging groups and provides excellent optical
activation, thus potentially extending the applicability of these approaches to the control of
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miRNA function. Continued development of these reagents through the incorporation of
photoswitchable groups may enable reversible optical control of siRNA function.

4.2. Optical Activation of Antisense Function

In a complementary fashion, miRNAs have commonly been silenced using antagomirs,
synthetic phosphorothioate- and 2 OCH3-modified oligonucleotides, [1350.¢.159] which have
been placed under optical control through a nucleobase-caging approach (Figure 21d).[147b]
This enabled the spatio-temporal investigation of miR-22 and miR-124 function in migrating
neurons.[16%] Alternatively, inhibition of antagomir function through temporary hairpin
formation mediated by photocleavable linkers (Figure 21e) has also been utilized for optical
deactivation of miRNA function.[13%l]

While DNA/RNA-based oligonucleotides have been extensively used as antisense agents,
other synthetic oligomers, such as morpholinos (MOs),[161] have advantages in specific
applications; in particular, experiments in aquatic embryos such as those of frogs and fish.
MOs are modified nucleic acids containing morpholine rings and phosphorodiamidate
backbones instead of sugars and phosphodiesters, respectively, which renders them
nuclease-resistant, less likely to interact non-specifically with cellular proteins, and still
capable of binding to complementary sequences via Watson—Crick base pairing.[162] As
such, MOs have been utilized as antisense agents for the inhibition of miRNA function,
mRNA translation, and mRNA splicing.[163] Caged morpholinos (cMOs) have been
developed as molecular probes of gene function in cells and animals because they provide
precise spatiotemporal control of gene expression.[1380.141,146b,164] | early developments,
the Chen group used the light-cleavable hairpin approach,241al including the two-photon
activation of cMOs containing a bromohydroxyquinoline-based linker (Figure 21b).[1410]

However, this approach requires careful inhibitor sequence design to minimize background
activity while still retaining rapid photoactivation. Additionally, release of the inhibitory
oligonucleotide may create potential for off-target effects. Similarly, Washbourne and co-
workers utilized a MO inhibitor that contained a photocleavable linker (Figure 21b).[1380] |n
contrast, optical control of MO function in cells and animals has also been demonstrated by
incorporating caged thymidine nucleobases.[1460] This approach avoids the necessity for an
inhibitory oligonucleotide; however, multiple caging groups are needed to fully block MO-
mRNA hybridization.

Recently, conformationally gated MOs[48.142d.165] and DNA oligomers!1420.166] \yere
developed in which the introduction of curvature reduces antisense oligonucleotide-mRNA
interactions, thereby inhibiting gene silencing until photochemical cleavage of a linker
linearizes the nucleic acid and fully restores mMRNA hybridization. This nicely addresses
both limitations discussed above, since only a single photolysis step is needed for activation
and no inhibitory oligonucleotide is released.[142d] Moreover, the ability to insert a wide
range of chromophores into the circular MO enables wavelength-specific gene silencing by
sequentially irradiating zebrafish embryos with 405-470 nm (cleaving a
diethylaminocoumarin (DEACM) group) and 365 nm (cleaving a 2-nitrobenzyl (NB) group;
Figure 23a).[48] Cyclic MOs were designed to target the T-box transcription factor spadetail
(spt thx16) and the homeobox-containing repressor f/h. Spt controls cell differentiation
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during embryogenesis and its transcription within the embryo midline is inhibited by #/h.
Mutation of sptalso corresponds with the absence of myogenic differentiation 1 (myod2),
while /i silencing leads to aberrant myodl expression in early stages of development.[167]
Upon irradiation with 365 nm light, zebrafish injected with the NB cyclic sptcMO displayed
a drastic loss in myod1 expression, but showed minimal response to irradiation with 405 or
470 nm light, whereas embryos injected with the DEACM cyclic /A cMO exhibited
abnormal myod1 expression when irradiated with either 470, 405, or 365 nm light, as
expected (Figure 23b,c). Co-injection of both cMOs led to zebrafish embryos that displayed
the spt mutant phenotype only after irradiation at 405/470 nm followed by 365 nm light
exposure. Sequential irradiation at defined time points during embryonic development
demonstrated that sptacts during gastrulation in embryos bearing 74 mutations to direct
muscle cell precursors toward muscle cell fates, thus showcasing the utility of sequentially
activated cMOs for the investigation of gene interactions with precise temporal control.

In summary, caged oligonucleotides, including circular MOs, have been established for
optical control of gene function through blocking translation. The development of circular
MOs that are subject to photoactivation using wavelength-specific chromophores enables the
investigation of genetic networks through sequential knockdown of different gene targets.
However, while nuclease-resistant MOs are attractive antisense agents, delivery into
mammalian cells requires additional modifications.[168] Furthermore, depending on the
mRNA sequence, background antisense activity of the circular MO may be observed.

4.3. Optical Control of Transcription

Several approaches to optically control gene expression at the transcriptional level have been
developed, including light activation of triplex-forming oligonucleotides (TFOs).[16%1 TFOs
are single-stranded oligonucleotides that bind to the major groove of DNA promoter regions
through Hoogsteen hydrogen bonding (Figure 24a), thereby preventing the association of
transcription factors.[17%] Contrary to antisense agents, which regulate gene translation by
targeting mRNAs, for which thousands of copies may be present in cells, TFOs can target
genomic DNA.[171] Optical control of transcription through photoactivation of a TFO
containing caged thymidine bases has been demonstrated (Figure 24b).[150c]

Besides TFOs, DNA decoys have also been employed for transcriptional control. DNA
decoys inhibit gene expression by sequestering transcription factors rather than relying on
the binding to and blocking of promoter sequences.[172] Three caged thymidine bases were
incorporated into a DNA decoy targeting NF-xB (Figure 24c) to optically regulate
transcription factor binding by initially preventing formation of the DNA decoy dumbbell
structure.[150d] Following UV irradiation, the decoy is formed, resulting in sequestration of
the transcription factor and deactivation of gene expression (Figure 24c). Complementary
optochemical transcriptional activation was demonstrated using NF-xB DNA decoys[173]
containing up to three 7-nitroindole moieties, a nucleobase mimic known to undergo
elimination upon irradiation with UV light. Here, the decoy/transcription factor complex
inhibits gene expression, until exposure to UV light depurinates the photoresponsive
nucleotides, resulting in release of the transcription factor and activation of gene expression.
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Plasmids containing a gene of interest under control of the cytomegalovirus (CMV)
promoter are one of the most common expression platforms in mammalian cells.[174]
Transcription is initiated when the TATA box binding protein binds to the TATA box
sequence within the CMV promoter and recruits additional transcriptional machinery.l175] In
order to achieve spatial and temporal activation of gene expression, caged thymidine
nucleobases were site-specifically introduced into the TATA box (Figure 25a).l176] The
caged plasmid is inactive until brief UV exposure removes the caging groups, forming the
wild-type CMV promoter, and completely restoring gene expression, as demonstrated for
EGFP and polo-like kinase 3. In order to apply this method in an animal model, the caged
TATA box plasmid was injected into zebrafish embryos (Figure 25b). Following
microinjection at the 1-cell stage, only embryos that were exposed to UV irradiation
expressed EGFP. The ability to activate transcription using a caged expression plasmid at
defined time points and locations in cells and animals has broad implications for
investigating many biological pathways, including those involved in development, and it
complements the previously discussed light-triggered inhibition of transcription and
translation using light-activated nucleic acids. With recent advances in caging groups with
different spectral properties, the activation and deactivation of multiple genes using light of
different wavelengths will enable the study of increasingly complex genetic systems. Also,
the caged plasmid system is assembled in a very modular fashion and thus should allow
optical control of any gene of interest.

Taken together, optical control of TFOs and DNA decoys through the incorporation of caged
nucleobases enables spatial and temporal regulation of transcription. Continued expansion of
light-triggered DNA decoys to include alternative caging groups may enable orthogonal
control of multiple transcription factors and investigation of the corresponding genetic
networks. Development of an optochemically regulated plasmid through caging of the
promoter region provides a modular approach to controlling exogenous gene expression in
mammalian cells as well as zebrafish. The latter may benefit from enhanced three-
dimensional precision through the application of two-photon excitation in future iterations of
this methodology.

4.4. Optical Activation of RNA Editing and Gene Editing

In addition to transcriptional and translational control using synthetic nucleic acids, caged
oligoribonucleotides have been applied to the conditional editing of RNA sequences. The
Stafforst group established a method for introducing a single adenosine-to-inosine point
mutation in an MRNA sequence by using a modified targeting RNA that recruits the ADAR1
enzyme (adenosine deaminases acting on RNA).[177] The editing machinery was assembled
by fusing a SNAP-tag domain to ADAR1 and incorporating a benzylguanine (BG) ligand on
the targeting RNA for covalent attachment. In order to achieve precise optical control, a
photolabile group was installed at the N7 position of the BG moiety (Figure 26a).[178] As a
proof of concept, a caged RNA targeting a premature amber stop codon was used to activate
an EGFP reporter after optically triggered adenosine-to-inosine conversion in both
mammalian cells and the worm Platynereis dumerilii (Figure 26b). Minor background
activity of RNA editing was observed in the worms in the absence of light. This technology
is highly adaptable for the optochemical control of translation of protein isoforms or
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investigation of developmental processes with precise spatial control in model organisms,
simply by changing the targeting RNA sequence. Additionally, similar approaches could be
used in the optical control of nucleic acid editing machinery, such as that for
pseudouridylation[17%] or 2”-O-methylation,[18% if directed by a small guide RNA.

Recently, Bhatia and co-workers developed a light-activated CRISPR/Cas9 gene-editing
system by blocking the gRNA with a complementary single-stranded DNA molecule that
contains several photocleavable groups in its backbone. In an approach that is similar to the
optical activation of antisense oligonucleotide function discussed above,[137:138,181] the
inhibitory DNA strand binds to the target region of the gRNA and prevents Cas9 function
until it is fragmented through UV-induced photolysis (Figure 27a,b).[8%] As a proof of
concept, this system was delivered into HeLa cells stably expressing a destabilized GFP
reporter, and UVactivation led to reporter DNA cleavage and subsequent reduction in GFP
expression. It was determined that longer protectors (24 nt) with three photolabile groups
spaced six bases apart are optimal for inhibiting Cas9-mediated DNA cleavage (Figure 27c).
The approach was also applied to the optical editing of an endogenous genomic target, and
the gRNA/protector duplexes were stable for up to five days in live cells. However,
compared to other optochemically controlled Cas9 systems (e.g., see Figure 15),[81] the use
of a light-triggered DNA inhibitor strand seems to display a lower dynamic range.

All in all, light-triggered RNA editing was achieved by utilizing endogenous machinery in
conjunction with a modular guide oligonucleotide. While incorporation of the SNAP-tag
enables site-directed RNA editing, it also requires the guide RNA to be chemically modified
prior to delivery into cells (i.e., it cannot be genetically encoded). Delivery of the guide
RNAs and their cellular stability will be an important consideration for applying these tools
more broadly for the investigation of biological systems. Application of a caged gRNA
protector allows optical control of the CRISPR/Cas9 system without the need for protein
engineering. However, depending on the sequence, the use of protector oligonucleotides may
lead to potential background activity or toxicity.

4.5. Optical Activation of Oligonucleotide-Based Sensors

Caged oligonucleotides have also been utilized for various detection systems. DNA
computation is an emerging method for the analysis of oligonucleotide patterns in which
sequence-specific hybridization of target input nucleic acids to a DNA-based scaffold
triggers a detectable output signal based on toehold-mediated strand-exchange reactions.[182]
In a strand-exchange reaction, the incoming oligonucleotide hybridizes to a short single-
stranded domain (referred to as a toehold) of a duplex, resulting in branch migration and
subsequent strand displacement. Optical control of DNA logic gates using caged
nucleobases!t>0al and their application in live cells has been demonstrated.[183] Similarly,
light-controlled amplification circuits relying on toehold-mediated strand-displacement
reactions have also been developed.[184] Optical control of DNA computation devices
provides many opportunities for spatiotemporal detection of oligonucleotides involved in the
development of diseases and other biological processes.

Molecular beacons are short oligonucleotide hairpins that maintain an “off” state until a
complementary DNA or RNA molecule hybridizes to the loop, separates the stem, and turns
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fluorescence “on”.[18] Two approaches to achieve optical control over molecular beacons
have been reported: 1) installation of caging groups into the stem region to prevent
formation of the hairpin[18¢] and 2) installation of caging groups into the loop region to
prevent target hybridization,[187] with the latter showing reduced background. With a system
using a fused aptamer against a cell-surface protein for nucleic acid uptake, the Tan group
developed optical control of a molecular beacon in breast cancer cells.[188] Because
biological processes occur at specific times and locations, this technology could easily be
applied to the investigation of transcriptional events with enhanced precision relative to
previous methods.

Aptamers are RNA- or DNA-based oligonucleotides that bind to proteins with high
specificity and affinity.[189] They have been rendered responsive to light using
photocleavable linkers,[142¢.190] caged nucleobases,[191] caged backbones,[192] and
photoswitchable motifs.[193] For example, Mayer and Heckel demonstrated optochemically
induced deactivation of an anti-thrombin aptamer through the incorporation of caged
nucleobases.[191a] The aptamer was shown to inhibit thrombin-mediated blood clotting in
human plasma in the absence of light; however, upon UV irradiation the aptamer was
deactivated, effectively applying light as an antidote to an anticoagulant.[14] Recently,
caging groups were applied to Apta-PCRI19] as a sensitive technique for quantification of
target proteins.[19]

DNAzymes are enzyme composed of DNA and have been engineered to catalyze sequence-
specific RNA cleavage.[197] They have been used as gene regulatory tools and as cellular
sensors, but issues remain due to activity during cellular delivery and uptake. To circumvent
this concern and achieve spatiotemporal control over activity, several strategies have been
developed to optochemically regulate DNAzymes.[1442.151,198] Caged adenosine bases were
incorporated into the scissile position of the substrate strand for DNA-zymes selective for
Zn2* or Pb2* jons, thus demonstrating a modular approach for sensing metal ions in
mammalian cells.[19] Recently, Xiang and co-workers reported the development of a
DNAzyme that was caged post-synthetically in order to circumvent the addition of caged
phosphoramidites during solid-phase synthesis.[20%] Following optimization through in vitro
experiments, the fluorescently labeled DNA-zyme was delivered into HeLa cells along with
the substrate and the Zn2* cofactor. After a brief UV irradiation, the DNAzyme was
activated, resulting in substrate cleavage and subsequent enhancement of the fluorescence
signal, thus demonstrating temporal control of DNAzyme function.

While several methods to detect mMRNA expression in cells have been developed, 201 single-
cell analysis techniques remain complex and challenging.[292] To address these limitations, a
transcriptome in vivo analysis (TIVA)-tag was developed to capture mRNA from single cells
in live tissue upon photoactivation,[203] thereby providing transcriptome analysis with spatial
and temporal control. The TIVA-tag was delivered into cells using a reductively cleaved CPP
and contained a light-cleavable oligonucleotide hairpin. After photolysis, the poly-2”-
deoxyfluorouridine sequence hybridizes to poly-A tails and thus captures mRNAs. A biotin
tag was used for affinity purification and a Cy3-Cy5 FRET pair was added to monitor uptake
and light-mediated activation (Figure 28a). Targeted irradiation of a single neuron in mouse
or human brain slices activated the TIVA-tag and the mRNA/TIVA-tag complexes were
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isolated and analyzed through RNA-seq (Figure 28b). This approach revealed that cells in
dispersed cultures express 30% more genes than those in live brain slices, thus suggesting
that the microenvironment of a cell plays an important role in determining its transcriptome.
Additionally, while all of the studied cells expressed characteristic neuronal markers, many
also expressed markers indicative of other cell types, thus illustrating the utility of this
technology for investigating cell heterogeneity. This study successfully demonstrated that
the TIVA-tag can be used to isolate RNA from live cells with spatial and temporal
resolution, thereby creating snapshots of the transcriptome that otherwise cannot be
obtained.

Overall, several methods for light-activated nucleic acid based sensors have been developed,
including DNA logic gates, molecular beacons, aptamers, DNAzymes, and the TIVVA-tag.
These optochemical tools allow the precise spatiotemporal detection of oligonucleotide
targets and metal ions in living systems. Moreover, the TIVVA-tag enabled analysis of mRNA
transcripts in single neurons. Future development of the TIVA-tag may include sequence
elements that enable the detection of other RNA molecules, such as non-coding RNAsS.

4.6. Two-Photon Activation of Oligonucleotide Function

In addition to the two-photon activation of morpholino oligonucleotides described above,
[141b] Heckel and co-workers utilized coumarin (DEACM) and nitrobiphenyl (ANBP)
caging groups,[2041 which can be removed through orthogonal two-photon activation, to
nucleobase-protect deoxythymidine and deoxyguanosine bases in two oligonucleotides,
DNA1 and DNA2 (Figure 29a).120%] Decaging of DNA1 and DNA2, embedded in a hydrogel
to prevent diffusion, initiated sequence-specific hybridizations of complement strands
labeled with the fluorophores ATTO 565 and ATTO Rho14 respectively (Figure 29c¢), as part
of a light-triggered toehold-mediated strand exchange (Figure 29b). Irradiation with 980 nm
light resulted in exclusive decaging of DNA2 (Figure 29d center), while irradiation with 840
nm light (at reduced laser power) selectively decaged DNAL (Figure 29d left). However,
upon irradiation with 840 nm light at increased laser power, it was possible to decage both
DNA1 and DNAZ2, resulting in the detection of both fluorophores (Figure 29d right). The
strand-exchange reaction triggered by DNA1 was also demonstrated in hippocampal
neurons. Because two-photon imaging has been routinely used in live tissues,[206] this
approach delivers an additional level of precision for probing biological pathways and
nucleic acid function in model organisms with complex three-dimensional structures.

Thus, wavelength-selective spatially controlled two-photon activation of oligonucleotides
has been achieved in hydrogels. This methodology may provide an opportunity for
multiplexable nucleic acid sensors and gene-control agents in living organisms due to the
enhanced tissue penetration and three-dimensional resolution of two-photon decaging.

4.7. Reversible Optical Switching of Oligonucleotide Function

Recent advances have been made in the development of photoisomerizable nucleic acids.
[1362,193,207] photoswitchable oligonucleotides have enabled precise reversible control of
nucleic acid based processes such as DNA crosslinking!2%8] and DNA-RNA hybridization.
[209] More complex photoswitching tools have also been reported, such as azobenzene-
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modified DNAzymes and ribozymes!210] to reversibly control RNA cleavage. Diarylethene
photoswitches incorporated at the C5 position of uracil were installed in the T7 promoter
region of a double-stranded DNA template, thereby allowing photo-switching of
transcription.[211] However, these technologies have not yet been applied in vivo and
achieving reversible control of oligonucleotide function in living organisms remains a
challenge. Ogasawara demonstrated reversible optical control of translation in cells by
installing a styryl-modified 2”-deoxyguanosine residue as the 5’-cap of mMRNA encoding a
constitutively active H-Ras gene.[212] In the frans form, the styryl group inhibits translation
by blocking the interaction between translation initiation factor elF4E and the 5’ -cap.
Delivery of the styryl-capped H-Ras mRNA into rat brain cells led to expansion and
contraction of cells upon irradiation with 405 nm and 310 nm light, respectively. One major
limitation of this tool is the requirement for potentially damaging UV-B light for
photoswitching. More recently, 2-phenylazo groups were incorporated at the C2 amine of a
guanosine residue and subsequently installed as the 5”-cap of a mMRNA sequence through in
vitro transcription, thereby allowing photoisomerization at longer wavelengths.[23] In
addition to a 2-phenylazo cap (29), 2-para-methyl- (30) and 2-meta-methyl- (31) phenylazo
caps were also investigated for their ability to alter affinity for elFAE through steric
hindrance (Figure 30a). Phenylazo cap-modified mRNA encoding a fluorescent protein was
injected into zebrafish embryos at the one-cell stage and photoisomerized to the ¢is form
using 370 nm light. The cap configurations were reversed to the #rans form through thermal
isomerization over 1-2.5 h. The switch 31 exhibited the highest photo-modulation
efficiency, while both 30 and 31 elicited the greatest translational inhibition in the trans
state. To further demonstrate the utility of this technology, 31 was incorporated as the 5”-cap
of mRNA encoding the squint protein in zebrafish embryos. Squint protein plays a major
signaling role between the eight-cell and shield stages of zebrafish development and its
overexpression beyond these stages in a specific region of the embryo leads to the formation
of a second midline without defined head features such as eyes. Following injection of 31-
capped squint protein mRNA and Venus fluorescent lineage tracer mRNA, embryos were
irradiated with 370 nm light at the 8-cell stage and 430 nm light at the shield stage. After
photoswitching, most of the embryos expressed a second midline with defined head features
(Figure 30b). In contrast, embryos continuously exposed to 370 nm light but not 430 nm
light expressed a second midline but no defined head features, thus suggesting that squint
protein expression promotes midline development in early stages of embryogenesis and
inhibits the formation of head features at later stages. Overall, the induction rate of the
second midline was low due to difficulty in differentiating specific regions of the embryos at
the 8-cell stage, thus highlighting a potential limitation to the use of optochemical tools for
investigating developmental processes in very early stages of development. However,
photoswitchable 2-phenyl-azo caps provide precise on/off/on cycles of translational control
in cells and animals with minimal toxicity, which allows reversible temporal control of gene
function.

In summary, reversible optical control of translation has been demonstrated with 5”-capped
mRNAs in mammalian cells and in zebrafish embryos, and enable precise temporal control
over reversible activation/inactivation of gene expression, thereby mimicking nature’s gene
regulatory abilities. Future development and incorporation of red-shifted photo-switchable
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caps may enable deeper tissue penetration, thereby expanding the utility of this technology
to other model organisms.

5. Selected Advances in the Development of Photo-activatable Caging

Groups

Nitrobenzene- and coumarin-derived caging groups have been the most extensively used
photocleavable groups, and recent advances in shifting activation wavelengths into the red
and far-red region of the spectrum have been made. Nitrobenzene derivatives remain
important caging groups, due to minimal leaving-group pKa requirements, in contrast to
coumarin-based groups.[1&-214] Notable examples for red-shifted nitrobenzene derivatives are
bisstyrylthiophene (see Figure 13), ANBP (see Figure 29), and nitrodibenzofuran (NDBF).
[215] |_ong-wavelength activated coumarin groups include thiocoumarin, [4°]
dicyanocoumarin,[216] and 3-acrylamide-modified aminocoumarin, for example, 32 (see
Figure 32).[217]

The Lawrence group utilized naturally occurring vitamin By, which contains a corrin ring
coordinated to a central cobalt atom, as a unique caging group (Figure 31a).[218] The weak
cobalt—carbon bond is photocleaved at 330-580 nm, releasing the R group (e.g., a drug or a
fluorophore).[219] Additional chromophores were conjugated to vitamin By, such as Cy5,
Cy7, or Alexa700, to act as antennas to allow further red-shifted photocleavage with 640—
780 nm light.[220] A related approach for low energy, near-IR light activation utilizes
photosensitizers to generate singlet-oxygen species that react with an electron-rich alkene
(e.g., ~ SHC=CHS ~ or anthracene) through [2+2] or [4+2] cycloaddition, respectively.
Rapid decomposition generates two carbonyl-bearing fragments (Figure 31b), in a similar
fashion as the photo-bleaching of Cy dyes (see Figure 11). This approach has been applied
to zinc release,[221] DNA hybridization,[222] regulation of PCR,[223] anti-miRNAs,[224] and
siRNAs.[225] Moreover, ruthenium complexes have been cleverly used for the caging of
cyclic morpholinos!42al and chemotherapeutic agents.[226]

Several of the red-shifted caging groups mentioned previously have been applied to the
multiwavelength activation of biological processes, since they can be paired with UV-
triggered nitrobenzyl groups.[3%] For example, Heckel and coworkers utilized DEACM and
ANBP groups for the sequential activation of oligonucleotides with 840 and 980 nm light
(see Figure 29 and Section 4.7 for a detailed discussion).[293] In another example, the
coumarin caging group 32 was applied in combination with carboxydinitroindole 33 for
selective control of neuronal activation (Figure 32).1227] Overall, the caging groups applied
in these examples could be exchanged for other nitrobenzyl or coumarin moieties with
similar absorption maxima to enable the caging of other functional groups.

6. Summary and Outlook

The optical control of biological processes has dramatically advanced in recent years,
showecasing innovative combinations of synthetic chromophores with biologically active
molecules, including biological macromolecules such as nucleic acids and proteins. For
example, direct control of protein function can be achieved through the site-specific
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installation of light-removable caging groups using fully genetically encoded tools in
mammalian cells and model organisms. The chromophores are chemically tunable (in
contrast to classic optogenetic approaches), and an extensive number of biological activities
has been optically triggered, including post-translational protein modifications, cell
signaling, sub-cellular protein translocation, gene editing, and RNA polymerization. The
optical control of nucleic acid function has also seen significant advances, and distinct
chemical approaches have been further developed, ranging from the installation of
nucleobase-caging groups to the generation of circular oligonucleotides through
photocleavable linkers, all with the goal of light-triggered activation or deactivation of
nucleic acid hybridization. Thus, virtually any nucleic acid based cellular process can be
placed under precise spatial and temporal control, most importantly transcription and
translation. Recent examples in the context of rendering small molecules light-controllable
are small-molecule dimerizers of proteins, for example, the natural product rapamycin or
other chimeric molecules, through the installation of light-removable caging groups. Despite
rapid diffusion, spatial control of small-molecule function in tissue culture has been
achieved through repeated, pulsed decaging in a specific location. In order to place small-
molecule function under reversible optical control, an azostere approach has been developed,
which replaces common pharmacophores with light-switchable azobenzene motifs.
Azobenzene chromophores have also been linked directly to the control of protein function,
either through bioconjugation approaches that convert low-potency inhibitors into highly
specific and light-regulated molecules, or through the direct genetic encoding of amino acids
containing azobenzene moieties. Similarly, diazo-modified mMRNA caps have been
developed for reversibly photo-switchable control of translation. It can be expected that
other cellular processes involving nucleic acids will soon be controlled in a reversible
fashion to provide enhanced spatial control, even in long-term experiments. Wavelength-
specific and two-photon activation of oligonucleotides has been demonstrated, including
optical control in model organisms, such as fully transparent zebrafish embryos.

The methods discussed herein represent recent key developments; however, in order to
further increase their relevance, it will be essential to apply these very precise tools to the
study of important biological questions. Thus, close collaborations between chemists and
biologists will be essential and applications beyond proof-of-principle experiments will be
necessary in order to convince scientists in fields outside of chemistry and chemical biology
of the utility of optochemical methods. The feedback generated in a collaborative
environment will motivate further technological developments to expand the capabilities of
these light-controlled reagents.

Furthermore, chemists must strive to develop optical tools that are adaptable to a variety of
biological systems and that are readily available to cellular and developmental biologists,
who often do not have synthetic chemistry expertise. Reagent stability, including the ability
to handle optically triggered compounds and biological molecules under ambient light, and
ease of delivery into cells and animals should remain of critical consideration when
advancing these technologies. Finally, commercialization of photochemically controlled
reagents will greatly facilitate applications by lowering the barrier to enter this field for
biologists. Caged neurotransmitters have been extensively utilized in neurobiology not only
due to their very precise temporal control, but also due to their commercial availability. The
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sharing of biological reagents and model systems is facilitated by non-profit repositories
(e.g., Addgene or ZFIN), while similar services do not exist for (photocaged) synthetic
agents, thus making it more difficult for biologists to test and apply these tools. While recent
investigations into genetic networks, neuronal networks, and cell-signaling networks have
capitalized on the temporal and spatial control provided by the approaches discussed here,
the field is still only in its infancy and holds great potential for the coming years.
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(] FRB iFKBP FAK
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Figure 1.
a) The structure of 1 is shown with the caging group in red. In this system, FAK activity was

monitored in the presence of 1 with and without UV exposure. b) Cells treated with 1 alone
did not display active FAK (left); however, UV irradiation led to activation of FAK and
subsequent cell ruffling (right). Adapted with permission from Ref. [7]. Copyright 2011
American Chemical Society.
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plasma POI FKBP
membrane

b)

Figure2.
a) The complex of 2 and streptavidin is unable to enter cells and does not induce protein

dimerization until UV irradiation generates 3. b) Rac-FKBP was used together with
membrane localized FRB. In the absence of UV light, cells displayed normal cell edges
(left); however, upon irradiation and Rac localization, cell ruffling is apparent (right).
Adapted with permission from Ref. [10]. Copyright 2011 American Chemical Society.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 March 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ankenbruck et al.

a)

b) FRB

c)

Figure 3.

FKBP

n UV light
—_—
inactive split TEVp

luminescence

12000
10000
8000
6000
4000
2000

Rap

1 I |
| m-UV
m + UV
+ - -

Page 43
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a) The structure of 4 is shown with the caging group highlighted in red. b,c) The caged
rapamycin dimer 4 was applied to a split TEV protease system consisting of FRB-TEVp (N-
terminus) and FKBP-TEVp (C-terminus) to demonstrate optical control. In the presence of
4, no protease activity is detected. However, after UV irradiation and dimerization of split
TEV, a luciferase reporter is proteolytically cleaved and luminescence is generated. Adapted
with permission from Ref. [12]. Copyright 2015 Royal Society of Chemistry.
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Figure4.
a) The structure of 5 is shown with the photolabile group highlighted in red, the

trimethoprim group that interacts with DHFR is shown in blue, and the alkyl chloride is
shown in green. b) Compound 5 enters cells and covalently labels HaloTag protein fusions.
The removal of the caging group with UV light allows dimerization with the DHFR protein
fusion. c) Recruitment of mCherry to centromere-localized GFP following 387 nm light
exposure. Adapted with permission from Ref. [13a]. Copyright 2014 Nature Publishing
Group.
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Figure5.
a) The structure of 6 is shown with the SNAP-tag reactive region in blue, the caging group in

red, and the HaloTag ligand in green. b) Upon addition of 6 to cells, the SNAP-tag and
HaloTag moieties react with their respective protein binding partners, thus dimerizing the
two proteins. Upon UV irradiation, the linker is cleaved to generate free proteins again. c)
Hela cells co-expressing NLS-CFP-SNAP and Halo-RFP-giantin show nuclear and
mitochondrial localized CFP and RFP, respectively in the absence of 6 (row 1). Following
addition of 6, the SNAP-tag and HaloTag ligands react with their protein partners to form a
covalent complex, which results in export of NLS-CFP-SNAP from the nucleus to the Golgi
(row 2). Upon UV irradiation, nuclear localization of NLS-CFP-SNAP is obtained again
(row 3). Adapted with permission from Ref. [15]. Copyright 2014 Wiley-VCH.
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a) Isosteres of azobenzene (“azosteres™), for example stilbenes and arylamides, are common
structural motifs found in existing pharmaceutical compounds. b) An example of
azologization is shown wherein an arylamide is replaced with an azobenzene. c)
Replacement of the morpholine ring in ciprofloxacin with an azobenzene functionality
demonstrates an “azoextension approach.
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a) The structures of 7 and 8 are shown with the pharmacophore indicated in blue (left).
Replacement of the stilbene moiety in combrestatin A-4 with an azobenzene group produces
¢is-9 which can be reversibly converted into #rans-9. b) MDA-MB-231 cells treated with 9
(1.5 uM) and maintained in the dark (predominantly containing the thermodynamically more
stable transisomer) exhibit no microtubule inhibition as seen from the tubulin (green) and
DNA (blue) staining. However, upon irradiation and formation of the c/sisomer,
microtubule inhibition is observed. Adapted with permission from Ref. [30]. Copyright 2015

Elsevier Inc.
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Figure8.
a) The structures of 10, frans-11, and c¢is-11 are shown. b) Hela cells were transfected with

C1-GFP, then treated with frans-11. Treatment with frans-11 does not induce membrane
recruitment; however, following UV-induced conversion to ¢/s-11, C1-GFP rapidly localizes
to the membrane. Adapted with permission from Ref. [34]. Copyright 2016 Nature
Publishing Group.
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Figure9.
The caged lysophosphatidic acid 12 was used in A375M cells to demonstrate optotaxis

through cell movement toward an LPA gradient established by repetitive, localized decaging.
Adapted with permission from Ref. [38]. Copyright 2016 Elsevier Inc.
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Figure 10.
a) The structures of 13-16 are shown, with caging groups indicated in red. b) Plates

containing both caged antibiotics in the dark allowed growth of both strains. Plates subjected
to visible and 312 nm light show no bacterial growth, whereas individual strains were able to
grow in the presence of only one light exposure. Adapted with permission from Ref. [41].
Copyright 2014 American Chemical Society.
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Figure11.
a) The monoclonal antibody (mAb) panitumumab is shown in blue with the photocleavable

cyanine linker in red conjugated to 8 in green. b) The decaging mechanism of the cyanine
dye is shown in an abbreviated form. c) Mice were implanted with A431 cells on both sides
of the dorsal region. They were then injected with panitumumab-8, which localized to the
developed tumors. The top tumor was irradiated with 690 nm light, while the bottom one
was shielded from light. Only the tumor treated with light showed a decrease in
fluorescence, which is indicative of the release of 8. The bar graph indicates that tumors
maintained in the dark show minimal change in fluorescence (black bars), while the
irradiated sample shows a light-dependent decrease in fluorescence (red bars). Adapted with
permission from Ref. [50]. Copyright 2015 Wiley-VCH.
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Figure 12.

a) The structure of 17 is shown with the SNAP-tag ligand highlighted in blue and the caging
group in red. b) U20S cells expressing cytoplasmic SNAP-MEK1 were fixed and treated
with 17. UV irradiation leads to photoactivation of 17. ¢) The structure of 18 is shown with
the HaloTag ligand in green and the photoactivatable azide in red. d) Fixed BS-C-1 cells
expressing HaloTag-a-tubulin, were treated with 18 and then subjected to diffraction-limited
imaging (left) or super-resolution imaging (right). Fluorophore activation occurred under
ambient light. Adapted with permission from Ref. [54] (Copyright 2011 American Chemical
Society) and Ref. [55] (Copyright 2010 American Chemical Society).
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Figure 13.
a) The structure of the light-triggered chelator 19 is shown. b) Myocytes containing a

fluorescent reporter for calcium were treated with 19 and then irradiated with 810 nm light
at the point indicated in red, which propagated a wave of calcium in both directions from the
spot of illumination. ¢) A similar experiment was conducted as in (b); however, a 405 nm
light source was used. Adapted with permission from Ref. [59]. Copyright 2016 American
Chemical Society.
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a) Structure of photocaged lysine 20 with the caging group shown in red. b) Caging of a
conserved lysine in the MEK1 active site blocks ATP binding and renders it inactive. ¢)
Nuclear translocation of EGFP-ERK2 following phosphorylation after photoactivation of
caged MEK1 depicted as normalized An/c) (ratio of nuclear to cytoplasmic EGFP
fluorescence signal) as a function of time after photoactivation. The gray line represents
normalized An/c) observed when cells are induced with EGF. d) Schematic representation
of the sub-network and phosphorylation/dephosphorylation of ERK downstream of MEK.
Adapted with permission from Ref. [73]. Copyright 2011 American Chemical Society.
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a) Photoactivation of caged Cas9 (K866—20 mutant) affords optochemical control of gene

editing. Site-specific incorporation of a nitrobenzyl caging group at the critical lysine
residue K866 renders Cas9 inactive until the caging group is removed by illumination,
which generates wild-type Cas9 and rescues gene-editing functions, such as non-

homologous end-joining (NHEJ) or homology-directed repair (HR). b) Activation of EGFP

expression in a dual-reporter assay by Cas9 following irradiation, showed gene-editing

levels similar to wild-type Cas9. c) Spatial control of Cas9 gene editing through patterned
illumination through a mask. Adapted with permission from Ref. [81]. Copyright 2015

American Chemical Society.
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a) Scheme depicting inactivation of VEGFR2 with a ruthenium-conjugated, bound peptoid.
Binding of the peptoid to VEGFR2 followed by illumination results in localized generation
of singlet-oxygen (10,) species and inactivation of VEGFR2. b) Dose-dependent inhibition
of VEGF-induced autophosphorylation of VEGFR2 following irradiation for 10 min.
Adapted with permission from Ref. [95]. Copyright 2010 Nature Publishing Group.
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a) Structures of genetically incorporated photoswitchable azobenzene amino acids. b)
Genetic encoding of 23 enables bridge formation through proximity-induced reaction with a
nearby cysteine residue. lllumination with green or blue light allows photoswitching
between the cis/trans isomers and leads to significant conformational changes in the protein

structure.
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Figure 18.
a) Reversible optical control of the zebrafish larvae fast escape response. b) Structure of a

PORTL comprised of a glutamate ligand (green) connected to an azobenzene (red), a
flexible PEG linker (blue), and a benzylguanine (orange). ¢) Scheme depicting the
mechanism of PORTL-mediated reversible photocontrol of a SNAP-mGIuR2 receptor using
two different wavelengths of light. The ligand binding domain (LBD) binds to glutamate. d)
Dual optical control of mGIuR2 and LiGIuR in HEK239T cells enables independent
activation of receptors, as demonstrated by a whole-cell patch-clamp electrophysiology
assay. Adapted with permission from Ref. [118] (Copyright 2015 American Chemical
Society) and Ref. [117] (Copyright 2007 Elsevier Inc).
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a) General scheme of photo-BOLT for reversible toggling of protein activity using light.
Following incubation of target proteins with tetrazine-modified ligand, protein activity is
inhibited. Due to the presence of a photoswitchable linker, illumination at 360 nm induces
photoisomerization (ci/s state) and rescues protein activity. Additional illumination at 440 nm
or thermal relaxation results in reversion back to the original state (#rans state). b) Graphical
representation of the sequential illuminations conducted in (c). ¢) HEK293T cells expressing
wild-type MEK1 (E’-1") or mutant MEK1 (E-I) were incubated with the tetrazine-modified
inhibitor to achieve state E (inactive MEKZY). lllumination at 360 nm results in state F
(active MEKZ1). Subsequent illumination at 440 nm achieves state G (inactive MEK1).
Further illumination (360 nm) achieves state H (active MEK1). Finally, incubation for 3 h
without illumination induces thermal relaxation to state | (inactive MEKZ1). d) Structures of
the strained alkyne-modified UAA 24 and the azobenzene-tetrazine-modified MEK1
inhibitor 25. Adapted with permission from Ref. [120]. Copyright 2015 Nature Publishing

Group.
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a) Schematic representation of the kinase activity profiling technique using a photoactivated
peptide biosensor and single-cell capillary electrophoresis. b) The native substrate is
modified with a nitrobenzyl caging group to generate the photocaged substrate 26, which
upon illumination is decaged to 27 and subsequently phosphorylated to 28 by Akt. c) Single-
cell Akt activity measured by CE, with the peaks 26-28 corresponding to structures 26-28.
STND =standard solution of peptides, Basal =serum starved PANC-1 cells, TNF-a=cells
stimulated with TNF-a. Proteolytic products of 26 are labeled as i-viii. Adapted with
permission from Ref. [124]. Copyright 2016 Wiley-VCH.
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Approaches to the regulation of oligonucleotide hybridization using light-cleavable groups.
a) An oligonucleotide sequence containing a photocleavable linker is able to bind its target
sequence, inhibiting activity, until light-induced cleavage. b) Hairpin formation of a short
inhibitory strand mediated by a photocleavable linker blocks oligonucleotide function until
irradiation. ¢) Formation of a cyclic oligonucleotide via a photocleavable linker inhibits
function due to induced curvature until light exposure. d) Caged nucleobases inhibit
oligonucleotide function until photo-deprotection. e) Deprotection of caged nucleobases
results in hairpin formation, which inhibits oligonucleotide activity. Adapted with
permission from Ref. [1f]. Copyright 2013 American Chemical Society.
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Figure 22.
a) Structures of vitamin E (purple) and the photocleavable linker (red). b) siRNA duplexes

targeting GFP were modified at the 5 terminus on the sense (blue) strand with a
photocleavable linker and a vitamin E moiety. This modification blocks loading into RISC
until irradiation with UV light. ¢) Spatial control was demonstrated in HEK293T cells using
an EGFP reporter. Adapted with permission from Ref. [156]. Copyright 2016 Wiley-VCH.
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Figure 23.
a) Sequential activation of cMOs targeting the genes /1 (purple) or spt (blue). Structures of

the NB (red) and DEACM (orange) caging groups are shown. b) Representative images of
myod1 expression patterns from control (wildtype), f/7knockdown (aberrant expression),
and spt knockdown (no expression) phenotypes after irradiation. c) Quantification of
phenotypes is shown for embryos injected with the cMOs and irradiation conditions denoted
in the graphs. Adapted with permission from Ref. [48]. Copyright 2014 Wiley-VCH.
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Figure 24.
a) Control of both Watson—Crick base pairing and Hoogsteen base pairing through

photolysis of nucleobase-caged thymidines. b) Optical activation of a triplex-forming
oligonucleotide (TFO; yellow) through nucleobase decaging and resulting DNA triplex
formation through Hoogsteen base pairing. The TFO blocks binding of the transcription
factor (brown) to the promoter region (blue/green), thereby inhibiting gene expression.
Photoactivation of the caged TFO led to reduction in luminescence similar to a non-caged
TFO. c¢) Optical activation of a DNA decoy through light-induced dumbbell formation,
leading to sequestration of the transcription factor targeting the decoy promoter region and
inhibition of gene expression. UV irradiation of the caged DNA decoy led to a decrease in
luciferase activity similar to that of a non-caged decoy. Adapted with permission from Ref.
[150c] (Copyright 2012 American Chemical Society) and Ref. [150d] (Copyright 2011
American Chemical Society).
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Figure 25.

a) Optical control of transcription using a caged promoter. EGFP is only expressed following

removal of the nitrobenzyl caging group (red) upon irradiation with UV light. Three caged

thymidine residues (underlined) were incorporated into the TATA box sequence (blue) of the
CMV promoter. b) Optical activation of EGFP expression in zebrafish embryos. Following
injection of the caged plasmid at the one-cell stage, embryos were either irradiated with 365
nm light or left in the dark. EGFP fluorescence and brightfield (BF)-merge micrographs are

shown. Adapted with permission from Ref. [176]. Copyright 2014 American Chemical
Society.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 March 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ankenbruck et al.

Page 66

O'IN' e
>u- (79 AL
2 NNN) e 0"
prey . 1 4
HNJ\N i

7N

a)

2

mRNA ‘G’ \

b) DIC EGFP RNA sequencing

mRNA

4—T—O’(. uv
i, =\
AN

no UV

G T GA G

uv .

Figure 26.
a) Light-activated site-directed RNA editing. Irradiation with UV light removes the

photolabile group (red), exposing the benzylguanine moiety (purple) for conjugation to the
SNAP-ADAR1 protein. Once the RNA—protein conjugate forms, site-specific editing is
performed. b) The RNA—-protein conjugate activates EGFP fluorescence in worms only after
UV irradiation. RNA sequencing indicated an increase in editing yield from 10% to 60%
after irradiation as shown in the chromatogram. Adapted with permission from Ref. [178].
Copyright 2015 American Chemical Society.
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a) Structure of the photocaged backbone for optical control of gRNA function and gene
editing. b) Caged complementary ssDNA protectors hybridize to the gRNA to prevent
binding to the DNA target. Following UV irradiation, the photolabile groups are removed
from the protector, which allows subsequent Cas9 cleavage. ¢) Percentage of non-cleaved
DNA targeted in vitro by a corresponding gRNA. Irradiation with UV light results in
simultaneous Cas9-mediated DNA cleavage. Adapted with permission from Ref. [85].

Copyright 2016 Wiley-VCH.
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Figure 28.

a) Schematic showing optical control of the TIVA-tag for single-cell transcriptome analysis.
b) Decaging of the TIVVA-tag in single cells in live hippocampal slices from mice. Neuron ii
was irradiated, leading to activation of the TIVVA-tag in a single cell but not in adjacent cells.
The fluorescence signal of Cy5 at 647—-704 nm generated from exciting Cy3 at 514 nm was
recorded in the two neurons outlined by dotted white lines and labeled “i” and “ii”. Adapted

with permission from Ref. [203]. Copyright 2014 Nature Publishing Group.
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Figure 29.

a) Structures of caging groups used for two-photon-triggered decaging of DNA. DEACM
(yellow box) and ANBP (red box) were incorporated into DNA1 and DNAZ2, respectively. b)
Caging groups prevent DNA duplex formation until irradiation and subsequent toehold-
mediated displacement of a quencher-modified strand. ¢) Schematic of decaging strategies
and their expected DNA duplex outcomes for the demonstration of spatial control. d) Images
of the irradiated area of the hydrogel after decaging. The ATTO 565 channel is shown in
blue and the ATTO Rho14 channel in pink. Selective activation of either DNAL or DNA2
results in the images on the left and center, respectively. The picture on the right is an
overlay of the other two images. Adapted with permission from Ref. [205]. Copyright 2016
Wiley-VCH.
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Figure 30.

a) Structures of the 2-phenylazo caps 29, 30, and 31 are shown with the nucleobase in blue
and the photoswitchable groups in red. In the frans form, the 2-phenylazo caps inhibit
binding of elF4E and translation; however, upon photoisomerization (370 nm) to the cis
form, elFAE can bind and initiate protein expression. b) mRNAs capped with 31 were
injected into zebrafish embryos at the one-cell stage and irradiated at the 8-cell and shield
stages with 370 nm or 430 nm light, respectively. After photoswitching, development of a
second midline with head structures was observed. Adapted with permission from Ref.
[213]. Copyright 2017 American Chemical Society.
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Figure 31.
a) The vitamin B12 core structure with the photocleavable group as R! and the antenna/

fluorophore as R2. b) The dialkoxyanthracene reacts with singlet oxygen to form an
endoperoxide intermediate that rapidly fragments into an anthraquinone, thereby releasing
R3 and R* as alcohols. Adapted with permission from Ref. [218] (Copyright 2015 American
Chemical Society) and Ref. [222] (Copyright 2011 American Chemical Society).
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Figure 32.
Structures of the caging groups 32 and 33. Examples of caged molecules include cyclic-

AMP (R1) and y-aminobutyric acid (R?).
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