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Photochemical control of biological processes
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Photochemical regulation of biological processes offers a high level of control to study intracellular
mechanisms with unprecedented spatial and temporal resolution. This report summarizes the advances
made in recent years, focusing predominantly on the in vivo regulation of gene function using
irradiation with UV light. The majority of the described applications entail the utilization of
photocaging groups installed either on a small molecule modulator of biomolecular function or directly
on a biological macromolecule itself.

Introduction

In order to elucidate biological processes on a molecular level,
precise external control over these processes is required.1–4 Light
represents an ideal external control element as it possesses several
advantages over traditional modulators of gene function. Most
importantly, light irradiation can be easily controlled in a spatial
and a temporal fashion, conveying spatiotemporal control of
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biological activity to the system under study. Light irradiation
is a non-invasive technique that results in minimal secondary
perturbation of cellular processes, and the potential to regulate
its amplitude enables the ability to tune the desired biological
effect. Hence, the photochemical regulation of gene function is a
rapidly advancing research field in the functional genomics area.

Several reviews regarding the photochemical activation of small
molecules and biological macromolecules exist;5–11 however, this
Emerging Area report focuses predominantly on in vivo appli-
cations of light activatable molecules, with particular attention
paid to the light-activation of gene function. It provides a non-
comprehensive overview of recent developments in the application
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of light towards controlling the activity of genes and proteins in a
cellular environment.

Light activation of molecules: photocaging

Light-induced activation of biological processes is most commonly
achieved through the initial deactivation of a particular molecule
through installation of a photoprotecting group at a critical
position. This renders the molecule inactive, in a practice known as
“caging”.6 The photoprotecting group is removed upon irradiation
with UV light, thus restoring the biological activity, in a practice
known as “decaging” (Scheme 1). Several very effective caging
groups are known, including derivatives of the 2-nitrobenzyl group
1 and the coumarin moiety 2. Nitrobenzyl groups 1 are by far
the most common caging groups due to their facile synthesis
and easy installation on the molecule under study. They are
typically decorated with electron donating groups (e.g. OCH3) to
shift the absorption maximum to a longer wavelength, allowing
efficient decaging with non-photodamaging UV light of 365 nm
(Scheme 1).

Scheme 1 General decaging reaction and caging groups mentioned in this
report. Substituents on 1 include: R1 = H, R2 = H: o-nitrobenzyl (ONB);
R1 = OCH3, R2 = H: 4,5-dimethoxy-2-nitrobenzyl (DMNB); R1 =
OCH3, R2 = CH3; (4,5-dimethoxy-2-nitrophenyl)ethyl (DMNPE). 2:
6-bromo-7-hydroxycoumarin-4-ylmethyl (BHC).

Caged small-molecule modulators of gene function

Many mechanisms of gene regulation in vivo rely on small
molecule inducers of gene expression. Due to their facile chemical
manipulation, these organic ligands have become prime targets
for the photochemical regulation of genes. In many of these
cases, gene transcription is initiated or inhibited by a small
molecule–protein interaction. Most commonly the small molecule
binds to a protein, the activator, which subsequently binds to a
promoter sequence on the DNA, thus turning on gene expression
(Scheme 2). Examples of small molecule modulators of gene
expression include doxycycline/tetracycline, lactose, b-estradiol,
and ecdysone.1–4 Several of these molecules have been caged to
achieve photoregulation of expression systems.

The first example of employing a caged small molecule in an
inducible gene control system was based on the estrogen receptor,
and was reported by the Koh group.12 The estrogen receptor (ER)
is a nuclear hormone receptor that acts as a ligand-dependent
transcriptional activator in eukaryotes. Upon binding of estradiol
(4, Fig. 1), the ER undergoes a conformational change that leads to
release from a binding protein. It then binds to a specific eukaryotic
promoter, the estrogen response element, activating transcription
(Scheme 2). Koh et al. synthesized the 3-OH photocaged estradiol

Scheme 2 General mechanism of many small molecule inducers of
gene activation. Corresponding activator–promoter pairs discussed in
this report are the estrogen receptor–estrogen response element and
the reverse tetracycline-controlled transactivator–tetracycline responsive
promoter element (Tet-ON system).

5 and exposed HEK293 cells harboring a luciferase reporter
system under control of the ER to this compound. Cells irradiated
with UV light showed 86% of maximum luciferase activity,
in contrast to non-irradiated cells which only showed minimal
background activity.

Fig. 1 Photocaged ecdysone 3 and estradiol 4–6.

Subsequently, Lawrence et al. achieved photochemical control
of an ecdysone-inducible gene expression system employing the
same strategy.13 Caging of ecdysone was accomplished on the
most reactive 2-hydroxy position, leading to 3. A luciferase
reporter under control of the ecdysone inducible system was
transfected into mammalian cells, and probed for luciferase
expression with and without light irradiation. This was achieved
in a spatial fashion via spot irradiation with a 100 W Hg lamp
through a light microscope. Luciferase expression was detected at
approximately 60% of the level induced by the natural molecule,
and spatial control was achieved in tissue culture. Advantages of
both systems include low basal expression and high inducibility
upon light irradiation. Moreover, the ecdysteroids are exogenous
to mammalian systems and appear to have no toxic effects.

A problem associated with both systems is the limited duration
of transcriptional activation through diffusion of estradiol and
ecdysone out of the cell. Recently, Koh et al. solved this problem
by creating a permanent light-induced switching event through
covalent bond formation between the activated ligand and the
estrogen receptor (Fig. 2).14 Here, they employed a tamoxifen
selective mutant of the ligand binding domain of the ER fused to
Cre recombinase. In combination with the photocaged tamoxifen
aziridine 7, which is decaged to 8 and then reacts with a cysteine
residue in the binding pocket of the ER, recombination at a level
of 26% of maximal activity (b-galactosidase reporter gene) was
observed after 3 UV irradiations at 24 h intervals. Although the low
level of gene activity, the necessity for multiple irradiations, and
the potential diffusion of decaged 8 into neighboring cells prevents
this from being a system with broad applicability, it represents a
step further towards a general light-induced gene activation.
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Fig. 2 Caged tamoxifen aziridine 7 for irreversible estrogen receptor
activation. After decaging to 8, a cysteine in the binding pocket of the
receptor undergoes covalent bond formation.

As an application to showcase the utility of photocaged nuclear
hormones in a model organism, Hayashi and co-workers recently
synthesized the estradiol 6, which is caged on the 17-OH group,
and employed it towards gene regulation in transgenic Arabidopsis
plants.15 An estrogen receptor based transactivator system was
employed to strongly express green fluorescent protein (GFP)
in the presence of the small molecule activator. As a means of
comparison the caged estradiol 5 was also employed, and in both
cases GFP expression was regulated via irradiation with light;
surprisingly, only compound 6 was capable of providing discrete
spatial resolution (Fig. 3). The researchers employed a similar
tactic to regulate a gene responsible for the development of the
lateral root and root hairs. While limited by small molecule delivery
and diffusion, the ability to use light to control developmental
processes within complex organisms was demonstrated.

Fig. 3 Spatial control over GFP expression in Arabidopsis roots using 6.
(a) No light irradiation; (b) whole root irradiation; (c) spot irradiation.
Reprinted from ref. 15, Copyright 2006, with permission from Elsevier.

The Tet system is a commonly employed conditional gene
control system in eukaryotic cells and is functional in a wide
range of model organisms.3,4,16 Cambridge and co-workers recently
developed a caged doxycycline molecule 9 (through the reaction
of doxycycline with the commercially available diazo DMNPE
14 in 16% yield), which was used to regulate GFP expression
under control of the Tet-ON system in cell culture (Fig. 4).17 In
the absence of light the doxycycline remained inactive, resulting
in no GFP expression. However, after a brief irradiation, the
caging group was removed, leading to the production of the
transgenic GFP in cell culture. To demonstrate the ability to
achieve spatial control in a higher organism, the system was
employed in the regulation of b-glucuronidase (GUS) in transgenic
tobacco leaves.17 The GUS transgene was under the control of
a Tet-ON regulated CMV (cytomegalovirus) promoter. After
incubation of the plant tissue with the caged doxycycline, followed
by partial irradiation, areas exposed to UV light expressed the
GUS protein and thus displayed a blue pigmentation (Fig. 4).

Fig. 4 Caged doxycycline 9 and its application in spatial control of gene
expression in plant tissue using the Tet-ON system. Reprinted from ref.
17, Copyright 2006, with permission from Wiley-VCH.

While successful, the Tet-ON system does suffer intrinsically from
a delayed induction, with maximal protein levels being detected
after 12–14 h, and potential diffusion problems of decaged
doxycycline. Nevertheless, this example displays photo-triggering
of a significant gene expression system and demonstrates the
feasibility of obtaining spatiotemporal control within cells and
tissues.

Recently, Dore and co-workers employed light-activation of
a small molecule towards the opposite aim: the inhibition of
protein expression.18 Although the caging of inhibitors of bio-
logical processes is not new,9,19,20 inhibitory regulation in a spatial
fashion was reported for the first time. The ribosome inhibitor
anisomycin (11) was caged by installing a BHC caging group
(Scheme 1) on the pyrrolidine ring via a carbamate linker (10).
This caging group was superior to other, more commonly used
caging groups (DMNB and p-nitrobenzyl), since it has a 10-fold
greater quantum efficiency and a large absorption cross-section,
making it amenable to two-photon decaging at 740 nm. Complete
decaging of 10 was observed after a brief 2 s irradiation at 365 nm
(Scheme 3). Its potential to control protein expression in vivo was
successfully demonstrated in cell culture using GFP as a reporter
gene. Irradiation of a subset of cells on a plate showcased the
spatial control of the developed methodology; only irradiated
cells exhibited decreased fluorescence, whereas surrounding non-
irradiated cells showed constant or increased fluorescence. Future
experiments will reveal if this approach is amenable to the study
of biological processes within a multi-cellular model organism.
It is surprising that no two-photon excitation21 studies have been
reported, since the BHC group is an excellent caging group for
this purpose.

Scheme 3 Light-activation of protein synthesis inhibitor 11 through
decaging of 10.

In addition to the photochemical regulation of gene function,
several reports describe the caging of low-molecular weight regu-
lators of other biological processes, including Ca2+,22 phosphatidic
acid,23 and nitric oxide.24

While most work towards photochemical gene regulation using
caged small molecules involves their interaction with proteins,
Deiters and Young recently achieved the photochemical regulation
of ribozyme activity using caged theophylline as an exogenous
allosteric regulator.25 This light-activated hammerhead ribozyme
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has the potential to be employed as a novel photochemical gene
regulation tool.26

Caged biological macromolecules

A more direct means of obtaining control over biological systems
is via the installation of caging groups directly on the active
biomacromolecule.6,7,9,27 Gene regulation can occur on the DNA,
RNA and protein level, and all of these macromolecules have been
investigated for photoregulation.

Proteins have traditionally been caged in a non-specific fashion
(mostly on lysine residues) through isolation, installation of a
reactive caging group in vitro, and subsequent purification. This
approach affords little control over photochemical regulation
as multiple caging groups are installed, and caging of essential
residues is not guaranteed. Additionally, this is limited to acces-
sible amino acid residues, and often to only those exposed at the
surface of the protein. An alternative approach is the chemical
synthesis of caged peptides and proteins and their subsequent
introduction into the biological system.28–30 The stepwise synthesis
of proteins limits both their size and their quantity. These prob-
lems have been addressed through the native chemical ligation31

allowing for the semi-synthesis of caged proteins.32

An alternative approach involves site-specific caging using
unnatural amino acid mutagenesis with chemically synthesized
misacylated tRNAs, as developed by Schultz and co-workers.33

Although, this technology provides site-specific incorporation
of caged amino acids into proteins and has been demonstrated
to regulate the activity of ion channels in Xenopus oocytes by
the groups of Dougherty and Lester,34 a limiting factor is the
laborious chemical synthesis of the misacylated tRNA. Recently,
the Schultz group modified the translational machinery of yeast
and bacterial cells by introducing a completely orthogonal tRNA–
tRNA synthetase pair.35 Two tRNA synthetases were engineered
to only accept a caged tyrosine36 12 and a caged cysteine37 13
as the substrate (Fig. 5), and to charge the corresponding tRNA
with these amino acids. This tRNA then allows for site-specific
in vivo incorporation of the caged amino acid into proteins by
the ribosome, in response to the amber stop codon, TAG. The
in vivo incorporation of 12 was employed in the caging of a b-
galactosidase reporter gene at the essential residue Tyr503. Cells
incorporating the caged tyrosine displayed greatly reduced b-
galactosidase activity, which was subsequently restored through
UV irradiation at 365 nm (67% of wild-type activity, as demon-
strated by a Miller assay). This technology removes limitations
associated with the previous misacylation approach and enables
the production of substantial quantities of site-specifically caged
proteins in vivo. However, it is currently limited to tyrosine and
cysteine amino acids and the employed ONB caging group is not
optimal for irradiation with non-photodamaging UV light.

Fig. 5 Caged tyrosine 12 and caged cysteine 13.

While proteins have been the traditional targets to achieve
photoregulation of biological processes, more recently nucleic acid

photocaging has been explored. Oligonucleotides have been found
to be regulators of the expression of genetic information via a
multitude of means, including siRNA, ribozymes, antisense, and
aptamers.38 The majority of nucleic acid photocontrol involves the
statistical caging of the phosphorus backbone of both DNA and
RNA.

Friedman and co-workers demonstrated the caging of a siRNA
molecule targeting the GFP gene.39 They conducted a non-specific
caging of double stranded RNA using the diazo caging group 14
(Scheme 4). This reactive intermediate is readily generated from
a commercially available kit (Invitrogen/Molecular Probes), and
can be used to photoprotect a wide range of weak acids with a
pKa of 3–7, including carboxylic acids, phenols, and phosphates
(Scheme 4).11 They determined a caging efficiency of 3% with
approximately 1.4 caging groups per RNA molecule. A significant
difference in GFP expression was observed between the caged and
irradiated siRNAs in mammalian cell culture; however, some GFP
down-regulation was still observed with the caged siRNA. This
was resolved by increasing the caging efficiency to 15%, but
resulted in decreased photoinduced activation, potentially due
to the lack of removal of all caging groups. Future work will
reveal if this approach is amenable to the spatial control of RNA
interference.

Scheme 4 (a) Diazo derivatives of caging groups 14 and 15, and (b) their
application in the non-specific caging of RNA.

The groups of Okamoto and Tsien recently reported light-
activated gene expression in zebrafish embryos by employing
chemically modified, caged mRNA.40,41 Specifically, in vitro gener-
ated mRNA encoding GFP or b-galactosidase reporter genes was
treated with diazo-modified hydroxycoumarin 15, resulting in the
formation of caged mRNA (Scheme 4). This RNA was injected
into the cytoplasm of one-cell-stage zebrafish embryos which were
subsequently incubated at 28 ◦C in the dark. After irradiation with
UV light, two-thirds of the embryos showed expression of GFP,
whereas non-irradiated zebrafish displayed little to no fluorescence
(Fig. 6). Quantification of b-galactosidase activity indicated a
4.5-fold increased expression level after irradiation. Moreover,
spatially restricted activation of caged mRNA was achieved
by using a microscope equipped with a special illumination
system. Although an interesting approach, the level of activation
achieved is modest and the necessity to transcribe mRNA in vitro,
followed by caging with varying efficiency, hampers a widespread
application of this technology.

Light regulation can also be accomplished by specific in-
stallation of a caging group on a nucleotide base followed by
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Fig. 6 Photochemical regulation of gene function in zebrafish through
injection of caged mRNA. (a) wtGFP mRNA; (b) caged GFP mRNA;
(c) caged GFP mRNA, followed by irradiation with UV light (365 nm,
10 s). Reprinted by permission from Macmillan Publishers Ltd from ref.
40, copyright 2001.

chemical synthesis of the nucleic acid oligomer. This principle
was demonstrated in the caging of a DNAzyme,33 and the caging
of a DNA aptamer.42,43 Although photoactivation assays were
only conducted in vitro, both approaches have conceivable in vivo
applications.38,44

Photocleavable biological macromolecules

Dougherty and co-workers demonstrated the photolytic cleavage
of 2-nitrophenylglycine (Npg) incorporated into proteins in vivo
(Scheme 5).45 Specifically, this approach was employed to probe
the structure–function relationships of ion channel domains. The
Npg residue was site-specifically incorporated into intracellular,
extracellular, and transmembrane positions of both a potassium
ion channel and the nicotinic acetylcholine receptor by employing
the tRNA misacylation approach. In all cases protein cleavage
was observed after UV irradiation. While the cleavage efficiency
was only approximately 50%, these studies were still effective in
the assignment of vital structural motifs for ion channel function.
This methodology provides an alternative means to photocaging
when probing protein function with light; however, prolonged
irradiation times of 4 h might not be compatible with most
biological systems and prevent a high temporal resolution.

Scheme 5 Photochemical cleavage of a peptide/protein containing
2-nitrophenylglycine (Npg).

In vitro applications of the photochemical cleavage of a variety
of biological macromolecules, including DNA,46 proteins,47 and
peptides48,49 have been reported as well.

Photoswitchable biological macromolecules

Although the vast majority of light-regulated biological processes
involve the application of caging groups, the potential to photoreg-
ulate biological macromolecules through the incorporation of
photoswitchable small organic molecules has also been realized.50

Typically, this is achieved by incorporating a diazobenzene moiety,
whose configuration can be reversibly switched from trans to
cis through light irradiation (Scheme 6), into a polypeptide,51 a
protein,52 double-stranded DNA,53–55 or single-stranded RNA.56

Scheme 6 Configurational light-switching of a diazobenzene group at-
tached to a biological macromolecule, thus converting the macromolecule
from an inactive into an active form.

Recently, Loudwig and Bayley generated a protein pore which
was modified with a single diazobenzene residue.57 This was
achieved by introducing a single cysteine residue into one subunit
of the a-hemolysin heptamer, and subsequent bioconjugation of
a thiol-reactive diazobenzene molecule. The pore was assembled
within a lipid bilayer by combining this subunit with wild-type
subunits. The photochemical switching event could be detected
on the single molecule level by applying an electric potential
and measuring the current across the bilayer. Isacoff, Trauner,
and co-workers successfully applied the same approach in vivo
using GluR6, a glutamate responsive ion channel.58 Here, the
diazobenzene was not only covalently linked to a cysteine residue
which was engineered into the pore, but was also connected to
a glutamate allosteric activator. Photochemical switching to the
cis form allowed binding of the glutamate to the binding pocket
of GluR6, thus opening the ion channel and allowing the flow of
Na+, K+, and Ca2+. This was conducted in transfected HEK293
cells and the cation flow into the cell was measured by Ca2+ imaging
and whole-cell patch clamping. These experiments revealed that
the engineered channel does not open completely upon irradiation
with UV light of 380 nm, but it is fully closed when exposed to
500 nm light.

Engineering of cellular light receptors

A fundamentally different way to obtain regulation of gene
expression on a transcriptional level has been achieved via the
engineering of natural proteins which respond to light. This has
been recently demonstrated by the groups of Quail, Ellington, and
Voigt in the development of photoresponsive cells.59,60

Quail and co-workers reported a truly light-switchable cellular
system which is based on the classical yeast two-hybrid technology,
allowing the regulation of gene expression in eukaryotic cells.60

Here, a phytochrome chromophore domain (Phy) is fused to
the DNA binding domain of a GAL4 transcriptional activator.
Through absorption of a red photon, the phytochrome is converted
from its inactive form (Pr) into an active conformer (Pfr). This
active conformer Phy(Pfr) then undergoes a specific interaction
with a basic helix–loop–helix protein (PIF3), which itself is fused
to the activating domain of the GAL4 transcriptional activator.
Hence, irradiation with red light recruits the transcriptional
machinery towards expression of a reporter gene (lacZ or HIS3)
downstream of the GAL4 promoter sequence. Detectable increase
of the lacZ reporter was present five minutes after a 60 s irradiation
and reached a maximal 1000-fold increase after three hours.
Furthermore, photochemical control of the HIS3 reporter gene
conveyed growth to a histidine auxotroph strain on histidine
deficient media in the presence of light (Fig. 7). Upon irradiation
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Fig. 7 Yeast two-hybrid assay employing a HIS3 reporter gene on
selective media. Cell growth is only observed in case of irradiation with red
light for three days (a). No growth was observed in the dark (b). Reprinted
by permission from Macmillan Publishers Ltd from ref. 60, copyright 2002.

with light of a different wavelength (far-red), it was possible to
turn off gene expression instantly.

In a related approach, Ellington et al. created photoresponsive
bacteria by fusing a membrane bound cyanobacterial photore-
ceptor (PCB) to a histidine kinase domain (EnvZ).59 The kinase
domain is responsible for phosphorylation of a transcriptional
activator (OmpR), which then binds to a corresponding promoter
region (ompC promoter), thus effectively turning on gene expres-
sion (Scheme 7). In the absence of light the kinase domain is
active, promoting gene expression. However, upon light exposure
a conformational change inhibiting kinase activity is induced, thus
turning both phosphorylation of OmpR and gene expression off.

Scheme 7 Assembled multi-component system to achieve transduction
of a light irradiation event to the deactivation of a reporter gene.

This method was employed in bacterial lithography using
a b-galactosidase reporter system encoded by the lacZ gene,
demonstrating the feasibility of obtaining excellent spatial control
of gene expression using light (Fig. 8).

Fig. 8 Bacterial photographs using two different inverted image masks.
Reprinted by permission from Macmillan Publishers Ltd from ref. 59,
copyright 2005.

An intrinsic limitation of both systems is the need for the
complete exclusion of ambient light, which interferes with the
selective activation. Moreover, the phycocyanobilin cofactor is
not naturally produced in yeast and bacterial cells, and needs to
be added to the cell media. Ellington et al. elegantly solved this
problem through the addition of the phycocyanobilin biosynthetic
pathway to Escherichia coli.59

Conclusions

The photochemical regulation of biological processes can be
achieved via multiple methodologies. These initial studies demon-
strate the potential to successfully elucidate biological function
through the spatiotemporal regulation of both genes and proteins
with light. This photochemical regulation enables studies that are
not possible with traditional methodologies, and paves the way for
a bright future for this emerging field of research.

While in vivo applications of photoactivatable systems have
been demonstrated by a variety of research groups, significant
work must still be achieved to make photoregulation generally
applicable, especially for use in multicellular organisms. Virtually
all applications involve the regulation of simple reporter systems,
and further studies must strive to probe endogenous gene function
in a reliable fashion. Additionally, two-photon excitation has the
potential to provide a higher level of spatial resolution with mini-
mal photodamaging effects to the irradiated tissue. Finally, more
general, and perhaps switchable, techniques for photochemical
control of biological processes need to be developed.
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