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Abstract
Highly complex synthetic gene circuits have been engineered in living organisms to develop
systems with new biological properties. A precise trigger to activate or deactivate these complex
systems is desired in order to tightly control different parts of a synthetic or natural network. Light
represents an excellent tool to achieve this goal as it can be regulated in timing, location, intensity,
and wavelength, which allows for precise spatiotemporal control over genetic circuits. Recently,
light has been used as a trigger to control the biological function of small molecules,
oligonucleotides, and proteins involved as parts in gene circuits. Light activation has enabled the
construction of unique systems in living organisms such as band-pass filters and edge-detectors in
bacterial cells. Additionally, light also allows for the regulation of intermediate steps of complex
dynamic pathways in mammalian cells such as those involved in kinase networks. Herein we
describe recent advancements in the area of light-controlled synthetic networks.

Introduction
Gene expression is regulated by precisely orchestrated genetic networks that operate with a
high degree of spatiotemporal control. These genetic circuits represent building blocks for
synthetic biology, a discipline that strives to apply electrical engineering principles to the
design and understanding of biological processes and to create new biological systems with
useful properties [1-3].

In order to program synthetic gene circuits to perform their various functions, precise
external control over their activity needs to be achieved. Any input for an engineered system
under study must be accurate, precise, and tunable to ensure stable output generation. Light
serves as an excellent trigger to achieve precise control over synthetic systems (Figure 1A)
as it can be regulated in wavelength, timing, intensity, and location [4-6]. In this review, we
present select recent advances in the development of light-controlled synthetic gene
networks and their applications.

Photochemical regulation of gene circuits with caged small molecules
Small molecule inducible gene expression systems are a fundamental method of gene
regulation in pro- and eukaryotic organisms [7]. These gene switches are comprised of a
repressor protein that binds to a promoter region upstream of the gene of interest inhibiting
gene expression. Binding of a small molecule induces a conformational change and releases
the repressor from the DNA thereby inducing gene expression. These switches exhibit high
specificity for the small molecule and its cognate repressor protein, tight regulation between
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‘on’ and ‘off’ states, and low basal levels of gene expression [7]. Small molecule activated
gene switches have long been used in traditional molecular biology to control expression of
recombinant proteins. These features, as well as the ease of manipulation of small organic
molecules, make small molecule inducers targets for photochemical control of gene
networks. Light-inducible small molecule systems are often generated through the
installation of a light-cleavable photo-protecting (photocaging) group on the small molecule
inducer of gene expression, rendering the small molecule inactive until the caging group is
removed through irradiation (Figure 1B).

The first instance of using a photocaged small molecule inducer to control a genetic circuit
was the application of a photocaged estradiol for control of transcriptional activator activity
in eukaryotic cells [8]. This light-inducible system demonstrated the modular nature of small
molecule inducible systems, as the necessary components of transcriptional regulation can
be separated from their endogenous genes and recombined to create new synthetic circuits.
Since then, various other photocaged small molecules have been developed to created light-
activatable molecular switches including a caged ecdysone [9], a caged IPTG for use with
the lac operon [10], caged toyocamycin for ribozyme-mediated gene expression [11], caged
doxycycline for use with the Tet-on system [12], and caged rapamycin for light-mediated
FKBP/FRB dimerization [13-15].

Various photocaged analogues of doxycycline have been shown to control gene expression
in eukaryotic systems, including transgenic mice [16]. Recently, Koh et. al, reported a new
photocaged doxycycline, NvOC-Dox 1 (Figure 1C), to create photolithographic patterns of
gene expression in mammalian cells [17].

Discrete patterning was achieved in NIH 3T3 cells that grew into defined monolayers and
contained a tetracycline-inducible GFP reporter (HRSp-GFP). Photolithography experiments
were performed by treating cells harboring HRSp-GFP with 1, followed by irradiation with
UV light through a photomask applied to the bottom of a cell culture. Patterns of GFP
expression with clearly defined edges were obtained using masks of different shapes (Figure
1C). This system was also used to control cell adhesion of human embryonic kidney
(HEK293T) cells to a mouse fibroblast (NIH 3T3) cellular monolayer in a spatially directed
fashion. Light-inducible expression of ephrin A5, a membrane bound ligand that mediates
cell-cell interactions by interacting with EphA7 receptors, allowed for photochemical
control of cell attachment.

Photocontrolled synthetic gene networks have also been reported for prokaryotic systems.
The light-activated erythromycin 2 (Figure 1D) was recently developed for UV-inducible
gene expression and was used to create a light activated AND gate in bacterial cells [18]. A
gene cassette, which confers erythromycin resistance to E. coli, was used to construct a
synthetic erythromycin-inducible gene network that regulates expression of the reporter
gene EGFP. This synthetic gene cassette, when paired with the photocaged analogue of
erythromycin, functions as a light-activated logic gate where both inputs and the
corresponding output are specific wavelengths of light. The molecular AND gate performed
its logic operation in a spatially restricted fashion, as shown by localized EGFP expression
in a bacterial lawn (Figure 1D). Tunable and modular building blocks of synthetic biology,
such as this light-triggered AND gate in bacterial cells and light-triggered promoter systems
in mammalian cells, will allow for the construction of advanced photochemically controlled
gene networks.
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Photochemical regulation of gene circuits with caged oligonucleotides
Oligonucleotides are another module of gene regulatory tools whose function can be
precisely controlled with light. This has been explored previously in mammalian cells by
using photocaged antisense agents to control gene silencing [19-26]. By placing photocaging
groups on nucleotide bases, duplex formation between the antisense agent the target mRNA
can be controlled in a spatiotemporal fashion and either deactivation (Figure 2A) or
activation of gene function (Figure 2B). In addition to light-induced deactivation of gene
expression, this technology was further developed to achieve photochemical activation of
gene expression through control of antisense activity [27]. Caged oligonucleotides have also
been used to control gene expression at the transcriptional level. A photocaged DNA decoy
for the transcription factor NF-κB was used to regulate NF-κB activity with light [28].
Photocaging groups were installed to disrupt hairpin formation of the DNA decoy, and
prevent binding of the DNA decoy with NF-κB. After irradiation the DNA decoy is able to
form a hairpin and sequester NF-κB, which turns off gene transcription (Figure 2C).

Recent advances in building DNA circuits [29] that are able to perform complex
computational algorithms were combined with photochemical oligonucleotide activation in
the construction of a light-activated DNA logic gate [30]. This lays the foundation toward
using light as an interface between biological, DNA-based computation and electrical,
silicon-based circuitry.

Photochemical regulation of gene circuits with caged proteins
Proteins represent excellent targets for the engineering of light-activated cellular networks as
site-specific modification of active residues can be achieved through the in vivo
incorporation of photocaged amino acids. Re-engineering of the genetic code to develop
caged proteins has seen application in prokaryotes and eukaryotes as regulators of gene
circuits [31,32]. This was achieved through engineering of cells with an orthogonal
biosynthetic machinery comprised of evolved tRNA synthetases and their cognate tRNAs.
Various photocaged amino acids are accessible for incorporation, which in turn makes a
wide variety of protein gene-regulators accessible for modification. The light-regulation of
enzymatic function was achieved through incorporation of photocaged analogues of tyrosine
[33], cysteine [34], serine [35], and lysine [36].

The temporary blocking of an active site with a caging group was recently used in the
photochemical control of T7RNA polymerase activity and, therefore gene expression, in
bacterial and mammalian cells [37]. Transcription of EGFP (under control of a T7
promoter), was photochemically controlled by caging the essential tyrosine 639 in the active
site of T7RNAP. The caged polymerase was completely inactive; however, after a brief UV
exposure, bacterial cells harboring plasmids expressing photocaged T7RNAP and T7
promoter-driven EGFP showed fully activated gene function (Figure 3A). This enabled the
engineering of bacterial cells that respond to light exposure with the activation of a specific
gene circuit and allowed for spatial control of reporter gene expression (Figure 3B). Since
the T7 RNA polymerase and promoter system is orthogonal to endogenous gene circuits in
E. coli, this system can be used to regulate the activity of any gene of interest with UV light.

This system was also functional in mammalian cells as shown in the expression of a T7
promoter-driven firefly luciferase gene (Figure 3C). Co-transfection of a firefly luciferase
reporter plasmid with purified caged or wild-type T7RNAP into human embryonic kidney
(HEK293T) cells enabled photochemical activation of gene function. Photocaging of protein
residues involved in post-translational modifications has also been used to create a light-
responsive genetic circuit. Specifically, photocaged serine was applied to photochemically

Gardner and Deiters Page 3

Curr Opin Chem Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



control phosphorylation of the yeast transcription factor Pho4, which is involved in various
signaling pathways of phosphorylation responsive genes [35].

Photocaged unnatural amino acids have also allowed for the regulation of complex signaling
networks such as mammalian kinase pathways [36]. The complexity and adaptivity of kinase
signaling networks makes their investigation through traditional genetic approaches
difficult. Chin and co-workers site-specifically incorporated a photocaged lysine into the
active site of MEK1 to control the MAP kinase signaling pathway. The MAP kinase
network (Figure 3D) is activated through phosphorylation of MEK1, which in turn activates
ERK1 and ERK2, two kinases that translocate to the nucleus to phosphorylate transcription
factors and other targets. The photocaged MEK1 was used to induce translocation of EGFP-
tagged ERK2 after a brief UV irradiation (Figure 3E). When compared to stimulation with
epidermal growth factor, photoactivation of the pathway led to a quicker translocation of
ERK2. This revealed that factors acting upstream of MEK1 activation in the pathway are
responsible for a slower ERK2 translocation rate. Photocaging of MEK1 allowed for precise
control of a single node in the MAP kinase pathway.

Photochemical regulation of gene circuits with light-responsive protein
domains

Proteins that are naturally light responsive can be found in organisms involved in
photosynthesis or phototropism [38]. The particular protein domains responsible for the
photoactivity have been used to create synthetic systems that are triggered by light [39-41].

Ellington and co-workers applied the light-responsive protein Cph1 to the construction of a
synthetic edge detection program in E. coli [42]. This edge detector functions by
distinguishing between inputs of either light or dark (NOT light), and generating a diffusible
signal in response to “NOT light”. The diffusion of the signal from cells that sense dark to
neighboring cells that sense light creates the edge image by producing an output of black
pigment as a result of β-galactosidase expression. Genetically, the “NOT light” sensor is
comprised of a fusion of the photoreceptor domain of Cph1 (from a photosynthetic
cyanobacteria) and the kinase domain of EnvZ, termed Cph8 (Figure 4A). In the absence of
light, Cph8 is activated and promotes the transcription of an enzyme which synthesizes the
diffusable cell signal X (which activates LacZ expression) and the non-diffusable signal Y
(which dominantly represses LacZ expression). Cells in the dark therefore do not produce a
black pigment as Y represses LacZ. However, when cells are exposed to red light, Cph8
activity is blocked, X and Y are not expressed, and thus LacZ is not expressed. The cell
diffusion signal X produced by cells in the dark can reach neighboring cells. If the
neighboring cells are also in the dark, LacZ is not expressed due to Y production. However,
if those neighboring cells are exposed to light, and therefore at the light-dark boundary,
transcription of LacZ will be activated, turning on pigment production. Accordingly, only
cells that exist in light exposed areas and are juxtaposed to cells in the dark produce the
black pigment. Due to diffusion, the darkest black pigment is found in cells immediately at
the edge of light exposure and gradually decreases from there.

This chimeric Cph8 light sensor was subsequently applied in conjunction with another
photoresponsive kinase CcaS and its response regulator CcaR by Voigt and co-workers in
order to construct a synthetic gene circuit that can sense two different colors of light [43].
The CcaS/R system is a photoswitchable sensor. CcaS responds to green light (535 nm) to
phosphorylate CcaR and activate transcription, while red light (672 nm) leads to the
opposite response. Discrete patterns of gene expression in E. coli were achieved using the
green light inducible CcaS/R circuit and the red light inducible Cph8 circuit (Figure 4B).

Gardner and Deiters Page 4

Curr Opin Chem Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The PIF-PhyB interaction found in Arabidopsis thaliana is another light-controlled system
that can be reversibly activated upon exposure to different wavelengths of light. This
interaction has been applied to the development of synthetic systems to photochemically
control cell signaling [44,45]. Recently, the PIF-PhyB interaction was used to create a light-
based cellular network that uses a feedback loop to generate stable output signals [40]. As
protein expression levels differ between individual cells and the varying presence of
endogenous components can perturb a linear relationship between input signal and activity,
even a precisely controlled photochemical input signal can result in variability of
intracellular activity. Toettcher et al. designed a system based on PIF/PhyB that directly
responds to variances in output signal and uses this information to adjust the intensity of the
light input in order to maintain a desired correlation between input and output (Figure 4C).
A membrane bound PhyB recruits a PIF-signaling domain fusion in response to 650 nm
light and the process is reversed with 750 nm light. The signaling domain output, e.g.,
fluorescence of a reporter protein detected by cell imaging, is then computationally
recalculated to adjust the light intensity in response to the signal. This system was used to
produce a defined, constant activity of phosphoinositide 3-kinase in live cells.

The light-responsive LOV domain from Avena sativa has also been implemented in light
activated systems, including the construction of light-activated GTPases [39,46]. Moreover,
various opsin proteins have been used to elegantly engineer light-sensitive ion channels in
mammalian cells and model organisms [41,47].

Conclusion
Many advances in the construction of synthetic light-activated genetic and cell signaling
circuits have been made in recent years. These technologies provide an excellent source of
control over delicate biological networks while being minimally invasive. The development
of light-triggered gene networks involves the application of many biological parts
engineered to be light-responsive, such as small molecules, oligonucleotides, and proteins.
The technologies discussed here provide many general methods that can be applied to a
wide range of genetic systems, even highly complex and dynamic systems such as signal
transduction, while retaining precise temporal and spatial control over the engineered
networks.
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Highlights

➢ photochemical control of gene function

➢ photochemical control of cell signaling

➢ caged oligonucleotides and caged proteins

➢ light-responsive proteins domains
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Figure 1.
(A) Light enables precise spatial and temporal activation of genetic circuits, even the
activation of specific nodes in a natural or synthetic network. (B) Control over gene
expression with photocaged small molecule inducers of transcription. The photocaging
group is represented by a blue sphere and the small molecule inducer is represented by a red
sphere. When the small molecule is caged, the repressor protein will bind the promoter PR.
After UV irradiation the caging group is removed and the small molecule will bind the
repressor, which releases PR, and allows for transcription to occur. (C) NvOC-Dox (1) was
used to create photolithographic images onto an NIH 3T3 monolayer expressing GFP. (D)
Photocaged erythromycin (2) was used in the spatial control of a light activated logic gate;
cells treated with 2 where one half of the plate was exposed to UV light. Adapted with
permission from the American Chemical Society, © 2010, from [17] and the Royal Society
of Chemistry, © 2011, from [18].
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Figure 2.
(A) Photochemical activation of gene silencing using a caged antisense agent. Photocaging
groups (blue spheres) were placed on the antisense agent to prevent hybridization to its
target mRNA. UV irradiation induces decaging and gene silencing. (B) Photochemical
deactivation of an antisense agent. Hairpin formation of the antisense agent is disrupted
through nucleobase caging, allowing the antisense agent to bind its target mRNA and
downregulate translation. After UV irradiation, hairpin formation occurs rendering the
antisense agent inactive and activating gene expression. (C) Photochemical control of
transcription using a caged DNA decoy. The caged decoy is unable to form a hairpin and
does not bind the transcription factor NF-κB. After UV irradiation, the DNA decoy forms a
hairpin and is able to bind the transcription factor.
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Figure 3.
(A) Schematic representation of the photocaged T7RNAP system. The photocaging group is
represented by a blue sphere. NTPs are blocked from entering the active site of T7RNAP
when the enzyme is caged. After UV irradiation the caging group is removed, NTPs are free
to enter the active site and transcription is activated. (B) Photoactivation of EGFP
expression in E. coli through light-activation of a photocaged T7RNAP; EGFP expression is
restored after 10 minutes exposure to localized 365 nm irradiation. (C) Light-activation of
T7RNAP activity and gene expression in vivo. (D) Light-activated MAP kinase signaling
pathway. The photocaging group is represented by a blue sphere. (E) Light-activated
translocation of EGFP-tagged ERK into the nucleus of HEK293 cells. Adapted with
permission from Wiley-VCH Verlag GmbH & Co, © 2010, from [37] and from the
American Chemical Society, © 2011, from [36].
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Figure 4.
(A) Synthetic edge detector for spatiotemporal control over gene expression in E coli.
Exposure to light inhibits the diffusion signal X and β-galactosidase expression Z. When
cells are in the dark (NOT light), X and Y are turned on. Y functions as an inverter, thus X
AND (NOT Y) generates the signal Z. (B) A multichromic light-inducible gene expression
system. The green sensor turns on one β-galactosidase reporter to generate Z in response to
green light. When exposed to red light, the green sensor is turned off, and the red sensor is
turned on to depress Y and activate the second β-galactosidase reporter Z. (C) Light-
regulated network that uses feedback to adjust input levels to create stable output patterns.
The PIF/PhyB system responds to 650 nm light to produce an output from a signaling
domain. This output is then fed back through a controller which will alter light input levels
to maintain a desired cellular output. Adapted with permission from Elsevier, © 2009, from
[42] and © 2010, from [43], and from Nature Publishing Group, © 2011, from [40].
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