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Abstract Light-mediated control of gene expression and
thus of any protein function and metabolic process in
living microbes is a rapidly developing field of research
in the areas of functional genomics, systems biology, and
biotechnology. The unique physical properties of the
environmental factor [light allow for an independent
photocontrol of various microbial processes in a noninva-
sive and spatiotemporal fashion. This mini review
describes recently developed strategies to generate photo-
sensitive expression systems in bacteria and yeast. Natu-
rally occurring and artificial photoswitches consisting of
light-sensitive input domains derived from different photo-
receptors and regulatory output domains are presented and
individual properties of light-controlled expression sys-
tems are discussed.
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Introduction

Precise and spatiotemporal control of gene expression by
an external stimulus is required to analyze and control
complex biological processes at the molecular level
within a living cell. Light represents such an environ-
mental stimulus as it offers a high level of flexibility
without changing metabolic conditions and additionally
allows studying biological systems in vivo with spatial
and temporal resolution. Thus, light-mediated modulation
of gene expression is a rapidly advancing research field
in the areas of functional genomics, systems biology, and
biotechnology.

Biological reactions can be induced by light using either
photocaged molecules and enzymes or photoreceptors
which possess a light-sensitive domain harboring a small
light-absorbing ligand called chromophore. Due to their
photophysical properties, both photocaged compounds and
naturally occurring chromophoric molecules absorb light of
a defined wavelength and subsequently initiate a light-
triggered reaction. Such a photo-induced reaction leads
either to an irreversible release of the caging group or to a
reversible formation of a light-activated photoreceptor state.
Therefore, both mechanisms can basically be applied to
gain specific control over gene expression in a light-
dependent manner.

The concept of caged molecules (Kaplan et al. 1978)
carrying a protecting group which can be removed by
irradiation with ultraviolet (UV) light to restore the
respective biological function (Fig. la) has recently been
reviewed, in detail, (Riggsbee and Deiters 2010; Heckel
and Mayer 2010; Deiters 2010; Lee et al. 2009; Young and
Deiters 2007b; Mayer and Heckel 2006; Shao and Xing
2010). Hence, this concept is only briefly described here
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Fig. 1 Chemical caging to control gene expression. a Concept of
caged effectors. Caged effector molecules are released upon UV light
irradiation. b Caged small molecule effectors. Caged IPTG and
doxycycline enable the control of gene expression. ¢ Caged protein
effectors. Caged inactive T7 RNA polymerase is activated by UV
irradiation to allow for the photochemical regulation of orthogonal
gene expression. The active effector molecules and proteins are
highlighted in green

with 2-nitrobenzyl derivatives as a well-studied example
(see, for instance, Schaper et al. 2009).

Many small effector molecules exist within cells which
can bind to proteins and thus modulate their biological
activity. These molecules or the respective proteins can be
caged and subsequently activated by irradiation allowing
for the direct or indirect control of gene expression.
Examples include caged estradiol (Cruz et al. 2000), (3-
ecdysone (Lin et al. 2002), hydroxytamoxifen (Link et al.
2005), doxycycline (Cambridge et al. 2006), isopropyl-3-D-
galactoside (IPTG; Young and Deiters 2007a), and toyoca-
mycin (Young et al. 2009). For instance, it has been
demonstrated that caged IPTG 1 (Fig. 1b, left) can be used
to control the expression of target genes under the control
of a lac operator in bacterial cells in vivo (Young and
Deiters 2007a). While caged IPTG is unable to bind to the
repressor Lacl, UV light irradiation releases IPTG, which
induces gene expression by binding to Lacl which removes
the lac repressor from its cognate promoter. It should be
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noted that the primary product of the light-induced reaction,
the corresponding ester formed from acetal 1, needs to be
hydrolyzed in the cytoplasm before IPTG is released.
Despite the fact that a more defined spatial control over
gene expression was achieved with caged doxycycline 2
(Fig. 1b, right) in mammalian cells (Sauers et al. 2010), it is
still difficult to target a light signal to specific cells in
vivo due to free diffusion of the caged and photoreleased
compounds. Although these molecules were completely
inactive in the caged state and full biological activity was
restored upon decaging, it is reasonable to assume that
several caged compounds will still exhibit residual
activity and their activity might as well not completely
be restored upon irradiation (for a detailed discussion,
see Deiters 2010).

As an alternative to the utilization of small inducer
molecules, a caging group can be incorporated directly into
a protein. The most convenient approach here is the
introduction of caged amino acids at specific sites in the
protein. Bacteria and yeast cells with an expanded genetic
code are used carrying orthogonal transfer ribonucleic acid
(tRNA) synthase—tRNA pairs to produce caged enzymes
(for a review, see Wang et al. 2006). In a recent example, a
caged tyrosine was introduced at position 639 of the T,
RNA polymerase (Chou et al. 2010), thus rendering the
polymerase inactive (Fig. 1c). Upon decaging, the poly-
merase activity was fully restored and gene expression
enabled.

The described genetic tools that combine photochemical
and biological properties to achieve light-mediated control
over gene expression offer various applications in complex
settings. However, in all cases, the use of caged compounds
exhibits some limitations that may hamper the targeting of
the light signal to specific cells in vivo as well as its
application in a broad range of different organisms. Thus,
the development of genetically encoded artificial photo-
receptors can help to circumvent these system-inherent
limitations. In microorganisms, photocontrol of gene
expression is naturally implemented by different photo-
receptor protein families each carrying chromophore-
binding input domains and light-triggered output
domains in a modular fashion. Only recently, the natural
toolbox of photo-sensitive regulatory systems is exploited
for the construction of recombinant photoswitches with
novel regulatory properties (Deiters 2010; Moglich and
Moftat 2010).

This review article will focus on the construction of
genetically encoded light-triggered switches that can be
used to achieve photocontrol over gene expression both in
vitro and in vivo. Special emphasis is placed on the
description of naturally occurring and recombinant photo-
receptors to functionally link light perception to gene
expression control in pro- and eukaryotic microorganisms.
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Microbial photoreceptors for light-mediated control
of gene expression

Photoreceptor proteins constitute highly sophisticated reg-
ulatory systems which enable the fine-tuned control of
diverse biological processes. Different chromophores
bound within the respective photoreceptor proteins capture
the incoming radiation and thus enable different photore-
ceptor proteins to respond to different wavelengths of the
visible spectrum (van der Horst and Hellingwerf 2004). As
initial photochemical event, light absorption triggers the
rapid formation of the excited state of the chromophore
resulting in a change of the electron distribution which
enables subsequent reactions of the chromophore usually
causing a conformational change of the surrounding protein
(van der Horst and Hellingwerf 2004). Since photoreceptors
are often modularly built multidomain proteins, a structural
perturbation in the photoreceptor domain is relayed to
coupled effector modules which display or mediate differ-
ent light-dependent biological activities (Losi and Gértner
2008). In nature, light-mediated control of gene expression
represents an ubiquitous mechanism by which organisms of
all three kingdoms of life are able to respond to changing
light conditions (Avila-Pérez et al. 2006; Tschowri et al.
2009; Neiss et al. 2008; Takahashi et al. 2007; Braatsch et
al. 2002). The chromophore photochemistry and some of
the respective structural pertubations of isolated photo-
sensory domains are well studied. However, the photo-
induced processes within the full-length photoreceptor
proteins, and hence the molecular mechanism of light-
dependent control of gene expression is far from being
resolved.

A synthetic biology approach (Khalil and Collins 2010)
to establish light-mediated gene expression within a
heterologous host requires detailed knowledge of the
sensory event and accompanying signal transduction
mechanism of a given photoreceptor. In case of light-
controlled regulatory cascades, all essential components as
well as the respective target deoxyribonucleic acid (DNA)
sequences need to be known. In this respect, blue-light-
absorbing light-oxygen—voltage (LOV) photoreceptors
(Christie et al. 1999; Losi 2004), the sensor of blue light
using flavin adenine dinucleotide (FAD) or BLUF domain
containing photoreceptors (Losi 2007; Gomelsky and Klug
2002), and the red/far-red-light-sensitive phytochromes
(Rockwell and Lagarias 2010) represent the best studied
naturally occurring photoreceptor systems in prokaryotes
(Losi 2007). In the following, we will provide an overview
about different naturally occurring microbial photoreceptor
systems, their mechanisms of signal transduction, and the
involved regulatory cascades (Table 1) that offer the
potential to serve as novel light-controlled expression
systems.

Complex regulatory cascades with signal transduction via
protein—protein interactions

Photocontrol of a complex downstream signaling cascade
can be achieved by changed protein—protein interactions
between the photoreceptor protein and various input and
output components of the cellular signaling machinery. This
eventually results in the photocontrolled expression of
several target genes at a time.

Blue-light-sensing systems

In the Gram-positive soil bacterium Bacillus subtilis YtvA
acts as a blue-light photoreceptor in the environmental
branch of the general stress response pathway (Avila-Pérez
et al. 2006, 2009; Gaidenko et al. 2006). YtvA carries a
blue-light-sensitive flavin-binding LOV domain, which is
directly coupled to a sulfate-transporter anti-sigma factor
antagonist (STAS) domain (Losi et al. 2002). YtvA forms
together with a set of homologous STAS-containing but
light-insensitive sensor proteins, a macromolecular assem-
bly, the so-called stressosome (Gaidenko et al. 2006). The
signals perceived by the stressosome are integrated in a
complex phosphorylation/dephosphorylation cascade, acti-
vating the general stress response transcription factor o
which drives the expression of about 150 genes from the
oB-RNA polymerase dependent promoters (Hecker et al.
2007). This complex system allows the bacterium to
respond to a diverse array of different environmental
conditions including, among others, blue light (Hecker et
al. 2007).

The well-characterized circadian transcription factor
white collar complex (WCC) plays the dominant role in
the photobiology of Neurospora crassa and other fungi.
WCC is constituted by two LOV domain containing blue-
light-sensitive photoreceptor proteins, namely, VIVID
(VVD) and white-collarl (WC1) protein. Both act together
with the homologous (but light-insensitive) white-collar2
(WC2) protein, allowing the organism a tight transcriptional
control over 300 genes (Chen et al. 2009) in response to
changing conditions during night and day cycles. Light-
regulated protein—protein interactions between the three
core constituents of the WCC complex enable a fine-tuned
transcriptional response (Chen et al. 2010; Hunt et al. 2010;
Malzahn et al. 2010). In both of the above cases, the
respective target promoters which are activated or repressed
in response to blue light are known (Jaubert et al. 2004;
Chen et al. 2009).

Blue-light-dependent gene expression in Rhodobacter
sphaeroides is mediated by the AppA protein which
controls the expression of photosynthesis genes by antag-
onizing PpsR, the global repressor of all photosynthesis
genes of this organism (Gomelsky and Kaplan 1997,
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Masuda and Bauer 2002). The light signal is perceived
here by a so-called BLUF sensor domain (Gomelsky and
Klug 2002). The Escherichia coli YcgF protein represents
another blue-light-sensitive system also relying on a
BLUF sensory domain and a so-called EAL domain as
potential effector (Rajagopal et al. 2004). Usually, EAL
domains are enzymatically active modules degrading the
general secondary messenger molecule bis-(3'-5")-cyclic
dimeric guanosine monophosphate (c-di-GMP; see below;
Schirmer and Jenal 2009). However, when studied in
vitro, the EAL domain of YcgF was shown to be
enzymatically inactive, but instead serves as a light-
regulated interaction module for the downstream MerR-
like helix-turn-helix (HTH) DNA-binding transcriptional
regulator YcgE (Tschowri et al. 2009). This transcription-
al regulator, when bound to YcgF, is released from its
operator DNA in response to blue light, thereby affecting
the expression of eight genes, among them ymgAd and
ymgB (Tschowri et al. 2009). The respective YmgA and
YmgB proteins activate the production of the biofilm
matrix substance colanic acid as well as other processes
related to biofilm formation via the RcsC/RcsD/RcesB
phosphorelay system (Hagiwara et al. 2003; Tschowri et
al. 2009). For all of the above mentioned cases, details of
regulatory mechanisms as well as the respective target
promoter structures are known (Petersohn et al. 1999;
Gomelsky and Kaplan 1995; Tschowri et al. 2009; Elsen
et al. 2005).

Red-light sensing systems

A red/far-red-light-sensitive gene expression system is
constituted by the bacteriophytochromes of Bradhyrhi-
zobium (BrBphP) and of the closely related phototrophic
bacterium Rhodopseudomonas palustris (Giraud et al.
2002). Both phytochromes stringently control the synthe-
sis of the complete photosynthetic apparatus (Giraud et al.
2002). As the carboxy-terminal domain of both phyto-
chromes lack histidine kinase-like features, their molecu-
lar mode of action is apparently not based on a
phosphorylation/dephosphorylation cascade. However,
direct antagonistic protein—protein interactions have been
suggested with a homologue of PpsR, the global repressor
of photosynthesis genes (Giraud et al. 2002; Jaubert et al.
2004).

In conclusion, photosensory systems that base on
protein—protein interactions represent an efficient means
to control cellular processes in a variety of species. The
complexity of these regulatory cascades, for example, the
B. subtilis stressosome pathway, apparently hampers a
functional transfer from one host organism to another thus
preventing their immediate application for synthetic
biology.

Light-sensitive two-component systems
Blue-light-sensing two-component systems

Sensory two-component systems are utilized to achieve
light-mediated control of gene expression in various
microbes (Mitrophanov and Groisman 2008). Those sys-
tems consist in their minimal configuration of one light-
responsive sensory histidine kinase and a corresponding
response regulator (Mitrophanov and Groisman 2008)
which can control the transcription of a set of genes in
response to illumination resulting in changed physiological
behavior (Purcell et al. 2007; Swartz et al. 2007). Examples
with known biological function include the LOV blue-light
photoreceptor of the notorious mammalian pathogen Bru-
cella abortus (Swartz et al. 2007). Moreover, the LOV
histidine kinase proteins of several Brucella strains undergo
a light-mediated autophosphorylation in vitro (Swartz et al.
2007). Probably, the phosphate is subsequently transferred
to an as yet unidentified response regulator which enables
the organism to respond to light stimuli with an increase in
virulence (Swartz et al. 2007). In Caulobacter crescentus,
an analogous system, the light-dependent histidine kinase
LovK, is used to control cell-to-cell attachment (Purcell et
al. 2007, 2010). Also in this case, both the target response
regulator and the respective promoter structures are
unknown. A related protein which in contrast to the above
systems contains a fused response regulator C-terminally
linked to the kinase sub-domain has been described in the
proteobacterial plant pathogen Pseudomonas syringae pv.
tomato (Cao et al. 2008). Here, neither its physiological
role nor the DNA target sequences are known.

Red-light-sensing two-component systems

The role of red/far-red-light-sensitive phytochromes is well
studied in plants where they were initially identified.
However, their role in the control of gene expression in
bacteria is less clear. Currently, the physiological role of
bacterial phytochrome-based two-component systems was
studied only in photosynthetic prokaryotes. The structurally
and functionally best characterized two-component phyto-
chrome systems are represented by the cyanobacterial
phytochromes Cphl of Synechocystis sp. PCC6803 (Yeh
et al. 1997), RcaE of Fremyella diplosiphon (Kehoe and
Grossman 1996; Terauchi et al. 2004) and CcaS of
Synechocystis sp. PCC 6803 (Kehoe and Grossman 1997;
Hirose et al. 2008). All three proteins probably act as light-
dependent sensor histidine kinases in a light-dependent
two-component system. For cphl, rcaFE, and ccaS, genes
encoding corresponding response regulators are located
immediately downstream of the respective phytochrome
genes in the genome (Yeh et al. 1997; Kehoe and Grossman
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1997; Hirose et al. 2008). Light-controlled target genes
including promoters are known or have been suggested
only for RcaE and CcaS, both controlling the green-red
photoreversible process of complementary chromatic adap-
tation (CCA; Kehoe and Gutu 2006; Hirose et al. 2008).
However, the molecular basis of the involved regulatory
cascade is not established in much detail. Moreover, for
RcaE biochemical evidence for the bound chromophore
species and an in vitro test of its green/red light photo-
chromicity is missing.

Two-component systems are usually much less complex
with respect to the number of regulatory proteins involved
in a specific response. With respect to promoter recogni-
tion, a single response regulator targeted by a specific
histidine kinase can regulate the expression of a number of
target genes. Nevertheless, cross-talk between sensory
histidine kinases and non-cognate or orphan response
regulators has been reported (Wang et al. 2009) which
might reduce the in vivo target specificity of these systems.
Unfortunately, for most of the light-mediated control
processes outlined above either the target response regula-
tor and/or the controlled promoter sequence is yet unknown
or has not been experimentally validated.

Light-dependent control over gene expression via
secondary messengers

Besides the direct control of transcription factor activities,
light absorption in a photosensory domain can also trigger a
change in an enzymatically active effector module which
may catalyze the synthesis or degradation of secondary
messengers involved in the control of gene expression.

In bacteria, 3',5'-cyclic adenosine monophosphate
(cAMP) and cyclic-di-guanosine monophosphate (c-di-
GMP) act as secondary messenger molecules which can
induce or repress transcription at several target promoters
through binding to their respective receptors (Schirmer and
Jenal 2009; Won et al. 2009). In the following, we briefly
describe how light as an environmental signal can affect
gene expression via controlling intracellular levels of such
secondary messengers.

c-di-GMP and light

The c-di-GMP molecule is an important bacterial secondary
messenger involved in complex behavioral responses such
as biofilm formation, virulence and many other surface-
associated traits in bacteria (Hengge 2009). In a number of
sensor systems, the level of c-di-GMP in the cell is
controlled by GGDEF (diguanylate cyclases) and EAL
(phosphodiesterases) domains (D’ Argenio and Miller 2004)
with GGDEF domains catalyzing the synthesis and EAL
domains the hydrolysis of these molecules (Hengge 2009;
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Schirmer and Jenal 2009). The wide range of cellular
processes which are controlled by c-di-GMP implies the
presence of multiple signal transduction mechanisms for
this secondary messenger molecule (Hengge 2009). In that
context, proteins carrying a PilZ domain are the best
studied c-di-GMP receptors identified so far (Schirmer
and Jenal 2009). Recently, degenerated GGDEF- and EAL
containing proteins have been identified that have lost their
enzymatic activity and instead have adopted new roles as
allosteric modules comparable to the YcgF protein of .
coli (Tschowri et al. 2009; Christen et al. 2005). Other
degenerated GGDEF or EAL modules act as c-di-GMP
receptor proteins (Newell et al. 2009).

Recently, sequences of various GGDEF and EAL
domains have been identified, that are naturally fused to
light-sensitive receptor domains (Losi and Gértner 2008).
For example, one photoreceptor protein from Rhodobacter
sphaeroides bearing both of the respective enzymatic
effector domains has been characterized. The protein
BphG1 consists of a GGDEF and an EAL domain that are
attached to a red/far-red-light-controllable phytochrome
sensory module as well as to other auxiliary domains
(Tarutina et al. 2006). However, when studied in vitro, full-
length constructs only showed light-independent phospho-
diesterase activity but no cyclase activity (Tarutina et al.
2006). Remarkably, deletion of the EAL domain led to a
light-mediated control of c-di-GMP synthesis (Tarutina et
al. 2006). Similar photoreceptor architectures exhibiting
either a GGDEF, an EAL, or both of those enzymatic
effector modules coupled to a blue-light-sensitive BLUF
domain instead of the phytochrome sensory module have
been described recently. However, for both the BLUF-
photoreceptor BlrP1 of Klebsiella pneumonia (Barends et
al. 2009) and the LOV-GGDEF-EAL protein SL2 of
Synechococcus elongatus (Cao et al. 2010), no functional
roles or downstream targets have been identified.

cAMP and light

The ubiquitous cAMP secondary messenger molecule not
only can act as a small regulatory molecule in bacteria
(Schiinke et al. 2009) but is also involved in complex
processes in higher eukaryotes including mammals and
humans (Kaupp and Seifert 2002). A photoreceptor bearing
an adenylyl cyclase effector domain which catalyzes the
formation of cAMP from adenosine triphosphate has been
described in the unicellular euglenoid Euglena gracilis
(Iseki et al. 2002). Here, the heterotetrameric photoacti-
vated adenylyl cyclase (PAC) is probably involved in
controlling the phototactic behavior of the organism (Iseki
et al. 2002; Ntefidou et al. 2003). Very recently, a bacterial
BLUF domain containing bacterial PAC (bPAC) from the
marine filamentous proteobacterium Beggiatoa sp. was
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characterized in vitro and used in E. coli as heterologous
host to light-dependently control intracellular cAMP (Ryu
et al. 2010; Stierl et al. 2011) and, after site-directed
mutagenesis of the cyclase domain, cGMP levels (Ryu et al.
2010). Therefore, using a standard E. coli lac promoter-
based expression system, light-dependent bPAC-mediated
control of cAMP synthesis basically allows controlling the
expression level of target genes by modulating the activity
of the cAMP-binding catabolite activator protein (CAP;
Wilson et al. 2007; Kolb et al. 1993). However, the
response of an organism to the intracellular concentration
of the individual secondary messenger takes place on a
global regulatory level and is thus rather complex, possibly
introducing unwanted cross-talk and off-target effects into
the rewired circuitry.

Light-sensitive transcription factors

The most elegant way to control gene expression by light
comprises a direct transcriptional control exerted by a
DNA-binding protein fused to a photosensory domain.
Light absorption in the sensory module would thus trigger a
conformational change in the DNA-binding domain which
results in light-mediated change of its DNA-binding
properties. However, although putative light-sensitive tran-
scription factors harboring a LOV domain can readily be
identified in sequence databases (Krauss et al. 2009; Briggs
2007; Losi and Gértner 2008), almost no functional
information is available for this class of photoreceptors.
The Aureochrome protein found in a number of strameno-
pile algae, such as Vaucheria frigida, represents the only
example of a naturally occurring light-dependent DNA-
binding photoreceptor that has been functionally character-
ized (Takahashi et al. 2007). In general, Aureochromes
contain a LOV domain as the photosensory module fused
with a DNA-binding basic region leucine zipper (bZIP)
motif at the carboxy-terminus of the photoreceptor. Photo-
excitation results in a change in DNA-binding affinity of
the protein and thus controls photomorphogenesis of the
organism in response to blue light. Target consensus
sequences to which the Aureochrome bZIP domain binds
are known (Takahashi et al. 2007). Besides stramenopile
algae, Aureochrome-like sequences have also been identi-
fied in different microbes as the unicellular marine diatoms
Phaeodactylum tricornutum and Thalassiosira pseudonana
(Ishikawa et al. 2009; Takahashi et al. 2007).

Recombinant photoreceptors for light-mediated control
of gene expression

Naturally occurring photoreceptor proteins exhibit an
intrinsic sensitivity to light-signals which can be used as

genetically encoded photoswitches especially for in vivo
applications. However, the complexity of these signal
transduction cascades generally limits their use since most
of them are not completely characterized or the respective
target genes are unknown.

Alternatively, artificial light-sensitive regulatory systems
comprising a well-characterized light perception domain
and a regulatory output domain can be used to build up
novel light-inducible expression systems. This strategy
makes use of the observation that, in nature, those
regulatory proteins are modularly composed of sensory
modules (input domains) and signal transduction modules
(output domains; see, e.g., Griinberg and Serrano 2010;
Pawson and Nash 2003 for comprehensive reviews).
Natural photoreceptors in all kingdoms of life only utilize
a limited number of conserved input and output domain
families in various combinations rather than a diverse array
of unique proteins to convert the environmental light
stimulus into a specific intracellular response (Losi 2004;
Losi and Gértner 2008; Purcell and Crosson 2008). In the
following, we summarize how natural light-sensing
domains have been exploited as input modules for
constructing novel light-triggered gene expression systems
in bacteria and yeast.

Photocontrolled bacterial two-component systems
Phytochrome-based systems

The synthetic phytochrome sensor kinase Cph8 represents
the first recombinant bacterial light regulator used for gene
expression (Levskaya et al. 2005). This chimeric red-light
receptor consists of the photoreceptor domain from cyano-
bacterial phytochrome Cphl and the histidine kinase
domain from E. coli EnvZ.

The phytochrome Cphl from the cyanobacterium Syn-
echocystis sp. PCC6803 is the first member of the plant
photoreceptor family that has been identified in bacteria
(Kehoe and Grossman 1996; Yeh et al. 1997). Together
with the response regulator Rcpl, the light-responsive
histidine kinase forms a phytochrome two-component
system (Yeh et al. 1997). Mutational analysis and genome-
wide expression profiling in Synechocystis revealed that,
besides other photoreceptors, Cphl is involved in red and
far-red-light-dependent regulation of up to 20 genes
(Hiibschmann et al. 2005). Cphl is a dimeric receptor
protein that binds phycocyanobilin (PCB) as a red-light-
absorbing chromophore. Similar to plant phytochromes
Cphl is able to reversibly switch between a red-light-
absorbing ground state (Pr) and a far-red-light-absorbing
photoactivated state (Pfr). As a light-sensitive, two-
component histidine kinase, it basically consists of a sensor
module [including the chromophore-binding GAF domain
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as well as the phytochrome (PHY)-specific domain] and a
transmitter module that exhibits the mentioned kinase
activity (Hughes 2010).

EnvZ, a dimeric osmosensor, is a multidomain trans-
membrane protein and one of the best characterized two-
component histidine kinases from FE. coli. Besides the
periplasmic receptor domain that is flanked by two
transmembrane helices, it possesses a C-terminal 228-
residue histidine kinase domain that is located in the
cytoplasm (Dutta et al. 1999). Upon changes of extracel-
lular osmolarity, EnvZ specifically phosphorylates its
cognate response regulator OmpR, which, in turn, regulates
the expression of ompF and ompC genes encoding two
outer membrane porines (Forst and Roberts 1994).

The fusion protein Cph8 was generated to combine
the light-sensing function of Cphl with the output
function of EnvZ, which is the phosphorylation of the
response regulator OmpR, followed by the activation of
the ompC promoter (Fig. 2a). The chimera Cph8 consisted
of the C-terminal cytoplasmic histidine kinase domain
(229 amino acids of EnvZ), whereas the natural EnvZ
sensor domain has been completely removed as described
previously (Utsumi et al. 1989). Instead, the 517 N-

terminal residues of Cphl encompassing the Per-ARNT-
Sim (PAS), GAF, and PHY domains without the transmitter
module were fused to the EnvZ histidine kinase domain as
light-sensitive input domain. In vivo expression experi-
ments in E. coli could demonstrate that Cph8 specifically
activated the response regulator OmpR in the dark,
whereas illumination inhibited the phosphotransfer activ-
ity of the recombinant sensor kinase and thus repressed
transcription from the P,,,,c promoter. Expression of the
[3-galactosidase-encoding reporter gene lacZ, which was
under control of the ompC promoter, further showed that
the phytochrome-based light-controlled expression system
gradually responded to decreasing light intensities with a
moderate induction factor of 2.4 (Tabor et al. 2009).
Light-control of lacZ expression was also used to
generate bacterial populations exhibiting photographic
properties (Levskaya et al. 2005). Here, a confluent lawn
of E. coli cells was able to convert a light-projected image
into a high-definition chemical image via 3-galactosidase-
catalyzed synthesis of a black pigment. Furthermore, based
on predictive mathematic models, the artificial light sensor
and output modules Cph8/OmpR could be genetically
connected to a second regulatory cascade to design a
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Fig. 2 Chimeric photoswitches for light-mediated control of gene
expression in bacteria. a Phytochrome-based two-component system
with the chimeric photoreceptor Cph8. b LOV-based two-component
system with recombinant histidine kinase YF1 (YtvA LOV-FixL HK).
¢ LOV-based repressor LovTAP. d Recombinant transcriptional activator
GCNA25-PYP-v2 with light-sensitive PYP domain. The light-activated
chromophores and photoreceptor domains are shown in red (Phy) and
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blue (LOV and PYP). The active regulatory domains are highlighted in
green. The respective target promoters are shown as green arrows.
Phosphorylated domains are labeled with a P in a red circle. HK
Histidine kinase, LOV light-oxygen—voltage domain, P promoter, Phy
phytochrome domain, PYP photoactive yellow protein, (+) activation of
transcription, (=) repression of transcription
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higher-order genetic circuit. The novel genetic logic gate
enabled E. coli communities of genetically identical clones
to detect and to process edges of a light pattern (Tabor et al.
2009). In detail, the Cph8-mediated light response triggers
the expression of the quorum sensing gene /ux/ from Vibrio
fischeri. The acyl-homoserine lactone synthase LuxI then
catalyzes the synthesis of the autoinducer-1 (3-oxohexanoyl-
homoserine lactone, AHL), which finally activates the
constitutively expressed regulator LuxR to enable lacZ
expression. As a result, neighboring E. coli cells are able
to communicate to each other to accurately identify the
light-dark edges and consequently “print” the contour of
different light-projected images.

More recently, Tabor et al. (2011) generated a bichro-
matically controlled transcription system. Here, the red-
light-sensing Cph8 was combined with the cyanobacterial
phytochrome two-component system CcaS/CcaR (Hirose et
al. 2008). Although both phytochrome domains share the
same chromophore, sensor kinase CcaS needs green light
(535 nm) for its photoactivation, whereas red light
(672 nm) inactivates the kinase activity. For green light
induction of target gene expression, the photoactivated
CcaS kinase phosphorylates its cognate response regulator
CcaR. Coexpression of both photoswitch systems (Cph8/
EnvZ and CcaS/CcaR) allowed to create a higher-order
regulatory circuit exhibiting sensitivity to two-dimensional
light gradients. The red/green-light sensor system could be
successfully used to gain two-colour control over gene
expression in a single cell.

The synthetic light regulator Cph8 as well as the
cyanobacteriochrome CcaS offer a tremendous potential
for various applications; however, they also share some
system-inherent disadvantages. First of all, the functional
expression of a phytochrome domain in E. coli requires the
biosynthesis of the respective bilin chromophore PCB. It
has been shown that expression of hol and pcyA from
Synechocystis encoding a heme oxygenase and bilin
reductase, respectively, is essential to convert heme into
PCB (Gambetta and Lagarias 2001). Thus, in order to
efficiently utilize Cph8- and CcaS-dependent light-
mediated gene expression control in E. coli, the respective
PCB biosynthesis genes need to be co-expressed along with
the regulatory genes.

Furthermore, in case of Cph8, the use of a recombinant
light-sensitive two-component system that predominantly
consists of homologous components might lead to unwant-
ed cellular responses since two-component systems gener-
ally form regulatory networks via cross-regulation. In the
case of EnvZ/OmpR, for example, the two-component
system was shown to be involved directly and indirectly in
the expression of 125 genes (Oshima et al. 2002). Thus,
functional interaction of synthetic light regulators as CphS8
with other regulators might affect the light-controlled

expression system as well as the expression of other genes,
and hence, the physiology of E. coli or other host
organisms would prevent a strict and controllable gene
regulation and also aggravate data interpretation in systems
biology approaches.

LOV-based systems

Recently, an alternative design concept has been pro-
posed to construct an artificial light-sensing two-
component system suitable for gene expression control
in E. coli. Based on the natural diversity of sensor proteins
that contain PAS domains (Méglich et al. 2009b) as the
central input module, Mdglich et al. (2009a) designed the
light-sensitive sensor kinase YF1 (Fig. 2b) . The heme-
binding PAS domain from the Bradyrhizobium japonicum
oxygen sensor kinase FixL (Gilles-Gonzalez et al. 1991;
Gong et al. 1998) was replaced by the blue-light sensor
module derived from the B. subtilis photoreceptor YtvA
(Losi et al. 2002; Losi 2004). YtvA consists of a blue-
light receptor domain called LOV and a STAS output
domain that are linked by a short flexible «-helix named
J«- Unlike phytochromes, YtvA as a member of the LOV
family non-covalently binds flavin mononucleotide
(FMN) as chromophore and undergoes a reversible photo-
cycle upon blue-light excitation (Losi 2004; Losi et al.
2002). Similar to EnvZ, the sensor kinase FixL basically
comprises two modules. The N-terminal input module
consist of two different PAS domains (PAS A and B), of
which one, PAS B, binds heme as oxygen-sensitive
cofactor, whereas the C-terminal output module harbors
the histidine kinase domain. As described for YtvA, both
FixL modules are interconnected through a helical linker.
The response regulator FixJ forms a two-component
system together with FixL that activates the expression
of nitrogen fixation genes under anaerobic conditions
(Fischer 1994).

The chimeric light sensor YF1 was created by fusing
the light perception domain of YtvA to the FixL kinase
domain using the «-helix as a natural linker. In vivo
studies in E. coli expressing the redesigned YF1 as well as
the response regulator FixJ revealed that transcription
from the target promoter Pj.x» is induced approximately
70-fold by maximal induction (dark) as compared to
repressing conditions under saturating photoexcitation
(Maoglich et al. 2009a).

Remarkably, analysis of variants of both recombinant
light-sensitive sensor kinases, Cph8 and YF1, revealed that
the length and composition of the linker, located between
the input and output module, tremendously influenced the
intra-molecular signal transduction affecting the overall
activity of the kinase as well as the mode of light
regulation.
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The LOV photoswitch YF1 could further be used
successfully to expand the regulatory functionality of the
artificial gene circuit for the perception of an additional
signal. The insertion of the O,-detecting heme-binding
domain PAS B from FixL into YF1 resulted in YHF, a
sensor kinase which is sensitive toward two environmental
stimuli (Moglich et al. 2010). The authors could demon-
strate that light and oxygen acted cooperatively on the
activity of the output module: upon blue-light irradiation
and in the presence of oxygen, YHF kinase activity was
downregulated by a factor of 280, whereas the presence of
one of both signals just led to a twofold to threefold
reduction of activity.

Photocontrolled DNA-binding proteins

Besides two-component systems, in vivo gene expression
can principally also be directly controlled using DNA-
binding proteins. In contrast to two-component systems,
DNA-binding proteins sense a signal by an input domain
and directly control gene transcription by binding to their
target promoters.

LOV-based systems

The first light-sensitive repressor was engineered by fusing the
blue-light-sensitive LOV2 domain derived from Arvena sativa
phototropin 1 (AsLOV2) with the E. coli L-tryptophan-
responsive TrpR repressor (Strickland et al. 2008). As
already described for the YtvA LOV domain, AsLOV2
non-covalently binds FMN and exhibits a characteristic
photocycle including the reversible formation of a covalent
bond between the chromophore and a conserved photoactive
cysteine residue upon excitation with blue light (Crosson and
Moffat 2002; Swartz et al. 2002). The dimeric E. coli Trp
repressor is one of the smallest proteins that shows sequence-
specific DNA binding and is also allosterically controlled by
L-tryptophan (Gunsalus and Yanofsky 1980; Marmorstein
and Sigler 1989). The TrpR aporepressor is naturally
inactive; it is activated in the presence of the effector
molecule tryptophan and subsequently binds to at least five
different promoters in the £. coli genome including the P,
of the corresponding #p operon essential for tryptophan
synthesis (Jeeves et al. 1999).

The TrpR-based LOV photoswitch was constructed by
joining the two regulator modules through the LOV J-helix
as a shared helical linker. The chimeric repressor designated
as LovTAP (Fig. 2¢) selectively binds to its cognate operator
in saturating light (Strickland et al. 2008). Comparable to
YHEF, the regulatory modules of the LOV and Trp proteins
worked cooperatively since light-induced DNA binding of
LovTAP requires free tryptophan as an effector. Initial light-
mediated increase of LovTAP DNA-binding capacity was
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comparatively low, but could be optimized by rational
improvement of the J-linker characteristics. Upon photoex-
citation, the best variant exhibited a DNA-binding affinity
enhanced by a factor of 70 in comparison to the original
LovTAP, where the binding affinity increased only sixfold
upon blue-light illumination (Strickland et al. 2008, 2010).

PYP-based systems

The bZIP DNA-binding domain of the activator protein
GCN4 that is required for the general amino acid control
de-repression response in yeast has also been used to create
a photo-switchable transcription factor. The well-
characterized bZIP domain consists of a leucine zipper
peptide and a basic region that preferentially binds to the
pseudo-palindromic DNA site AP1 (Arndt and Fink 1986;
Koldin et al. 1995). In the presence of its cognate DNA,
two GCN4-bZIP monomers form a stable dimer via the
interaction between the o-helical zipper domains, whereas
the basic regions are responsible for the interaction with the
target DNA (Ellenberger et al. 1992).

In the past, different strategies have been pursued to
utilize bZIP-type DNA-binding proteins for light-dependent
regulation of DNA binding. For example, the incorporation
of a photoisomerizable azobenzene cross-linking reagent
introduced into the GCN4 bZIP domain led to a reversible
photomodulation of its DNA-binding characteristics
(Caamano et al. 2000; Woolley et al. 2006). Here, illumina-
tion results in conformational changes within the zipper
domain of the regulator which affects its DNA-binding
affinity. Recently, the photoactive yellow protein (PYP) from
Halorhodospira halophila was applied to create an alterna-
tive light-sensitive bZIP activator (Morgan et al. 2010). PYP
is a small soluble blue-light photoreceptor that belongs to the
family of xanthopsins (Kort et al. 1996; van der Horst and
Hellingwerf 2004). The o/f-fold of PYP is regarded as
structural prototype of PAS domains (Borgstahl et al. 1995;
Pellequer et al. 1998) and thus shares overall structural
properties with LOV domains. PYP is proposed to be
involved in blue-light-mediated negative phototaxis
(Sprenger et al. 1993; Hoff et al. 2009), although the signal
transduction pathway of the photoreceptor is still not
unravelled. PYP covalently binds p-coumaric acid (also
designated in literature as p-hydroxycinnamic acid) as
chromophore that undergoes a light-induced photocycle
triggered by its reversible photoisomerization. The formation
of the PYP signaling state includes a partial unfolding of its
N-terminal region (van der Horst and Hellingwerf 2004;
Imamoto and Kataoka 2007).

For designing a GCN4-PYP chimera capable of control-
ling its DNA-binding capacity in response to blue-light
irradiation, the N-terminally truncated PYP lacking 25
amino acid residues was fused to the 58-residue GCN4
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fragment encompassing the zipper domain as well as the
basic DNA-binding region (Morgan et al. 2010). A
structure-based strategy allowed generating a light-
dependent regulator simultaneously harboring structural
characteristics of GCN4 in the light and of PYP in the
dark. The resulting chimera GCNA25PYP-v2 (Fig. 2d)
specifically binds to its APl recognition site exhibiting a
twofold higher binding affinity of the irradiated light
regulator in comparison to its dark-adapted state as shown
by electrophoretic mobility shift assays. Mechanistically,
the GCN4 effector domain is shielded by the PYP input
domain in the absence of light, thereby preventing the
dimerization of the leucine zipper motif. Under illumina-
tion, PYP reversibly unfolds which, in turn, allows
dimerization of bZIP on the target DNA and thereby
increases its binding affinity. Remarkably, deletion of the
eight C-terminal amino acid residues of the leucine zipper
region within the GCN4-PYP fusion protein significantly
affected the photo-controlled DNA-binding properties. In
detail, the resulting derivative GCN4(S)A25PYP exhibited
an inverted photoresponse, leading to a threefold increased
DNA-binding capacity in the dark in comparison to its
light-adapted state (Morgan and Woolley 2010).

PYP derivatives used as photoswitches in heterologous
organisms also require the supply of a unique chromophore
in sufficient amounts as do light-sensing phytochrome
domains. To this end, heterologous production of holo-
PYP for in vivo applications can be achieved either by the
supplementation of the activated chromophore to the
medium and its subsequent uptake into the cell or by co-
expression of two p-coumaric acid biosynthesis genes from
Rhodobacter capsulatus or H. halophila encoding the
tyrosine ammonia lyase and p-hydroxycinnamic acid ligase
(Kyndt et al. 2003; Hori et al. 2009; Morgan et al. 2010).

Y2H systems

Allosteric coupling of sensor and effector domains via
light-mediated conformational changes is regarded as the
basic principle underlying the construction of photo-
switches, where signal transduction is usually mediated by
an «-helical linker region connecting these two modules.
Engineered light-modulated protein—protein interactions
represent an alternative approach to generate light-
sensitive expression systems. This method was pioneered
in yeast (Shimizu-Sato et al. 2002), and it is based on the
yeast two-hybrid (Y2H) system (Fields and Song 1989).
Here, the light-triggered interaction of two proteins called
bait and prey fused to different domains of a yeast-derived
transcription factor allows for a rapid and reversible
induction of a target promoter by light. Plant photoreceptors
seem to be particularly suited for designing Y2H-based
photoswitches.

Phytochrome-based systems

The first artificial photoswitch developed for light-mediated
gene expression in yeast combines the reversible binding of
A. thaliana phytochrome PhyB to its signaling partner
phytochrome interacting factor 3 (PIF3) employing the
classical Y2H system (Shimizu-Sato et al. 2002). The
transcription factor GAL4 separated into its DNA-binding
domain [GAL-binding domain (GBD)], and the GAL4
promoter activation domain (GAD) is activated when the
chimeric proteins PhyB-GBD and PIF3-GAD form a
stable complex. Plant phytochromes contain an N-terminal
chromophore-binding domain covalently linked to the
chromophore phytochromobilin and a C-terminal kinase-
related output domain responsible for dimerization (see,
e.g., Sharrock 2008). The photoreceptor reversibly
changes its conformation upon absorption of red (A.x=
660 nm) or far-red light (1,,,x=730 nm), in which only the
activated, far-red-light-absorbing conformer Pfr conveys
numerous transcriptional responses by direct interaction
with some nuclear, basic helix-loop-helix (bHLH) tran-
scription factors, the so-called PIFs (see Leivar and Quail
2010 for a recent review). In A. thaliana, all members of
the PIF family comprise the C-terminal bHLH domain
responsible for dimerization and DNA binding and a
conserved N-terminal PAS-related domain for PhyB(Pfr)
interaction.

The Y2H-based expression system was established with
the N-terminal chromophore containing domain derived
from PhyB (PhyBnr) and the full-length PIF3 protein
(Fig. 3a; Shimizu-Sato et al. 2002). Red-light-dependent
interaction of PhyBnr~GBD and PIF3—GAD was verified
in vivo by GAL1 promoter elements mediated /acZ gene
expression under various light conditions. The active
photosensing domain was reconstituted in yeast by exog-
enous supply of the heterologous chromophore PCB to the
growth medium. Since the Pr-to-Pfr photo-interconversion
process only needs milliseconds to complete, this system
reacts very fast, dose-dependently and simultaneously in all
illuminated cells of an isogenic cell population. Under
standard expression conditions, a 50-fold induction of LacZ
activity was reached within 30 min after a red light pulse.
However, the need for exogenously supplied or biosyntheti-
cally produced chromophore constitutes the same drawback
as for the bacterial Cph8 regulator.

Another Phy-based light-regulated yeast expression
system employed phytochrome PhyA and its interaction
partners FHY 1 (far-red elongated hypocotyl 1) and FHL
(FHY1 like protein) analogously to the PhyByt~GBD/
PIF3—-GAD system (Sorokina et al. 2009). These small (20
and 23 kDa) plant-specific proteins contain functional
nuclear localization and nuclear export signals and have
been shown to control the nuclear import of PhyA after
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Fig. 3 Eukaryotic photoswitches based on the system. Two fusion
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Pfr-specific interaction within the N-terminus of PhyA
(Hiltbrunner et al. 2006). The three artificial yeast Phy-
based photoswitches were tested in vivo using the firefly
luciferase gene (luc) as a reporter fused to the GALI
promoter. Comparative expression studies revealed that all
Phy—-Y2H systems show a fast in vivo response after
irradiation with red light. In contrast to the PhyB n+PIF3
systems, where LUC expression was only 40-fold in-
creased, the novel PhyA+FHY1 and PhyA+FHL system
led to a significantly increased induction rate of 300 and
150, respectively, upon irradiation (Sorokina et al. 2009).
Surprisingly, the PhyA-GBD/FHY1-GAD system was
able to act as a photoswitch responsive to red light even
in the absence of the supplemented chromophore PCB.
Since the reduced induction capacity (110-fold) was still
higher than with PhyBr)*PIF3, the supplementation of
PCB to functionally synthesize a Phy—Y2H system can, in
principle, be omitted. Possibly, an as yet unidentified
compound naturally present in yeast can serve as a
substitute for the natural chromophore.

In principle, Phy-based photoswitches can be fine-tuned
by using different phytochrome-interacting protein combi-
nations as the “light-sensing” unit for expression of any
gene of interest fused to GAL4-responsive promoter
elements. Likewise, cytoplasmic phytochrome-interacting
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are depicted by squares. Colors other than grey represent the active
status of photoreceptors (red or blue) and interacting partner proteins
(green). Pg, Promoter with UAS of GALI or GAL4 promoter, GBD
GAL-binding domain, GAD GAL activator domain, VP16 AD viral
protein activator domain, Phy phytochrome domain, (+) activation of
transcription

ROP guanine-nucleotide exchange factor (PIRF1), a small
GTPase activator protein involved in light-regulated root
development of A. thaliana, might be also employed since
Pr conformer-dependent interaction with the N-terminal
PhyA or PhyB domain in Y2H screens has already been
demonstrated (Shin et al. 2010).

Cryptochrome-based systems

In contrast to the red-light-responsive phytochromes,
Arabidopsis cryptochromes (CRY) mediate blue-light reg-
ulation of cell growth, entrainment of circadian expression,
and photoperiodic flowering (Cashmore et al. 1999). Since
yeasts harbor cryptochrome-related DNA photolyases that
contain identical chromophores — methyltetrahydrofolate
(MTHF) and FAD (Jorns 1990) — the formation of active
plant cryptochrome and thus its light-dependent protein—
protein interactions in yeast should function independent of
chromophore supply (Liu et al. 2008). CIB1 was identified
via Y2H screens as a nuclear cryptochrome-interacting
bHLH protein, regulating gene expression in plant cells
(Lin et al. 2002). In yeast, interaction of CRY2-GBD and
CIB1-GAD (Fig. 3b) was not detectable in darkness or red-
light-irradiated cells and required relatively high intensities
of blue light as well as long irradiation times.
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LOV-based systems

Apart from the phototropin genes PHOT! and PHOT2, A.
thaliana contains a set of additional LOV domain contain-
ing blue-light receptor genes such as the Zeitlupe (ZTL)
gene family (Somers 2001). ZTL, LOV Kelch Protein 2
(LKP2), and Flavin-binding Kelch F-Box 1 (FKF1) possess
an N-terminal LOV domain binding the FMN chromophore
and a C-terminal output domain with an F-box motif and
six Kelch repeats (Somers 2001). The three proteins are
either involved in the regulation of the circadian clock
(ZTL, LKP2) or the induction of flowering (FKF1) by
controlling proteasome-dependent protein degradation
(Somers 2001; Yasuhara et al. 2004). In addition, a fourth
LOV protein, PAS/LOV protein (PLP), exhibits a different
structural organization with an N-terminal PAS domain and
a C-terminal LOV domain (Ogura et al. 2008). Three
splicing variants of the PLP gene lead to PLPA, PLPB, and
PLPC protein of which PLPC contains a truncated LOV
domain.

As already described for cryptochrome, Y2H screens
enabled the isolation of PLP-interacting proteins that might
be employed in a Y2H-based photoswitch. The interaction
partners Vitamin C defective 2 (VTC2), VTC2-like
(VTC2L) and BELI-like homeodomain 10 proteins
(BEL10A and BEL10B) were fused to the GAL4 activator
domain GAD (prey) to interact with PLPA—-GDB or PLPB—
GDB (bait; Ogura et al. 2008). Protein—protein interaction
was tested under different light conditions (dark, blue, red,
far-red, and green lights). Only blue-light irradiation led to
a specific photoresponse of some interaction partners.
However, in contrast to light-induced interaction of the
other described systems, increasing blue-light intensity led
to a significant reduction of GBD-GAD interaction, in
which PLPA+BLH10A showed highest sensitivity followed
by PLPB+VTC2L, PLPA+BLHI10B, and PLPA+VTC2L.
Although a detailed characterization of the PLP-based Y2H
systems is still missing, the identified combinations of
interaction partners could be useful for the design of new
blue-light photoswitches.

The members of the ZTL photoreceptor family, FKF1,
LKP2, and ZTL, also showed interesting blue-light respon-
sive protein—protein interactions, especially with the flower-
ing time regulator Gigantea (GI). The interaction of the
LOV domain of FKF1, LKP2, and ZTL with the GI N-
terminus, as suggested from preliminary Y2H studies, was
shown to be enhanced by blue light in planta (Kim et al.
2007; Sawa et al. 2007).

The combined results of both expression systems were
used to construct a Y2H-like light-activated dimerization
(LAD) system with GI-GAL4-binding domain (GI-GBD)
and FKFI1-VP16 viral-derived transactivation domain
(FKF1-VP16 AD) forming a potent transcription factor in

mammalian HEK cells (Fig. 3c; Yazawa et al. 2009). Here,
the artificial light-responsive transcription factor acts on a
5xGAL4—upstream activation sequence (UAS) promoter
fused to a luciferase reporter gene. Likewise, employment
of ZTL for blue light Y2H-like photoswitches is conceiv-
able, either based on ZTL+GI interaction analyzed in Y2H
and in planta (Kim et al. 2007) or by using ZTL interactions
found with the C-termini of PhyB and CRY! in Y2H
screens (Jarillo et al. 2001).

In summary, different Arabidopsis photosensors and
their respective interaction partners have already been used
to regulate GAL-derived promoters via protein—protein
complexes responsive to red-/far-red or blue light. One
benefit of the classical Y2H system is its almost unlimited
modularity allowing to optimize each photoswitch for any
application by just modifying it via the integration of
other interaction partners with various strength and light
reactivity. Furthermore, the yeast systems can be easily
transferred to other eukaryotic expression systems as
shown for the FKF1+GI system that was successfully
used also in mammalian cells (Yazawa et al. 2009).

Conclusions

An experimental strategy allowing for the regulation and
dynamic modulation of gene expression in living cells is of
utmost importance for systems biology as well as for many
bioprocesses and their industrial applications. Regulatory
networks can be designed and used to simultaneously
achieve control over expression of multiple genes in vivo.
We have described here novel light-sensing regulatory
modules with defined photochemical properties that allow
light-modulated control of a defined target promoter.
However, to set up complex interoperable genetic circuits
with broad functionality, such regulatory cascades have to
be further developed to respond simultaneously and
independently to more than one environmental stimulus.
Basically, two different approaches can be used to set up
genetically encoded higher-order regulatory circuits. First,
the spectrum of sensed signals can be expanded by adding
additional sensor domains. The modular combination of a
LOV light input domain with a second sensor domain
responding to a redox signal (PAS) and cellular metabolites
(TrpR), respectively, resulted in recombinant transcription
factors that were able to simultaneously integrate two
environmental signals (Mdoglich et al. 2010; Strickland et
al. 2008). Second, light-sensitive regulators can be further
used to add a light switch to a user-defined regulatory
circuit that responds to multiple signals. Hence, sensor
properties of two or more differently triggered expression
systems can be combined within one joint higher-order
regulatory cascade. Here, the expression of one of the
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regulator-encoding genes is controlled by the activity of
another transcription factor as realized, for instance, for the
synthetic bacterial edge detection system (Tabor et al.
2009). Such a genetic circuit basically consists of a two-
level regulatory cascade: (1) the light—dark sensor CphS8
exerts control over the expression of genes; (2) their
products trigger the autoinducer-dependent expression of
the target gene.

In nature, several distinct photosensory systems can
reside within the same organism and respond to identical or
different wavelengths of light (Losi and Gértner 2008; van
der Horst et al. 2007). For synthetic biology approaches, it
would be highly desirable to employ distinct light qualities,
such as red, green, and blue light, for the differential control
of various target genes within the same host with
spatiotemporal resolution. Nature uses this strategy to
fine-tune the response of organism to changing light
conditions. In synthetic biology, the same strategy would
enable the generation of complex regulatory networks,
logic gates, and circuits (Greber and Fussenegger 2007).

Light input modules are currently regarded as the most
promising tools for tuning the expression of multiple target
genes independently and simultaneously in response to
noninvasive stimuli and with high spatiotemporal resolu-
tion. Nevertheless, they suffer from a major drawback. The
majority of the artificially generated recombinant photo-
receptors display a modest photoswitching dynamic range.
The LovTAP (Strickland et al. 2008) and the PYP-GCN4
chimera (Morgan et al. 2010; Morgan and Woolley 2010)
only showed a difference in activity of twofold to fivefold
between the light- and dark-adapted states. In contrast to
these artificial chimeras, naturally occurring photoreceptors
represent evolutionary optimized systems, in which inter-
actions between sensor and effector modules along with the
inherent signal transduction mechanisms evolved over
millions of years and hence, by far, exceeds the efficiency
reached so far with artificially constructed systems. Several
factors can influence the photoswitching efficiency:

First, to generate a functional photoswitch, the chimeric
fusion of a sensor domain to the effector module of choice
needs to effectively inhibit the activity of the effector
module in one of the two sensor states (dark or light).
However, at least in case of the AsSLOV2 sensor system,
which has been widely employed for the generation of
artificial photoswitches, it was shown that dark- and light-
state do not represent “kinetically trapped” stable structural
conformations, but co-exist in a dynamic equilibrium (Yao
et al. 2008). This means that, even in the dark, the sensor
domain exists in two conformational states: an energetically
favored dark-state (helix-docked conformation in case of
AsLOV2) and a disfavored light-state (helix-undocked
conformation in case of AsLOV2; Yao et al. 2008). Light
excitation provides the energy for a shift of this equilibri-
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um. Fusion of such a dynamic sensor module to an effector
protein may result in a change of this equilibrium by
lowering the energy barrier for transition which would
create a photoswitch that is constitutively active in both
states (Strickland et al. 2008; Lee et al. 2008). Recently
improved variants of LovTAP with an increased dynamic
range were engineered by introducing mutations into the
LOV core domain and the C-terminal Jo-helix. These
mutations obviously stabilized the helix-docked conforma-
tion in the dark-state thereby increasing the dynamic range
of the system significantly. Second, the intrinsic photo-
chemical properties of a photosensory domain might
hamper its application as an artificial photoswitch. Here,
the lifetime of the activated state plays an important role for
cycling photoreceptors such as LOV domains and the PYP.
After illumination, changes in activity can only be observed
as long as the sensory domain remains in the light
(activated) state. This problem particularly pertains to fast
cycling LOV domains which display a dark recovery time
constant of only a few tens to hundreds of seconds
(Kasahara et al. 2002; Jentzsch et al. 2009) resulting in a
reduced active state population and consequently a reduced
dynamic range. Several recent mutagenesis studies have
provided a structural and functional explanation for the
lifetime of the light (activated) state and thus identified
several amino acid positions in LOV domains that strongly
influence the dark recovery process (Christie et al. 2007,
Jentzsch et al. 2009; Zoltowski et al. 2009).

In conclusion, recent novel insights into structure and
function of photoreceptors, in particular, of the LOV and
PYP type, now allow their application as artificial photo-
switches and, at the same time, enable to tune their
photochemical and structural properties. The design of
recombinant photoswitches which may mimic naturally
occurring photoreceptor system in terms of sensitivity and
dynamic range comes within reach. As a next stage, “light-
driven artificial switchboards” will be constructed to
independently and simultaneously tune multiple biological
functions in vivo in response to variable environmental
stimuli.
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