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On command control of gene expression in time and space is required for the comprehensive analysis
of key plant cellular processes. Even though some chemical inducible systems showing satisfactory
induction features have been developed, they are inherently limited in terms of spatiotemporal
resolution and may be associated with toxic effects. We describe here the first synthetic light-inducible
system for the targeted control of gene expression in plants. For this purpose, we applied an
interdisciplinary synthetic biology approach comprising mammalian and plant cell systems to customize
and optimize a split transcription factor based on the plant photoreceptor phytochrome B and one of its
interacting factors (PIF6). Implementation of the system in transient assays in tobacco protoplasts
resulted in strong (95-fold) induction in red light (660 nm) and could be instantaneously returned to the
OFF state by subsequent illumination with far-red light (740 nm). Capitalizing on this toggle switch-like

Received 12th December 2013, characteristic, we demonstrate that the system can be kept in the OFF state in the presence of 740 nm-

Accepted 14th January 2014 supplemented white light, opening up perspectives for future application of the system in whole plants.
DOI: 10.1039/c3mb70579j Finally we demonstrate the system’s applicability in basic research, by the light-controlled tuning of

auxin signalling networks in N. tabacum protoplasts, as well as its biotechnological potential for the
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Introduction

The ability to control transgene expression in plant systems is
essential for the analysis of complex regulatory systems and
metabolic pathways, and in particular to study genes that have
deleterious effects on plant growth and development and can
therefore not be expressed constitutively.”> Furthermore, indu-
cible transgene expression can be utilized for the production of
therapeutic proteins in plant cell culture to confine protein
production to growth phases with an optimal biosynthetic
capacity.® Consequently, several transgene expression systems
have been developed that can be controlled by chemicals."?
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chemical-inducer free production of therapeutic proteins in the moss P. patens.

These systems are regulated by antibiotics,* steroids,®® insecti-
cides,”® ethanol" or copper.”> While some glucocorticoid-
responsive tools suffer from toxic effects of the inducer,"**
most of the chemically-inducible systems are orthogonal to
plant metabolism and are characterized by good induction
properties. However, these systems are controlled by small
molecules and are subject to limitations that are inherent
to these chemicals. Because of diffusion of the inducers,
chemically-controlled systems have a poor temporal resolu-
tion of gene expression. Furthermore, many inducers are
pharmacologically active. Therefore, their addition to a plant cell
culture for the production of biopharmaceuticals is undesirable.

In contrast to small chemical inducers, light at a cell
compatible wavelength is not subject to regulatory restrictions
in the bioproduction of proteins and can be delivered with high
temporal resolution. Hence, several light-responsive gene-
expression systems have recently been developed for mam-
malian systems that can be controlled by UVB,"® blue'’™ or
red light.>® None of these systems have been transferred to plants
yet, probably due to the fact that as opposed to mammalian cells,
plants are not “blind” and require light to gather information
from their surroundings and to harness their energy.

Here we describe the adaptation, optimization and imple-
mentation in plant settings of a red/far-red light-switchable
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Fig. 1 Molecular design of the red light-responsive gene expression sys-
tem. Red light illumination converts PhyB into the active FR form (PhyBgg)
and induces heterodimerization with PIF6 tethered via a DNA-binding
domain (BD) to an operator site. The PhyB-fused activation domain (AD)
recruits the transcription initiation complex and triggers activation of the
minimal promoter (Ppn). Absorption of a far-red photon (740 nm) converts
PhyB into the inactive R form (PhyBg) and triggers dissociation from PIF6,
thereby resulting in de-activation of the target promoter and transcriptional
silence. Adapted from ref. 20 with permission.

transgene expression system that was developed in mammalian
cells.”® The synthetic switch is based on the red/far-red light-
dependent interaction of phytochrome B (PhyB)>"?*> and the
phytochrome-interacting factor 6 (PIF6) from A. thaliana that is
integrated in a light-responsive split transcription factor
(Fig. 1). On the one hand, PIF6 (amino acids 1-100) is fused
to a DNA-binding domain (BD) that binds its operator site in
the reporter construct upstream of a minimal promoter and the
reporter gene. On the other hand, PhyB (amino acids 1-650) is
linked to an activator domain (AD) and a nuclear localization
sequence (NLS). In red light, PhyB-AD-NLS is recruited to PIF6
at the promoter site, switching the system to the ON state. Only
upon absorption of a far-red photon the interaction between
PhyB and PIF6 is terminated, resulting in a shut-off of gene
expression.”® We reasoned that this system is suited for light-
inducible gene expression in plants, because gene expression
can not only be triggered by illumination with red (660 nm)
light, but can also be actively terminated by far-red (740 nm)
light. This may, in the future, facilitate the implementation of
the system in whole plants, where transgene expression in
light-grown plants can be repressed by supplementary far-red
light illumination. On the other hand, the possibility to repress
transgene expression in white light is not available for UVB or
blue light-responsive systems that cannot be returned to the
OFF state actively, but return to the inactive state passively in
the dark with half-life times of several hours.*

Analogous to the mammalian cell lines and transient gene
expression assays that are indispensable for the exploration of
signalling processes, protoplast transient expression systems
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have been developed that offer a genetically accessible platform
to dissect plant signal transduction pathways. Amongst other
favorable biochemical, genetic and physiological characteris-
tics, protoplasts retain the identity of the tissue they originate
from and have been successfully applied to dissect various
signalling pathways in plants.>* In light of these advantages,
we decided to implement red light-controlled gene expression
in N. tabacum leaf protoplasts.

In proof-of-principle applications to demonstrate the applic-
ability of red light-controlled gene expression in the analysis of
plant signalling and for the production of biopharmaceuticals,
we then aimed to use red light to manipulate auxin signalling
in tobacco protoplasts and to produce a therapeutic protein in
the moss P. patens.

Results
Chemically-controlled gene expression in N. tabacum

The red light-responsive gene expression system for mamma-
lian systems is based on the TetR protein for DNA-binding.?*° To
find a highly efficient DNA-binding protein to apply this system
to plants, we first implemented and compared chemically-
inducible systems, which respond to antibiotics that have been
well-described and are widely used in mammalian cells and in
N. tabacum protoplasts. To this end, we adapted a macrolide-
responsive gene expression tool that is based on the macrolide
repressor protein from E. coli (here referred to as E)*® to plant
systems and compared it to tetracycline’ and pristinamycin-
regulated® systems. N. tabacum protoplasts were co-transformed
with plasmids coding for the DNA-binding proteins fused to the
Herpes simplex virus-derived VP16 transactivation domain and a
nuclear localization sequence (NLS) and with reporter plasmids
for firefly luciferase expression (Fig. 2A). Next, the protoplasts
were incubated in the presence or absence of the regulating
antibiotics at non-toxic concentrations®>° (Fig. S1, ESIt) for 24 h.
The macrolide-regulated transgene expression system showed
higher reporter levels (245.5 [RLU] compared to 2.5 [RLU]
(tetracycline-regulated) and 1.3 [RLU] (pristinamycin-regulated))
as well as a higher induction ratio of the unrepressed state
compared to the repressed state (721-fold compared to 65-fold
(tetracycline-regulated) and 52-fold (pristinamycin-regulated))
(Fig. 2B). In light of the superior performance of the E-based
gene-regulation system in N. tabacum, we decided to modify the
red light-regulated gene expression system with respect to the
DNA binding protein by replacing TetR with the macrolide
repressor protein E.

Red light-controlled gene expression in mammalian and
N. tabacum cells

To adapt the red light-regulated gene expression system to
plants, we followed a two-stage process. First, we capitalized
on the established mammalian cell system to evaluate the
functionality of the modified light-switch upon replacement
of the TetR DNA-binding domain with the in-planta superior E
DNA-binding protein. Next, we placed the system’s components

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Chemically-controlled gene expression in N. tabacum. (A) Con-
figuration. For chemically-controlled gene expression a two vector system
was employed. The first plasmid encoded a constitutively-expressed
fusion protein of a DNA-binding protein and the Herpes simplex-derived
VP16 transactivation domain under the control of the cauliflower mosaic
virus 35S promoter (Pcamysss). As binding proteins the tetracycline repres-
sor protein (TetR, pMZ833), the macrolide repressor protein (E, pMZ824) or
the pristinamycin repressor protein (PiP, pKM271) were used and the fusion
proteins were targeted to the nucleus via a C-terminally fused nuclear
localization sequence (NLS). The second plasmid coded for firefly lucifer-
ase (FLuc) under control of the human cytomegalovirus minimal promoter
(Phcmvmin) that was positioned downstream of multimerized operator
sequences for TetR (tetO,3, pMZ802), E (etrg, pMZ836) or PiP (PIRs,
pKM272). (B) Chemically controlled gene expression in N. tabacum-
derived protoplasts. 125000 protoplasts were transformed for tetra-
cycline, clarithromycin or pristinamycin-controlled FLuc expression. After
a 24 h incubation in the absence (—AB) or presence (+AB) of the regulating
antibiotics the reporter luminescence was quantified. Data are means +
SEM (n = 12).

under the control of plant promoters and validated the system
in N. tabacum-derived protoplasts.

In the first step, CHO-K1 cells were transfected for red
light-controlled expression of the reporter protein secreted
alkaline phosphatase (SEAP) using TetR (pKM022/pKMO006),
E (pKM300/pKMO082) or PIP (pKM301/pMF199) as the DNA-
binding domains (Fig. 3A). 24 h after transfection, the med-
ium was replaced with phycocyanobilin (PCB)-supplemented
medium to provide the PhyB-chromophore absent in mam-
malian cells.”” After 1 h incubation in the dark for ligation of
PCB to PhyB, the cells were illuminated with 660 nm or
740 nm light for 24 h before quantification of SEAP produc-
tion. Total reporter levels were 1.8-fold and 2.5-fold higher for
the PIP- and E-based systems compared to the original TetR-
based light-inducible gene expression system (Fig. 3B). At the
same time, the induction in 660 nm-illuminated compared to
740 nm-illuminated samples remained at comparable levels
for all three systems.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Method

Following the successful functional replacement of the
DNA-binding domain, we proceeded to place the components
of the red light-responsive transcription factor under the con-
trol of the cauliflower mosaic virus 35S promoter (Pcanvass)™
for its application in plant cells. Next, N. tabacum-derived
protoplasts were transformed with the red light responsive split
transcription factor (pMZ827/pMZ828) along with a firefly
luciferase reporter plasmid (pMZ836) (Fig. 3A). Because the
natural PhyB chromophore phytochromobilin (P$B) is syn-
thesized by all plants,>**° PCB-supplementation of the proto-
plast culture was not necessary. The protoplasts were either
illuminated with activating 660 nm light for 24 h, or incubated
in the dark immediately after the transformation. Quantifica-
tion of luciferase luminescence revealed high expression levels
in the 660 nm-illuminated samples, while expression in the
dark-incubated protoplasts remained at basal levels, resulting
in induction levels of 95-fold (Fig. 3C). For many applications it
is essential to be able to grow plants in white light without
activation of transgene expression. Therefore, we explored the
possibility of preventing expression of a transgene under the
control of the red light-inducible expression system by supple-
menting white light with inactivating 740 nm light. To this end,
N. tabacum-derived protoplasts were transformed for red light-
controlled firefly luciferase expression and incubated under
white light (see spectrum in Fig. S2, ESIt) that was supplemen-
ted with 740 nm light of increasing intensities. Quantification
of firefly luciferase luminescence revealed that a strong reduction
of transgene expression by white light (1 pumol m~> s~ ) is possible
by additional illumination with 3 pmol m™2 s™* of 740 nm light.
Complete repression of transgene expression to levels comparable
to dark-incubated samples is achieved at 21 pmol m ™% s~* 740 nm
light (Fig. 3D).

In mammalian cells, the red/far-red light controlled gene
expression system is bistable - it remains in the ON state, when
activating 660 nm illumination is followed by darkness and
stays in the OFF state, when inactivating 740 nm illumination is
succeeded by incubation in the dark.”® In plants, on the other
hand, PhyB is known to return to the inactive R-form not only
upon illumination with 740 nm light, but also in the dark. This
process has been termed ‘“dark reversion” and depends on
several factors® like pH, ionic strength, reducing agents, metal
ions and phosphorylation.>" To gain a deeper insight into the
kinetics of OFF-switching of gene expression by far-red light or
in the dark in planta, N. tabacum-derived protoplasts were
transformed for red light-responsive firefly luciferase expres-
sion and illuminated with 660 nm light for 8 h. Next, illumina-
tion with 660 nm light was either resumed, illumination was
switched to 740 nm light or the protoplasts were moved to the
dark. At the same time, control cells received clarithromycin
that has been shown to induce the immediate dissociation of E
from its operator sequence, resulting in an instantaneous shut-
off of gene expression.”® The firefly luciferase reporter was
followed over a time-course of 24 h by quantifying its lumines-
cence (Fig. 4). Control cells for background reporter expression
were incubated in the dark or under 740 nm light for the
entire time course. Reporter expression increased after 4 h and
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Fig. 3 Red light-controlled gene expression in mammalian and in N. tabacum cells. (A) In mammalian cells, the red light-switchable split transcription factor
was transcribed as a bicistronic expression unit under the control of the simian virus 40 promoter (Psy40). In the first cistron, the N-terminal fragment PhyB
(PhyB(1-650)) was fused to VP16 and to an NLS. In the second cistron, the N-terminal 100 amino acids of PIF6 were fused to TetR (pKM022), E (pKM300) or PiP
(PKM301). Translation of the second cistron was induced by a polioviral internal ribosome entry site (IRESpy). The response vectors comprised tetO;z (pKM0O06),
etrg (PKM082) or PIR3 (pMF199) fused to Ppcmvmin @and the reporter human placental secreted alkaline phosphatase (SEAP). For optimized red light-inducible gene
expression in plants, the components of the split transcription factor PhyB(1-650)-VP16-NLS (pMZ827) and E-PIF6(1-100), which were enhanced by a C-terminal
NLS (pMZ828), were under control of Pcamysss. In the response construct FLuc expression was controlled by an etrg-Pncmymin Promoter (pMZ836). (B) Evaluation
of different DNA binding proteins in CHO-K1 cells. 75000 CHO-K1 cells were transfected for red light-responsive SEAP production using TetR, E or PiP fusions
of PIF6 in conjunction with PhyB-VP16-NLS and specific reporter plasmids. 24 h post transfection, the culture medium was replaced with phycocyanobilin
(PCB)-supplemented medium. After 1 h incubation in the dark the cells were illuminated with 660 nm or 740 nm light for 24 h before SEAP quantification.
(C) Red light-induced firefly luciferase expression in N. tabacum protoplasts. 125000 protoplasts were transformed for red light-responsive firefly luciferase
production. Following incubation with 660 nm illumination or in the dark for 24 h, the luminescence was quantified. (D) Repression of transgene expression in
white light by supplementary 740 nm illumination in N. tabacum protoplasts. 125 000 N. tabacum protoplasts were first transformed for red light-regulated firefly
luciferase production. Next, the protoplasts were illuminated with white light (1 pmol m=2 s~ that was supplemented with 740 nm light of increasing intensities.
24 h after illumination start, the reporter luminescence was quantified. B, data are means + SD (n = 4); C and D, data are means + SEM (n = 12).
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Fig. 4 Switch-off kinetics of red light-regulated gene expression in
N. tabacum. 125000 protoplasts were transformed for red light-responsive
expression of firefly luciferase (pMZ827/pMZ828/pMZ836). After the trans-
formation, the protoplasts were illuminated with 660 nm light for 8 h. Next,
660 nm illumination was continued, clarithromycin was added, and the cells
were transferred to the dark or illumination was switched to 740 nm. Control
cells were incubated in the dark or under 740 nm light for the entire
experiment. Firefly luciferase luminescence was quantified at the indicated
points in time. Data are means & SEM (n = 12).

continued to rise before reaching steady-state levels after 12 h
of continuous 660 nm illumination. On the other hand, firefly
luciferase luminescence from samples that received clari-
thromycin 8 h after illumination onset began to steadily
decrease after 12 h and samples that were switched from
660 nm to 740 nm illumination after 8 h displayed the same
time course of reporter expression as samples that received
clarithromycin. This implies that transgene expression is
instantaneously switched off upon illumination with 740 nm
light. Samples that were transferred from 660 nm illumination
to darkness after 8 h showed a decrease in the luminescence
signal after 12 h as well, but this decrease was slightly delayed
compared to samples that had been switched to 740 nm
illumination. This suggests that dark reversion plays a signifi-
cant role in red light-controlled gene expression in plants, but
is slower than the active termination of gene expression by
740 nm illumination.

Red light-controlled auxin signalling in N. tabacum

After implementation and characterization of the red light-
responsive gene expression system in N. tabacum protoplasts,
we sought to demonstrate its applicability in the investigation
of plant signalling networks. To this end we chose to manip-
ulate the auxin response, which plays a pivotal role in the
regulation of plant growth and in developmental processes.***?
The crux of auxin signalling is the auxin-dependent formation
of a co-receptor complex between TIR1 (F-box protein compo-
nent of an SCF E3 ubiquitin-ligase complex) and Aux/IAA
family members (repressors of auxin-responsive genes) that
triggers the de-repression of auxin-responsive genes via the
degradation of Aux/IAA.** We intended to target this switch
point of auxin perception in a two-pronged approach. Firstly, we
placed TIR1 under red light control to enhance the degradation

This journal is © The Royal Society of Chemistry 2014
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of Aux/IAA. Secondly, we designed micro RNAs (miRNAs) target-
ing the TIR1 mRNA to reduce cellular TIR1-levels, resulting in
reduced sensitivity to auxin and thus elevated Aux/IAA levels
(Fig. 5A). To observe the effect of the light-regulated adjustment
of TIR1-levels, we monitored the TIR1-dependent effect of auxin
on a recently described, Aux/IAA-degradation-based ratiometric
auxin sensor.”” To this end, N. tabacum-derived protoplasts were
transformed for expression of an optimized quantitative auxin
sensor construct (L2min17-Luc).>® After 24 h incubation in the
dark, increasing amounts of auxin were added to the culture
medium. Following 45 min incubation firefly luciferase and
renilla luciferase luminescence was quantified. Due to increas-
ing TIR1-mediated degradation of the Aux/IAA-coupled firefly
luciferase, the ratio of firefly luciferase luminescence to renilla
luciferase luminescence decreased from 4.1 in the absence of
auxin to background levels at 10 nM auxin (Fig. 5B). In parallel,
protoplasts were transformed for expression of the auxin sensor
and red light controlled TIR1 (pMZ827/pMZ828/pMZ841) or
for expression of the auxin sensor and red light-controlled
miRNArR; (pMZ827/pMZ828/pMZ839). After transformation
the protoplasts were incubated under 660 nm light or in the
dark prior to auxin stimulation. Protoplasts that had been
incubated in the dark displayed the same auxin-dependent
decrease in Aux/IAA observed for the sensor alone, regardless
of the deployed reporter. However, 660 nm-illuminated proto-
plasts transfected for red light-inducible miRNArk;, expression
showed increased Aux/IAA levels, as would be expected for the
depletion of the cellular TIR1 pool resulting from the red light-
induced knock-down of TIR1. On the other hand, the red light-
induced expression of TIR1 triggered a decrease of Aux/IAA to
background levels even without auxin supplementation (Fig. 5B).

These results illustrate the potential of the light-inducible
expression system for the targeted analysis of complex plant
signal sensing and transduction pathways.

Red light-triggered production of biopharmaceuticals in
P. patens

To show the potential of the red light-inducible expression
system not only in basic research, but also in biotechnology, we
decided to apply it further to the production of biopharmaceu-
ticals. Most biopharmaceuticals are currently produced in
mammalian expression hosts, especially in Chinese hamster
ovary (CHO) cells,*® to match their native glycosylation pat-
terns. However, mammalian expression platforms are cost-
intensive and are associated with the risk of contamination
with human pathogens. Therefore, plants and in particular the
moss P. patens have gained increasing attention as competitive
production hosts for complex biopharmaceuticals.’”° P. patens
is a versatile production platform,*® because it is mainly haploid,
genetically accessible by highly efficient base-specific gene tar-
geting, has been engineered for humanized glycosylation and
proteins can be secreted in the culture medium.*®*"*?> While
several therapeutic proteins, like the vascular endothelial growth
factor (VEGF),*? erythropoietin (EPO),** monoclonal antibodies**
or factor H,® have been produced in P. patens by batch fermen-
tation, a chemical-inducer free inducible process would be
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Fig. 5 Red light-controlled tuning of auxin signalling in N. tabacum. (A) Principle of red light-controlled auxin signalling. TIR1 mediates auxin-induced
degradation of Aux/IAA that in turn inhibits the expression of auxin-responsive genes via the repression of ARF. By red light-controlled expression of TIR1,
Aux/IAA levels are further decreased, resulting in increased expression of auxin-regulated genes. On the other hand, the red light-induced expression of
MiRNAr; diminishes the cellular TIR1 pools, resulting in elevated Aux/IAA levels and strong repression of auxin signalling. The Aux/IAA-mediated
signalling is monitored via a ratiometric sensor that is constituted by Aux/IAA-fused FLuc and RLuc that are produced in an equimolar ratio. An increase in
auxin levels or the red light-induced expression of TIR1 results in a decrease in the Aux/IAA-FLuc pool, while the RLuc population is not affected.
Therefore, the FLuc: RLuc ratio decreases. In the same way a decrease in auxin levels or the red light-induced knock-down of TIR1 will result in an
increased FLuc: RLuc ratio. (B) Implementation of red light-controlled auxin signalling in N. tabacum cell culture. 125000 protoplasts were transformed
with the auxin sensor alone, with the auxin sensor and a red light-controlled miRNAr; (pMZ827/pMZ828/pMZ839) or with the auxin and red light-
controlled TIR1 (pMZ827/pMZ828/pMZ841). After transformation the protoplasts were either illuminated with 660 nm light (closed symbols) or incubated
in the dark (open symbols). 24 h later increasing amounts of auxin were added to the protoplasts as indicated. After incubation for 45 min, the firefly

luciferase and renilla luciferase luminescence was quantified. Data are means + SEM (n = 3).

highly desirable for the production of cytotoxic proteins that
elude classical batch fermentation and to optimize the product
yield by limiting protein production to growth phases with an
optimal biosynthetic capacity.’

Therefore, we tested the applicability of the red light-
responsive gene expression system for P. patens. First, we con-
firmed that the clarithromycin-responsive gene expression system
is functional in P. patens and observed excellent reporter expres-
sion when P. patens-derived protoplasts were co-transformed with
E-VP16-NLS (pMZ824) and a firefly luciferase reporter (pMZ836)
(Fig. 6A). Upon addition of 100 pug ml~" clarithromycin, reporter
expression was repressed to background levels, thus resulting in a

1684 | Mol BioSyst, 2014, 10, 1679-1688

25-fold induction of the unrepressed state compared to the
repressed state. Next, we tested red light-controlled gene expression
by transformation of P. patens-derived protoplasts with the red
light-responsive split transcription factor (pMZ827/pMZ828) and a
luciferase reporter (pMZ836), followed by illumination with activat-
ing 660 nm light or incubation in the dark for 24 h. Quantification
of firefly luciferase luminescence revealed a 26-fold induction of
reporter expression in red light compared to the dark-control
(Fig. 6B). Finally, we chose to place the human vascular endothelial
growth factor (VEGF;,;) under red light control to demonstrate the
suitability of the red light-controlled expression system for the
production of biopharmaceuticals. VEGF is a small glycoprotein

This journal is © The Royal Society of Chemistry 2014
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Inducible gene expression in P. patens. (A) Clarithromycin-regulated gene expression. 125000 protoplasts were transformed for clarithromycin

(pMZ824/pMZ836)-controlled firefly luciferase expression. After a 24 h incubation in the absence (—AB) or presence (+AB) of 100 ug ml~? clarithromycin
the reporter luminescence was quantified. (B) Red light-inducible expression of firefly luciferase. 125000 protoplasts were transformed for red light-
responsive firefly luciferase production (pMZ827/pMZ828/pMZ836). Following incubation under 660 nm illumination or in the dark for 24 h, the
luminescence was quantified. (C) Production of VEGF;,; in response to red light. 125000 protoplasts were transformed for red light-responsive VEGF
production (pMZ827/pMZ828/pKM295). After illumination with 660 nm light for 40 h or incubation in the dark the VEGF production was quantified. Data

are means + SEM (n = 12).

that plays an important role in angiogenesis®” and is being
evaluated for applications in wound healing in diabetes.*’
Ilumination of P. patens-derived protoplasts transformed for
red light-inducible VEGF;,;-production (pMZ827/pMZ828/
pKM295) with 660 nm light for 40 h resulted in 616 pg ml "
secreted VEGF (Fig. 6C). The lower induction ratio of the
secreted protein VEGF (Fig. 6C) compared to light-induced
expression of the cytoplasmatically-localized firefly luciferase
(Fig. 6B) might be due to the delay in protein secretion upon
illumination onset.

These results demonstrate the feasibility and the potential
of red light-induced protein production in plants.

Discussion

Chemically-inducible gene expression systems have limitations
regarding not only the temporal but also the spatial control of
induction. Therefore, several light-responsive expression sys-
tems for bacteria,*®*>° yeast’®*' and mammalian cells**>*7*92°
have been developed recently following synthetic biology prin-
ciples.”” The idea of synthetic biology to create novel bio-
molecular tools using engineering concepts is slowly gaining
ground in plant systems.>>>* However, no light-controlled syn-
thetic tools for plant systems have been reported to date,
presumably because plants require light to sense their environ-
ment and as a source of energy. Consequently, it is impossible
to keep light-responsive tools in the OFF state in-planta by
ongoing incubation in the dark. We overcame this hitch by
applying a phytochrome-based red light-responsive gene
expression tool to plant systems. Phytochrome-based opto-
genetic tools are unique in that they can not only be activated
by red light, but can also be rapidly returned to the OFF state by
illumination with far-red light. This may, in the future, facil-
itate the implementation of the system in whole plants, where
transgene expression in light-grown plants can be repressed by
supplementary far-red light illumination. To activate gene
expression with spatiotemporal precision, ambient light and
far-red light illumination may then be terminated followed by
the local activation of gene expression by spatially-defined
illumination with activating red light (Fig. 7).

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Layout of an experimental set-up for local red light-controlled
gene expression in whole plants. To prevent activation of the red light-
responsive gene switch in light-grown plants, supplementary 740 nm
illumination is applied that constantly returns the system to the OFF state.
For the spatiotemporal control of transgene expression, illumination with
white light and supplementary 740 nm light is terminated and activating
660 nm light is applied locally.

We applied a novel synergistic synthetic biology approach
comprising mammalian cells and plant protoplasts. This strat-
egy allowed a straightforward customization and optimization
of the tool by profiting from the established experimental
platform and optogenetic devices developed in mammalian
cells. Furthermore, we developed a macrolide-responsive
chemically-regulated expression system in the process of opti-
mizing the red light-responsive gene expression system for
plants. This system responds to the antibiotic clarithromycin
and compares very favourably to existing chemically-controlled
systems regarding expression strength and induction levels.
Exposing the optimized red light-regulated gene expression
system to red light resulted in an excellent induction of high
reporter levels in N. tabacum-derived protoplasts and could be
instantaneously switched off upon far-red light illumination.
We took advantage of this feature and succeeded in keeping the
system in the OFF state in the presence of white light by
supplementation with inactivating far-red light.
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We demonstrated the system’s potential for the investiga-
tion of plant signalling by using red light to tune the auxin
response. This approach may in future be adapted to whole
plants to study auxin signalling with an unprecedented spatio-
temporal resolution and can easily be adapted to the study of
other signalling pathways and cellular processes. However,
light does not merely act as an energy source for plants, but
also constitutes an important environmental cue that controls
various signalling pathways. Therefore, pleiotropic effects of
illumination should be taken into consideration when the
red light-responsive gene expression system is utilized to study
signalling processes in plants. Beyond its application in basic
research, we also highlighted the possibility to employ red light
for the chemical inducer-free production of biopharmaceuti-
cals in the biotechnologically relevant P. patens system.

It can be anticipated that this first optogenetic gene expres-
sion system for plants will, for some applications, initiate the
replacement of complex equipment for the delivery of sub-
stances at specific points in time (e.g. microfluidic set-ups) by
simple illumination.

In conclusion, the first red light-controlled gene expression
system for plants can be expected to open new ways to study
plant signalling processes with the spatiotemporal resolution
of light and will, in addition, constitute a new tool for the
inducible production of biopharmaceuticals.

Experimental
Expression vectors

The expression vectors and the detailed cloning strategies are
described in Table S1 (ESIY).

Mammalian cell culture and transfection

Chinese hamster ovary cells (CHO-K1, ATCC CCL 61) were
cultivated in HTS medium (Cell Culture Technologies) supple-
mented with 10% fetal bovine serum (FBS) (PAN, cat. no. P30-
3602, batch no. P101003TC) and 2 mM r-glutamine (Sigma).
The medium was supplemented with 100 U ml™* of penicillin
and 0.1 mg ml ™" of streptomycin (PAN). Cells were transfected
using a polyethyleneimine (PEI)-based method as described
before."® The bicistronic expression cassette for the split tran-
scription factor (pKM022/pKM300/pKM301) was used in 2-fold
excess (w:w) over the respective reporter plasmid (pKMO006/
PKMO082/pMF199). After 24 h, the medium was replaced with
fresh medium supplemented with 15 pM PCB (LivChem) from a
30 mM stock solution in DMSO. All experimental procedures
after the addition of PCB were carried out under green LED
light (522 nm). After 1 h cultivation in the dark, the cells were
illuminated as indicated.

Protoplast preparation and transformation

N. tabacum cultivation, protoplast isolation and polyethylene
glycol-mediated transformation were performed as described
before® with minor variations: Enzymatic digestion of cut plant
material was carried out with 0.5% cellulose Onozuka R10 and
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macerozyme R10 (Serva) in modified PIN solution (10 mM MES,
3.2 g 1" Gamborg B5 basal salt powder with vitamins (EMELCA
Bioscience), 0.38 M sucrose, adjusted to pH 5.8). After 16 h of
incubation in the dark at 22 °C the incubation mixture was
gently agitated and passed through a disposable 100 pm sieve.
The protoplast solution was transferred into round-bottom
falcon tubes and overlaid with 2 ml of 3 M solution (15 mM
MgCl,, 5 mM MES, 0.465 M mannitol, adjusted to pH 5.8). After
30 min the protoplasts accumulating at the interphase were
collected and transferred into a new tube with 10 ml of W5
solution (154 mM NaCl, 125 mM CaCl,, 5 mM KCl, 5 mM
glucose, adjusted to pH 5.8). After sedimentation at 80 g for
5 min the cells were re-suspended in 10 ml W5 and the cell
density was determined. The cells were sedimented again and
adjusted with 3 M solution to a density of 500 000 ml~". For the
transformation, 5 pg of DNA in H,O was added to 100 pl
protoplast solution in a round bottom falcon tube and incubated
at room temperature for 5 min. Next, 100 pl PEG solution were
added to the protoplasts in a dropwise manner and the falcon
tube was gently tilted. After 8 min 1 ml, 2 ml, 3 ml and 4 ml of
W5 were consecutively added to the tube. Next, the contents were
mixed by gently tilting the tube and the cells were sedimented at
80 g for 5 min, re-suspended in 200 pul modified PCN (3.2 g 17"
Gamborg B5 basal salt powder with vitamins, 2 mg I *
Ca-pantothenate, 0.2 mg 1! biotin, 500 mg I MgS0,-7H,0,
300 mg 1"* CaCl,-2H,0, 976 mg 1" MES, 50 mg 1" glutamine,
20 g 17" sucrose, 80 g 17" glucose, adjusted to pH 5.8). Immedi-
ately after transformation, the protoplasts were either illumi-
nated with 660 nm light or incubated in the dark prior to
reporter quantification.

P. patens was cultivated in liquid Knop medium (pH 4.5).
The plants were cut and subcultured weekly as described
before.>® Protoplast isolation and transformation was per-
formed as detailed elsewhere.””””® In brief, 300 000 protoplasts
were transformed and re-suspended in 1.2 ml regeneration
medium. Finally, several transformation preparations were
pooled and 125000 protoplasts transferred to each well of a
24-well plate in 500 pl regeneration medium. Immediately after
transformation, the protoplasts were either illuminated with
660 nm light or incubated in the dark prior to reporter
quantification.

Illumination and chemical inducers

illuminated with 660 nm
(8 pumol m™2 s™"), 740 nm (20 pmol m~> s™') or white light
(1 wmol m™? s7') from LED arrays.”® Light intensity was
adjusted using neutral density filters (Schott) that were placed
on top of the culture dishes. Regulating antibiotics were added
to the culture medium where indicated: tetracycline (Sigma),
3 ug ml~* from a 3 mg ml™" stock in ethanol; clarithromycin
(Sigma), 100 pug ml™' from a 2 mg ml~' stock in ethanol;
pristinamycin (pyostacin pills, Aventis), 200 ug ml~* from a
50 mg ml " stock in DMSO. Auxin (indole-3-acetic acid, Sigma)
was added to the culture medium from a 200 mM stock in
ethanol.

Unless indicated, cells were

This journal is © The Royal Society of Chemistry 2014
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Reporter gene assays

SEAP was quantified in the cell culture medium by a colori-
metric assay as described before.>® Firefly luciferase and renilla
luciferase luminescence was quantified in whole protoplasts as
detailed elsewhere.?®> VEGF was quantified in the cell culture
medium using a human VEGF ELISA kit (PeproTech) according
to the manufacturer’s instructions.
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