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Riboswitches are small cis-regulatory RNA elements that regulate gene expression by conformational changes in response to
ligand binding. Synthetic riboswitches have been engineered as versatile and innovative tools for gene regulation by external
application of their ligand in prokaryotes and eukaryotes. In plants, synthetic riboswitches were used to regulate gene
expression in plastids, but the application of synthetic riboswitches for the regulation of nuclear-encoded genes in planta
remains to be explored. Here, we characterize the properties of a theophylline-responsive synthetic aptazyme for control of
nuclear-encoded transgenes in Arabidopsis (Arabidopsis thaliana). Activation of the aptazyme, inserted in the 3" UTR of the target
gene, resulted in rapid self-cleavage and subsequent decay of the mRNA. This riboswitch allowed reversible, theophylline-
dependent down-regulation of the GFP reporter gene in a dose- and time-dependent manner. Insertion of the riboswitch into the
ONE HELIX PROTEIN1 gene allowed complementation of ohpl mutants and induction of the mutant phenotype by
theophylline. GFP and ONE HELIX PROTEIN1 transcript levels were downregulated by up to 90%, and GFP protein levels
by 95%. These results establish artificial riboswitches as tools for externally controlled gene expression in synthetic biology in

plants or functional crop design.

The discovery of riboswitches has opened the possi-
bility to design novel RNA-based systems for external
control of gene expression. Riboswitches are widely
distributed in prokaryotes, where they regulate tran-
scription or translation in response to binding of a small
molecule, such as a metabolite or signaling compound
(Mellin and Cossart, 2015; Sherwood and Henkin, 2016).
Naturally occurring riboswitches are cis-regulatory
RNA elements that are typically formed from two
domains: a ligand-binding domain (aptamer) and an
output domain (expression platform) that controls
gene expression through a variety of mechanisms.
Riboswitches are often located downstream or up-
stream of the gene that is responsible for production
of their ligand. Changes in intracellular concentration
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of the ligand are sensed by the aptamer domain,
leading to a conformational change of the expression
platform, which in turn switches gene expression on
or off (Nahvi et al., 2002; Winkler et al., 2002a, 2002b).
In eukaryotes, particularly in plants, algae, and fungi,
intracellular thiamine pyrophosphate (TPP) levels are
regulated by TPP-responsive riboswitches that func-
tion by alternative splicing of a TPP biosynthetic gene
(Bocobza et al., 2007; Wachter et al., 2007; Wachter, 2014).

Inspired by natural riboswitches, researchers have
created synthetic, ligand-responsive regulatory RNAs.
To design synthetic riboswitches, mostly self-cleaving
ribozymes are used as expression platforms that are
linked to an aptamer domain via a communication se-
quence, yielding so-called aptazymes (ribozyme plus
aptamer). Development of synthetic RNA aptamers via
systematic evolution of ligands by exponential enrich-
ment (SELEX) along with rational design of the com-
munication sequences brought the possibility to generate
aptazymes that sense a broad variety of molecular in-
puts, such as proteins, RNAs, metabolites, and cofac-
tors (Townshend et al., 2015; McKeague et al., 2016;
Zhong et al., 2016). The option to induce conformational
changes or destabilize mRNAs by a ligand-responsive
aptazyme makes them versatile tools for genetic con-
trol in diverse biological systems. Both natural and
synthetic riboswitches were used to regulate reporter
and endogenous gene expression in a wide variety of
organisms, including mammalian cells (Ausldander
et al., 2010; Nomura et al., 2012; Beilstein et al., 2015),
yeast (Win and Smolke, 2007; Wittmann and Suess,
2011; Klauser et al.,, 2015a), plants (Bocobza et al.,
2007; Wachter et al., 2007; Bocobza et al., 2013), algae
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(Ramundo et al., 2013), and cyanobacteria (Nakahira
et al., 2013).

External control of gene expression is an important
tool for biotechnology and the detailed analysis of gene
functions in plants. In many cases, temporal or spatial
control of transgene expression is needed to minimize
disturbance of development of the plant or to avoid
the presence of the gene product in non-target plant
organs. To date, artificial inducible transcription factors,
expressed either constitutively or from a tissue-specific
promoter, are the most broadly applied systems to ach-
ieve external induction of transgene expression in plants
(Moore et al., 2006; Corrado and Karali, 2009). However,
these systems have two major disadvantages: first, they
require the functionality of at least two transgenes, an
inducer-sensitive transcription factor and the target gene
with the binding site for the artificial transcription factor
in its promoter region. Second, the expression level of
artificial transcription factors may change substantially
in response to endogenous (e.g. the cell cycle) or ex-
ternal factors.

To repress an endogenous gene by an external trig-
ger, inducible systems based on RNA interference
(RNAi) were successfully employed (Guo et al., 2003;
Ketelaar et al., 2004; Masclaux et al., 2004). In these
systems, inducible expression of an RNA hairpin con-
struct or an artificial microRNA activates the endoge-
nous RNAi machinery, resulting in the production of
small interfering RNAs (siRNAs). The siRNAs subse-
quently mediate the transcriptional and posttrans-
criptional silencing of homologous genes (Borges and
Martienssen, 2015). Another common approach to
activate the RNAi machinery is virus-induced gene
silencing that uses engineered plant viruses containing
parts of the target gene(s) in their genome (Kumagai
etal., 1995; Ruiz et al., 1998). All these systems rely on
functionality and activity of the many components of
the endogenous RNAi system. Additionally, plant vi-
ruses often have a limited host range and bear the risk
of unwanted spreading from plant to plant (Senthil-
Kumar and Mysore, 2011). Therefore, cis-acting sys-
tems like riboswitches, which allow combination of
the gene of interest and the regulatory element in a
single transcript, promise to be substantially more
robust and universal.

In the past decade, several studies were conducted to
introduce riboswitch-mediated regulation of gene ex-
pression in plants (Bocobza et al., 2007; Wachter et al,,
2007; Verhounig et al., 2010; Ogawa, 2011; Emadpour
et al., 2015; Doron et al., 2016). The native TPP ribos-
witch from Arabidopsis (Arabidopsis thaliana) has been
used successfully to regulate the expression of reporter
genes (Bocobza et al, 2007; Wachter et al., 2007).
However, the switching efficiency was lower than in
transcription factor-based systems unless TPP-deficient
mutants were used, which compromised the general
suitability of this system for physiological analyses.
Prokaryotic riboswitches and synthetic derivatives
have been used to regulate expression of transgenes in
the chloroplast genome of vascular plants or microalgae
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(Verhounig et al., 2010; Emadpour et al., 2015; Doron
et al., 2016). These systems allow very high expression
levels and efficient ON- or OFF-switching of trans-
gene expression, but the subcellular localization of the
proteins is limited to plastids. Regulation of nuclear-
encoded genes in plants by synthetic riboswitches had
not been reported so far.

Our approach to establish riboswitches as tools for
regulation of nuclear gene expression in plants is based
on a synthetic riboswitch that is responsive to an inducer
not commonly found in the model plant Arabidopsis.
Previous studies optimized theophylline-responsive
riboswitches based on the self-cleaving hammerhead
ribozyme (HHR) from Shistosoma mansoni for the regu-
lation of gene expression in yeast and mammalian cells
(Win and Smolke, 2007; Auslander et al., 2010; Klauser
et al., 2015b; Rehm et al., 2015). The HHR in these
switches can be completely inactivated by an A-to-G
mutation in the catalytic core to demonstrate that the
observed changes in gene expression depend on self-
cleavage (Fig. 1A). To generate a ligand-responsive
aptazyme, stem-loop III of the HHR has been replaced
by a synthetic theophylline aptamer linked via an op-
timized communication sequence (Yen et al., 2004;
Auslander et al., 2010). The aptamer used in our
riboswitches was developed by in vitro evolution and
has a high affinity and specificity for theophylline, a
caffeine derivative (Jenison et al., 1994). For adoption of
the active conformation of the catalytic core, HHRs
depend on closure of stem III and tertiary interactions
between loops L1 and L2 (Khvorova et al., 2003;
Fig. 1B). The proposed general base and general acid
catalysis mechanism of the cleavage reaction involves
interactions between one adenosine and two guanosine
residues (Scott et al., 2013). When a ribozyme or
aptazyme is inserted into the 3" UTR of an mRNA,
self-cleavage separates the poly(A) tail from the
protein-coding sequence and thereby destabilizes
the transcript (Fig. 1B). In HeLa cells, the optimized
theophylline-inducible aptazyme (aTheoAz) incorpo-
rated into the 3" UTR of a luciferase reporter gene
mediated the reduction of luciferase expression by
more than 80% in response to theophylline applica-
tion (Auslander et al., 2010).

Here, we show that the aTheoAz incorporated into the
3’ UTR of a GFP expression cassette constitutes an ef-
fective riboswitch enabling dose- and time-dependent
down-regulation of GFP transcript and protein levels in
Arabidopsis. We demonstrate that aptazyme-mediated
down-regulation of gene expression can be used for
physiological studies by conditional complementation
of mutants lacking the thylakoid-integral One Helix
Proteinl (OHP1), which is required for synthesis or
maintenance of functional photosystems (Beck et al.,
2017; Hey and Grimm, 2018; Myouga et al., 2018). The
seedling-lethal phenotype of ohpl-1 mutants was
overcome by a switchable transgenic copy of the
OHP1 gene, and treatment of seedlings with theo-
phylline reduced the OHP1 transcript level to near the
detection limit. This synthetic riboswitch therefore
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Figure 1. Structure and regulatory mechanism of the theophylline-
inducible aptazyme. A, Sequence and secondary structure of the
theophylline-inducible aptazyme (aTheoAz) built in VARNA (Darty
etal., 2009). The hammerhead ribozyme (HHR) is plotted in gray, the
communication sequence in green, and the theophylline aptamer in
blue. Tertiary interactions between loops L1 and L2 are indicated by
magenta coloring. The A residue that is mutated to G in the inactive
variants is marked in red. Nucleotides of the catalytic core that are in-
volved in the cleavage reaction are marked in yellow, interactions be-
tween these nucleotides are indicated by gray dashed lines. The two
cytosines between which the phosphodiester backbone is cleaved
(cleavage site) are marked in orange. B, Proposed mechanism of de-
stabilization of the GFP mRNA by theophylline-induced autocatalytic
cleavage of the aTheoAz. C, Schematic illustration of the different
constructs tested in transgenic Arabidopsis plants. aHHR, constitutively
active HHR; iHHR, inactive HHR; aTheoAz, aHHR with theophylline
aptamer; iTheoAz, iHHR with theophylline aptamer.

provides a useful tool to regulate nuclear-encoded
genes in planta.

RESULTS

A Library of Ribozyme- and Riboswitch-Dependent
Expression Cassettes

To analyze the functionality of the modified S. mansoni
HHR and the theophylline-inducible aptazyme (aThe-
0Az) derived from it, we generated a series of different
expression cassettes with the GFP gene under control of
the Cauliflower mosaic virus (CaMV) 35S promoter and
the Octopine Synthase terminator (OCS-3’) from Agro-
bacterium tumor-inducing plasmids (Ferbeyre et al,
1998; Fig. 1; Supplemental Fig. S1). Between the coding
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sequence of GFP and the OCS-3’, we inserted either
an active, modified HHR (aHHR) or an inactive variant
(iHHR). Two other constructs contained either the
aTheoAz or a theophylline-binding but catalytically in-
active aptazyme (iTheoAz; Fig. 1C). All constructs were
stably inserted into Arabidopsis plants by Agrobacterium-
mediated transformation and homozygous lines were
selected for characterization.

Suppression of Gene Expression by Insertion of the HHR
into the 3' UTR

Transgenic plants with the GFP:aHHR or GFP:iHHR
constructs were screened for GFP expression by epi-
fluorescence microscopy of leaves. As expected for free
GFP, fluorescence was observed in the cytosol and at
slightly higher levels in the nuclei in lines with the
GFP:iHHR construct. GFP fluorescence in lines with the
GFP:aHHR construct was very low and is virtually in-
visible in images with gain and contrast settings opti-
mized for the GFP:iHHR construct (Fig. 2A).

To quantify the difference in GFP expression levels
between lines carrying the active and inactive ribo-
zymes, we analyzed GFP fluorescence in soluble pro-
tein extracts of 2-week-old seedlings. Lines with the
GFP:aHHR construct showed very low levels of GFP
fluorescence with a slight variation between indepen-
dent transgenic lines, whereas lines with the GFP:iHHR
construct mostly showed strong GFP expression with
more than 50-fold higher fluorescence intensities on
average (Fig. 2B). From the tested lines, we selected
one representative homozygous line for each construct
for the detection of GFP protein and mRNA by im-
munoblot and RNA blot analysis, respectively. The
GFP:iHHR construct induced high levels of GFP pro-
tein and transcript expression, whereas GFP protein
and transcript were not detected in transgenic plants
with the GFP:aHHR construct when the exposure time
was optimized for detection of GFP mRNA or protein
in the GFP:iHHR plants (Fig. 2, C and D).

Down-Regulation of Gene Expression by the
Theophylline-Inducible Aptazyme Inserted in the 3' UTR

In order to determine the theophylline tolerance of
Arabidopsis seedlings, we germinated wild-type seeds
on agar plates with different concentrations of theo-
phylline. After 2 weeks, the roots were shorter in all
seedlings exposed to theophylline in comparison to the
control seedlings without theophylline (Supplemental
Fig. S2A). The roots of the control seedlings were 72.4 +
3.0 mm long, whereas root lengths were gradually re-
duced to 16.5 = 1.2 mm in seedlings cultivated in the
presence of 1.5 mm theophylline. Leaf size and number
also decreased with increasing concentrations of theo-
phylline, but in seedlings treated with up to 1.5 mm
theophylline, all leaves appeared healthy without mac-
roscopic chlorosis or necrosis. Chlorophyll fluorescence
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Figure 2. GFP expression levels in transgenic lines carrying the
GFP:aHHR and GFP:iHHR constructs. A, Epifluorescence images of
mature leaves from greenhouse-grown plants with the constitutively
active ribozyme (aHHR) or the catalytically inactive (iHHR) ribozyme
inthe 3" UTR of the GFPexpression cassette. Exposure time and contrast
settings are identical for both images. B, GFP fluorescence was quan-
tified in soluble protein extracts of 2-week-old seedlings of independent
transgenic lines grown under short-day conditions in sterile culture.
Columns represent the average + st of three independent biological
replicates. C, Representative immunoblot showing detection of GFP in
soluble protein extracts of seedlings carrying the GFP:iHHR construct,
but not in seedlings with the GFP:aHHR construct. UDP-Glc pyro-
phosphorylase (UGPase) was used as loading control and the positions
of molecular weight markers are indicated at the left. D, Detection of
GFPtranscripts in 3-week-old seedlings by RNA blot. Ethidium bromide
stained 25S-rRNA is shown as loading control.

126

analysis revealed that at theophylline concentrations of
1 mmM or more, a progressive reduction of the quantum
efficiency of PSII (®pgyr) and inducible energy dissipation
(NPQ) occurred, whereas photodamage (lowering of
F,/Fy, as measure of photosynthetic capacity) was neg-
ligible up to 1.5 mm theophylline (Supplemental Figs.
S2B-52D). Based on these experiments, we chose a
maximum concentration of 1.5 mm theophylline in the
culture medium for detecting changes in GFP protein
expression in transgenic plants carrying the aTheoAz or
iTheoAz constructs.

In preliminary experiments, we observed that it takes
up to 2 weeks until changes in GFP protein expression
become apparent after the application of theophylline
to axenically grown seedlings. Therefore, we cultivated
transgenic plants carrying aptazymes on plates with 0
or 1 mm theophylline for 14 d for quantification of GFP
expression by fluorescence measurements in soluble
protein extracts. Three homozygous lines with the
active aptazyme showed 87% to 93% lower GFP ex-
pression upon growth on 1 mMm theophylline com-
pared to plants grown in the absence of theophylline
(Supplemental Fig. S3A). By contrast, in all three ho-
mozygous lines with the inactive aptazyme, a trend
toward higher GFP expression after growth on 1 mm
theophylline was observed, although the increase
was only significant in one of the lines (Supplemental
Fig. S3B).

From the tested lines, we selected one representative
homozygous line for each construct and used these
two lines for detailed characterization of theophylline-
dependent control of GFP expression (Fig. 3). By fluo-
rescence microscopy, a lower GFP signal intensity was
detected in seedlings with the GFP:aTheoAz construct
after 2 weeks cultivation in the presence of 1.5 mm
theophylline, whereas no decline in GFP fluorescence
was observed in seedlings with the GFP:iTheoAz con-
struct (Supplemental Fig. S4). Quantitative analysis of
GFP fluorescence in soluble protein extracts showed
that in the GFP:aTheoAz line 3, GFP expression was re-
duced by 88%, 92%, and 93% when the seedlings were
cultivated for 2 weeks in the presence 0.5, 1.0, and
1.5 mm theophylline, respectively (Fig. 3A). Although
the GFP fluorescence was not significantly different
between 0.5 and 1.5 mm theophylline in the overall
comparison, there was a strong negative correlation
(Pearson coefficient —0.945) between theophylline
concentration and GFP fluorescence. Similar results
to the GFP fluorescence assay were obtained when
GFP expression was quantified from immunoblot
signal intensities. The GFP signal intensity was re-
duced by 92%, 93%, and 95% when the seedlings were
cultivated in the presence 0.5, 1.0, and 1.5 mwm theo-
phylline, respectively (Fig. 3, B and C). In contrast, the
GFP signal intensity in seedlings of the GFP:iTheoAz
line 5 was 1.9-fold higher in the presence of 1 mm
theophylline compared to the untreated control,
whereas in the presence of 0.5 and 1.5 mm theophyl-
line, the differences were not significant (Supplemental
Fig. S3C).

Plant Physiol. Vol. 182, 2020
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Figure 3. GFP expression levels in transgenic lines carrying the active or inactive theophylline aptazymes. A to C, Seedlings of
GFP:aTheoAz line 3 or GFP:iTheoAz line 5 were grown on half-strength Murashige and Skoog agar plates with 2% Suc sup-
plemented with 0 to 1.5 mm theophylline under long-day conditions. After 2 weeks, soluble proteins were extracted and analyzed
for GFP fluorescence and GFP protein level. A, Relative GFP fluorescence in soluble protein extracts. B, Relative GFP protein
levels (normalized to UDP-Glc pyrophosphorylase [UGPase] and to control plants) in soluble protein extracts determined by
immunoblot analysis. C and D, Representative immunoblots of the quantitative analyses in B and F. Positions of molecular weight
markers are indicated at the left. E, Representative RNA blots of the quantitative analysis in G. F and G, Normalized GFP ex-
pression levels in extracts of seedlings cultivated for 4 weeks in the absence of theophylline (ctrl), for 4 weeks continuously on
1.5 mmtheophylline (cont), or for 2 weeks on 1.5 mm theophylline followed by 2 weeks of recovery on plates without theophylline
(rec) under long-day conditions. F, GFP protein levels normalized to UGPase. G, GFPtranscript levels normalized to 255 rRNA. In
A, B, F, and G, columns represent the average + st of three biological replicates. Numbers above the bars represent the average
response ratio (GFP fluorescence or expression level in control plants/GFP fluorescence or expression level in theophylline-
treated plants). Different letters above the columns indicate significant differences (P < 0.05 in one-way ANOVA with Tukey’s
post-hoc honestly significant difference test; immunoblot signal intensities were square-root-transformed for statistical analysis).

In order to analyze whether riboswitch-mediated
down-regulation of gene expression is reversible, seed-
lings carrying the GFP:aTheoAz or GFP:iTheoAz con-
structs were grown for 2 weeks on medium with 1.5 mm

Plant Physiol. Vol. 182, 2020

theophylline and were then transferred to medium
without theophylline. After 2 weeks of recovery, the
level of GFP protein in the GFP:aTheoAz plants was
14 times higher compared to plants that were cultivated
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Figure 4. GFP transcript levels in transgenic lines carrying active and
inactive theophylline aptazymes quantified by RNA blot analysis. A to
C, Mature leaves of 4- to 6-week-old plants of GFP:aTheoAz line 3 were
infiltrated with the indicated concentrations of theophylline and
harvested at 3, 24, or 48 h after infiltration. Leaves of plants from
GFP:iTheoAz line 5 were harvested 24 h after infiltration with water or
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continuously in the presence of 1.5 mm theophylline
(Fig. 3, D and F). In seedlings exposed for 4 weeks to
1.5 mm theophylline, the level of GFP protein was re-
duced by 97% compared to control seedlings, whereas
in the seedlings that were allowed to recover for 2
weeks, GFP expression was reduced only by 67%.
When we analyzed GFP transcript levels in plants that
were allowed to recover for 2 weeks from theophylline
treatment, a trend toward higher transcript levels but
no significant recovery was observed (Fig. 3, E and G).
Under the same conditions, the presence or withdrawal
of 1.5 mm theophylline did not alter GFP expression in
the GFP:iTheoAz line (Supplemental Fig. S3D). To ob-
serve whether growth inhibition by theophylline is re-
versible, we also transferred wild-type plants to plates
without theophylline after 2 weeks of growth on
plates with 1.5 mm theophylline. Whereas 4 weeks
exposure to 1.5 mm theophylline under long-day
conditions damaged the plants, the plants that were
rescued after 2 weeks to plates without theophylline
displayed comparable growth and habit as control
plants (Supplemental Fig. S5).

To evaluate the short-term influence of theophylline
on aptazyme-containing GFP transcripts, we performed
RNA blots with total RNA extracted from mature leaves
after application of theophylline or water via infiltra-
tion (Fig. 4, A—C). When the infiltration was performed
carefully, the leaves did not sustain mechanical injuries
and did not develop lesions within 48 h after treatment
with 2 mm theophylline (Supplemental Fig. S6). In leaves
carrying the iTheoAz construct, high GFP transcript
levels were detected that did not change 24 h after
infiltration of leaves with 2 mm theophylline (Fig. 4A).
To analyze the time- and dose-dependent response of
the GFP:aTheoAz construct to theophylline application,
we infiltrated leaves of transgenic line 3 with 0 to 2 mm
theophylline and analyzed the level and integrity of
GFP transcripts at different times after infiltration
(Fig. 4, A-C). Both full-length and truncated tran-
scripts were detected in the leaves of plants with the
GFP:aTheoAz construct even in water-infiltrated leaves

2 mm theophylline. A, Representative RNA blots showing GFPtranscripts
of GFP:aTheoAz line 3 and GFP:iTheoAz line 5 at 3 h and 24 h, re-
spectively, after application of 0 to 2 mm theophylline. B and C, Quan-
tification of full-length GFPtranscripts normalized to 25S rRNA and to the
level of GFP transcripts in leaves infiltrated with water. Columns rep-
resent the average + st from 5 to 7 RNA blots for each time series.
Numbers above the columns represent the average response ratio (tran-
script level in water-treated leaves/transcript level in theophylline-infiltrated
leaves). D, Three-week-old plants of GFP:aTheoAz line 3 were transferred
to a hydroponic cultivation system (Supplemental Fig. S7). Two weeks after
the transfer, the nutrient solution was supplemented with the indicated
concentrations of theophylline. Full-length GFP transcript levels were
quantified after 1, 4, and 7 d of theophylline supply and normalized to the
25S rRNA loading control and the samples without theophylline. Col-
umns indicate the average + st of four biological replicates, each con-
taining leaves of two individual plants. Asterisks indicate significant
differences to the water-infiltrated leaves (*P < 0.05 and **P < 0.01, in
single sample t tests of log-transformed response ratios).
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(Fig. 4A). The strongest reduction in the level of full-
length GFP transcripts (by 90.4% corresponding to a
10.4-fold difference between the ON and OFF state)
was observed 3 h after infiltration with 2 mm theo-
phylline (Fig. 4B). Three hours after infiltration with
1.0 mMm theophylline, the reduction was 82.8% (corre-
sponding to a 5.8-fold difference), and even in leaves
infiltrated with 0.1 mwm theophylline, the reduction in
GFP transcript levels was significant 3 h after infiltra-
tion and comprised 52.4%. One and 2 d after infiltra-
tion with theophylline, the level of full-length GFP
transcripts started to recover at most theophylline
concentrations tested (Fig. 4C). The level of GFP
transcripts 24 h and 48 h after infiltration with 2 mm
theophylline was reduced by 76.7% and 54.5%, re-
spectively, compared to the level of GFP transcripts in
water-infiltrated leaves. When the leaves were infil-
trated with 0.4 mm theophylline or above, the reduc-
tion in GFP transcript levels was still significant at 24 h
and 48 h after infiltration.

Infiltration of leaves with theophylline solution of-
fers the possibility to analyze theophylline- and water-
infiltrated leaves from the same plant simultaneously.
However, this method requires a lot of manual work,
and for the observation of long-term effects of gene
down-regulation, repeated infiltration would be re-
quired. Therefore, we analyzed the possibility to apply
theophylline to mature plants via the roots. We chose
a hydroponic cultivation system because soil mi-
crobes might alter the theophylline concentration in the
growth medium. Three-week-old plants were trans-
ferred to a hydroponic cultivation system and, after
2 weeks of further growth, the medium was supple-
mented with different concentrations of theophylline
(Supplemental Fig. S7). At 1, 4, and 7 d after the addi-
tion of theophylline, the level of full-length GFP tran-
scripts was quantified in leaf samples (Fig. 4D). At
0.01 mm theophylline, a significant drop of the GFP
transcript level by 60.5% was evident after 1 d of the-
ophylline application. With 0.1 mM theophylline or
more, the GFP transcript levels were significantly lower
than in the control plants at all analyzed time points. At
all concentrations tested, the decline of the GFP tran-
script level was most pronounced 1 d after the onset of
theophylline supply. After 1 d supply of 0.5 mm theo-
phylline via the roots, the decrease of the GFP transcript
level (84% less) was more pronounced compared to 1d
after infiltration of leaves with 0.4 mm theophylline
(61.5% less; Fig. 4, C and D). To avoid toxicity symptoms
in our hydroponic cultivation system, which provides
a virtually unlimited supply of theophylline with the
constantly renewed nutrient solution, we did not test
theophylline concentrations above 0.5 mm.

aTheoAz-Dependent Down-Regulation of OHP1 Causes
Defects in Photosynthesis

In order to be broadly applicable, an artificial
riboswitch should be able to reduce gene expression
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of endogenous genes as well. Because an efficient
method for site-specific and accurate insertion of
foreign DNA into the genome of Arabidopsis is still
missing, we chose to use conditional complementa-
tion of a T-DNA insertion mutant of OHPI to dem-
onstrate the utility of riboswitches for the regulation
of endogenous genes. Failure to assemble or stabilize
photosystems causes seedling lethality in ohpl mu-
tants, which complicates the analysis of the precise
gene function. A construct containing the OHPI1 cDNA
with an aTheoAz in the 3' UTR under control of the
CaMV 35S promoter had been used previously to
complement the seedling-lethal phenotype of ohpl-
1 mutants (Beck et al., 2017). However, treatment of
these plants with theophylline did not cause pheno-
typical changes, presumably because the residual
transcript level still allowed the synthesis of sufficient
amounts of OHP1 protein. Therefore, we generated a
construct for switchable OHP1 expression under the
control of the endogenous promoter of OHP1 and the
theophylline aptazyme (Propp:OHP1:aTheoAz) and a
corresponding construct containing an inactive apta-
zyme as control. When these constructs were introduced
into heterozygous ohpl-1 mutants, T1-generation ho-
mozygous ohpl-1 mutants were recovered that showed
autotrophic growth and normal fertility. Most of the
complemented mutants were visually indistinguish-
able from wild-type plants, and only such lines were
used for further experiments.

We selected at least three homozygous lines (homo-
zygous for both the ohpI-1 mutation and the riboswitch
construct) with either the active or the inactive apta-
zyme in the 3’ UTR of the OHP1 expression cassette.
Transfer of 2-week-old, axenically cultured seedlings
to plates with 2 mm theophylline for 4 d caused a re-
duction of full-length OHPI-transcript levels by 78%
to 90% in lines with the aTheoAz, but not in lines
with the iTheoAz construct (Fig. 5A). No phenotypic
changes were visible in wild-type plants or com-
plemented ohpl-1 mutants under these conditions
(Supplemental Fig. S8). When the mutants complemented
with the OHP1:aTheoAz construct were germinated and
cultivated in presence of 1.5 mm theophylline, the level
of OHP1 protein was reduced by 76% in 4-week-old
seedlings, whereas seedlings with the OHP1:iTheoAz
construct had unchanged OHP1 levels (Fig. 5B). The
decrease in OHP1 protein was accompanied by a
chlorotic phenotype of the plants complemented with
the OHP1:aTheoAz construct, resembling homozygous,
uncomplemented ohpl-1 mutants. In contrast, no sig-
nificant changes in chlorophyll content were observed in
lines with the OHP1:iTheoAz construct (Supplemental
Fig. 59). Consistent with a reproduction of the ohpl-
1 mutant phenotype, photosynthetic capacity (F,/Fy,)
was reduced in the lines with the OHPI1:aTheoAz con-
struct (Fig. 5C). Both chlorosis and reduction of F, /F,,
were most pronounced in the oldest leaves of the
plants. In the absence of theophylline, photosynthetic
capacity in the selected OHP1:aTheoAz line was 7.2%
lower compared to wild-type plants and ohpI-1 mutants
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Figure 5. Aptazyme-mediated down-regulation of OHP1 expression.
Homozygous ohp1-1 seedlings carrying constructs with OHPT under
control of its native promoter and either an active or an inactive apta-
zyme in the 3’ UTR were grown in axenic culture under short-day
conditions. A, Two-week-old seedlings were transferred for 4 d to
plates with or without 2 mm theophylline, and OHP1 transcripts in
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complemented with the OHP1:iTheoAz construct. F,/F,
values were not changed by theophylline in wild-type
plants and in ohpl-1 mutants complemented with the
OHP1:iTheoAz construct. In contrast, F,/Fy, in seedlings
of the OHP1:aTheoAz line was reduced by 23.2% com-
pared to wild-type seedlings on plates with 1.5 mm
theophylline. On plates without theophylline, all seed-
lings grew equally well; however, in the presence of
1.5 mm theophylline, the ohp1-1 mutants complemented
with the OHPI1:aTheoAz construct remained smaller
than wild-type seedlings and ohp1-1 seedlings with the
OHP1:iTheoAz construct.

DISCUSSION

In this study, we demonstrate the feasibility of
using artificial aptazymes for the external regulation
of nuclear-encoded genes in plants. As intended, the
ligand-induced activation of the theophylline apta-
zyme (aTheoAz) derived from the S. mansoni HHR
allowed regulation of the level of functional tran-
scripts as well as the level of expressed protein for both
reporter and endogenous genes, with a high dynamic
range. Independent of the target gene, activating the
aTheoAz resulted in 84% to 95% down-regulation of
gene expression depending on theophylline concen-
tration and application time.

When leaves of transgenic plants with the aTheoAz
construct were infiltrated with theophylline solutions,
full-length GFP transcripts rapidly disappeared in a
dose-dependent manner. In leaves infiltrated with 0.1 mm
theophylline, the GFP transcript level was reduced by
52% after 3 h, whereas after 24 and 48 h, the effect was no
longer significant. Twenty-four hours after infiltration
with 0.4 or 0.7 mm theophylline, the GFP transcript levels
were very similar to that present 3 h after infiltration.

rosettes were detected by RNA blot. Top, representative blots showing
OHP1 transcript levels in mutants carrying the active riboswitch con-
struct (Proppi:OHPI1:aTheoAz) or the inactive control construct
(Propp1:OHP1:iTheoAz) and ethidium bromide-stained 255 rRNA as
loading control. Bottom, quantification of full-length OHP1:aTheoAz
and OHP1:iTheoAz transcript levels normalized to the rRNA loading
control and to control samples. B, OHP1 protein level in 4-week-old
seedlings cultivated in the absence or presence of 1.5 mm theophylline.
Right, representative blots with the Coomassie-stained membrane as
loading control. Left, quantification of OHP1 signals relative to the LHC
intensity. Columns in A and B represent the average + st of 3 to 4 in-
dependent experiments. Numbers above the bars indicate the response
ratios (expression levels in control samples/expression levels in treated
samples). Significance was analyzed by single-sample ¢ tests on log-
transformed response ratios. *P < 0.05 and **P < 0.01. C, Photosyn-
thetic capacity (F,/F,) of 4-week-old seedlings cultivated in the absence
or presence of 1.5 mm theophylline. Chlorophyll fluorescence was
measured before and during a single saturating flash, and false-colored
F./Fr images were generated with the ImagingWin software. Scale bar
= 5 mm. Values below the pictures are the average * st of 11 to 17
seedlings. Different letters indicate significantly different values (P <
0.001 by two-way ANOVA with Tukey’s post-hoc honestly significant
difference test).
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Even 48 h after infiltration, the GFP transcript level was
still significantly decreased when theophylline concen-
trations of 0.4 mm or above were used. In leaves treated
with 2 mm theophylline, the GFP transcript was reduced
3 h after infiltration to below 10% of the initial value,
whereas it recovered to 23% 24 h after infiltration and to
46% 48 h after infiltration, indicating that theophylline
is either diluted by transport to other parts of the plant
or metabolized within the leaf. These results demon-
strate that aptazyme-mediated transcript destabiliza-
tion works rapidly and efficiently, and even after a
single application of theophylline, there is a time win-
dow of at least 24 h in which the effect of lower tran-
script levels can be analyzed.

Because repeated infiltrations pose the risk of wound-
ing stress, we added theophylline to the growth medium
in sterile or hydroponic culture for prolonged, continuous
exposure. Similar to the application via infiltration,
adding theophylline to the hydroponic culture medium
caused a transient decrease of the level of full-length
GFP transcripts in plants carrying the GFP:aTheoAz
construct. Even with only 0.01 mMm theophylline added
to the nutrient solution, the level of GFP transcripts was
reduced by 61% after 1 d. After transfer to medium with
0.5 mm theophylline, the reduction of the GFP transcript
level by 84% after 1 d was very similar to that seen in
leaves infiltrated with 1 mm theophylline (reduction by
83% after 3 h). This similar response to half the con-
centration of theophylline indicates that theophylline
was efficiently taken up by the roots and transferred to
the leaves, where it might have accumulated to higher
concentrations than in the supplied nutrient solution.
Despite the continuous supply of theophylline, the level
of full-length GFP transcripts recovered partially after
4 and 7 d, supporting the hypothesis that theophyl-
line can be metabolized in Arabidopsis leaves and
the capacity to do so may be induced by theophylline
exposure.

Growing Arabidopsis seedlings on sterile culture
plates containing theophylline proved to be the most
robust way to detect changes in GFP protein expres-
sion. Quantifying immunoblot signals or measuring
fluorescence in soluble protein extracts gave nearly iden-
tical results. In 2-week-old plants with the GFP:-aTheoAz
construct grown in the presence of 1.5 mm theophyl-
line, GFP expression was reduced to below 5% of
the level of plants grown in the absence of theophyl-
line. In lines with the GFP:iTheoAz construct, GFP
fluorescence never decreased in response to theophyl-
line; on the contrary, a relatively small increase was
observed occasionally. A previous report described
symptoms of theophylline toxicity in tobacco (Nicotiana
tabacum) at concentrations of 5 mm or above (Verhounig
et al., 2010). We observed a dose-dependent inhibition
of Arabidopsis seedling photosynthesis and growth
on medium containing theophylline up to 1.5 mm, but
symptoms of toxicity were observed only after 2 weeks
on 2 mm or more theophylline. No negative effects
were observed in leaves infiltrated once with 2 mm
theophylline or in 3-week-old seedlings transferred

Plant Physiol. Vol. 182, 2020

Regulation of Nuclear Genes by Riboswitches

to hydroponic nutrient solution containing up to
0.5 mM theophylline. Both growth inhibition and down-
regulation of GFP expression were partially reversible.
When 2-week-old seedlings with the aTheoAz construct
grown on 1.5 mwm theophylline were transferred to
plates without theophylline for an additional 2 weeks,
the GFP protein level recovered to 33% of the level in
the control seedlings, which was 14 times higher com-
pared to that in seedlings grown continually on 1.5 mm
theophylline (98% reduction compared to control seed-
lings). Under the same conditions, only a trend toward
recovery of the GFP transcript level was observed, in-
dicating that even small changes in the balance between
translation and protein degradation can lead to the ac-
cumulation of higher levels of GFP protein. Either longer
times would be needed to decrease intracellular theo-
phylline to a concentration that allows significantly
higher GFP transcript levels, or the degradation pro-
ducts of the GFP transcripts had induced gene silenc-
ing. In seedlings with the GFP:iTheoAz construct, GFP
expression stayed constant even after 4 weeks on 1.5 mm
theophylline.

When the catalytically inactive HHR (iHHR) was
encoded in the 3' UTR of a GFP overexpression cassette,
only full-length transcripts were detected and GFP ex-
pression was high. Replacement of the iHHR with the
active variant (¢zHHR) destabilized the mRNA and full-
length transcripts as well as GFP protein were nearly
undetectable. GFP fluorescence was reduced by 98%
compared to the level detected in transgenic plants with
the iHHR construct. Similar to the iHHR, insertion of the
iTheoAz into the 3" UTR of the GFP expression cassette
yielded high levels of GFP transcripts and protein
that did not change consistently in response to theo-
phylline. Plants carrying the aTheoAz in the 3" UTR of
the GFP mRNA showed on average 2- to 6-fold lower
GFP expression levels compared to plants carrying the
GFP:iHHR or GFP:iTheoAz constructs. Background ac-
tivity in the absence of theophylline was also observed
with the isolated aTheoAz in vitro, and the high speci-
ficity of the theophylline aptamer makes it unlikely that
endogenous metabolites interfere with the activation of
the aptazyme (Jenison et al., 1994; Ausldnder et al.,
2010). The most likely explanation of the difference
in GFP transcript levels between GFP:aTheoAz and
GFP:iTheoAz lines is therefore the background activity
of the aptazyme. This conclusion is supported by the
detection of shorter GFP transcripts in the lines with the
GFP:aTheoAz construct, which were not observed in
lines with the GFP:iTheoAz construct. Despite the re-
duced basal GFP expression level, application of theo-
phylline allowed down-regulation of GFP mRNA
and protein levels by up to 95% in plants carrying the
GFP:aTheoAz construct.

Currently, targeted genome editing in higher plants
is limited to gene disruption, and efficient and reliable
methods for precise insertion of DNA constructs into
the nuclear genome are still missing (Collonnier et al.,
2017). Therefore, there is no straightforward possibility
to regulate endogenous plant genes by introduction of

131



Shanidze et al.

artificial riboswitches. As a workaround for this chal-
lenge, we chose complementation of an insertion mutant
to demonstrate the usefulness of riboswitches in the
analysis or modulation of endogenous genes. Switchable
copies of OHP]I, either with the 355 promoter (Beck et al.,
2017) or with the native OHP1 promoter, complemented
the seedling-lethal, photosynthesis-deficient pheno-
type of homozygous ohpl-1 mutants. Despite the
much lower expression compared to the GFP:aTheoAz
construct, theophylline treatment of plants with the
Propp1:OHP1:aTheoAz construct caused > 90% re-
duction of transcript levels. When ohpl-1 mutants
complemented with the OHPI1:aTheoAz construct
under control of the native OHPI promoter were
grown on plates with 1.5 mMm theophylline, they had
reduced growth compared to wild-type plants, had
lower OHP1 protein levels, were slightly chlorotic,
and showed a strong defect in photosynthetic capacity
(Fy/Fum), which was not observed in complementation
lines with the corresponding OHP1:iTheoAz construct.
F,/Fu, values of OHP1:aTheoAz seedlings cultivated on
1.5 mm theophylline were 23% lower than in wild-type
and OHP1:iTheoAz seedlings but still higher than in
homozygous ohpl-1 mutants (Beck et al., 2017), indi-
cating that the residual translation of the OHP1 mRNA
before cleavage-induced degradation produced enough
OHP1 protein to be partially functional. In another recent
publication, no phenotypic alterations were observed
after virus-induced gene silencing of OHPI1, although
OHP1 mRNA levels were also reduced to approximately
10% of the level in control plants and OHP1 protein levels
were strongly reduced (Hey and Grimm, 2018). Either the
function of OHP1 was more important under our culti-
vation conditions or, more likely, riboswitch-mediated
down-regulation was more efficient during early de-
velopmental stages than virus-induced silencing. Ad-
ditionally, the use of riboswitches allows the analysis
of recovery after ligand withdrawal, whereas virus-
induced silencing cannot readily be reversed.
Theophylline-inducible hammerhead aptazymes have
previously been applied in Escherichia coli, yeast (Sac-
charomyces cerevisiae), and human cell lines. The observed
changes of reporter gene expression were 10-fold up-
regulation in E. coli and down-regulation by 75% to
83% in yeast and human cells in response to millimolar
concentrations of theophylline (Wieland and Hartig,
2008; Auslander et al., 2010; Klauser et al., 2015a). The
down-regulation of GFP and OHP1 expression by 95%
and 76%, respectively, in our aTheoAz-carrying plants
indicates that the effect of aptazyme-induced transcript
destabilization caused a stronger down-regulation of
the protein level than in other model systems. Hence,
we conclude that ligand-inducible aptazymes can be
used effectively as artificial genetic switches in plants.
Alternative systems based on the inducible expres-
sion of RNAIi constructs or artificial microRNAs
achieved reductions of transcript levels by 60% to
85% (O’Maoileidigh et al., 2015; Liu and Yoder, 2016;
Thomson et al., 2017). However in some cases, no
efficient silencing was observed, and the targeted
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genes tended to remain silenced after inducer with-
drawal (O’Maoileidigh et al., 2015; Liu and Yoder,
2016). Because RNAi-based systems for gene silenc-
ing involve the generation and amplification of siR-
NAs by the targeted cells, they are difficult to tune. In
contrast, the cleavage speed of artificial aptazymes
and thereby the lifetime of the mRNA in which they
reside is directly controlled by the ligand concentra-
tion. Therefore, artificial riboswitches constitute a
promising addition to the molecular toolbox for basic
research and biotechnology in plants. They may even
be more robust than transcription-factor-based sys-
tems because they act primarily in cis and do not rely
on functional interactions between multiple trans-
genic elements.

Alternative ligands (e.g. TPP, guanine) for artificial
riboswitches are available, and several further aptam-
ers are currently under development ((Wieland et al,,
2009; Wittmann and Suess, 2011; Nomura et al., 2012;
Beilstein et al., 2015; Lotz and Suess, 2019). TPP appli-
cation was previously used to regulate the expression of
GEP, YFP, or firefly Luciferase fused to the 3" UTR of
the THIC gene containing the natural TPP riboswitch
(Bocobza et al., 2007; Wachter et al., 2007). Bocobza et al.
(2007) observed efficient switching only in a thiamine-
deficient mutant, whereas Wachter et al. (2007) ob-
served a TPP-dependent reduction of GFP fluorescence
by approximately 50% in wild-type background. In
our artificial switch with a ligand that is not produced
in Arabidopsis, the dynamic range was much greater.
With the recent development of ribozyme-based ON
switches for eukaryotic gene expression, the range
of possible applications will be significantly increased
(Beilstein et al., 2015; Wurmthaler et al., 2019). Especially
for endogenous pest control in crop plants, temporally or
spatially limited expression of effector molecules is very
important to impede the formation of resistances in the
pathogens or herbivores (Bates et al., 2005). Addition-
ally, the insertion of switches into more than one trans-
gene would allow differential regulation of two or more
genes by a single treatment. Artificial ribozymes may be
applied in crop biotechnology or for the controlled pro-
duction of pharmaceuticals in engineered plants or cell
cultures. However, these applications will require the
development of novel aptazymes with ligands that do
not affect plant metabolism and that are nonhazardous
for humans and for the environment. As more and more
structural data on riboswitches and ligand-binding
RNA aptamers become available, also the targeted
combination of aptamers and alternative ribozymes
or other functional domains to form novel aptazymes
will be facilitated (Lotz and Suess, 2019).

CONCLUSION

The theophylline-dependent aptazyme described in
this study can be used as a tunable genetic OFF-switch
in the analysis of nuclear transgenes or complementa-
tion constructs in Arabidopsis and most likely in any
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plant species that does not produce theophylline. By
the use of the inactive variant of the aptazyme as con-
trol, the specific effect of mRNA and protein depletion
can be reliably separated from potential side effects of
theophylline application. When short-lived proteins or
RNAs are investigated, infiltration of mature leaves
with theophylline solutions up to 2 mm provides a rapid
system to study the specific effects of RNA destabiliza-
tion and subsequent down-regulation of protein levels.
For the depletion of more stable proteins, we propose
continuous application of up to 1.5 mm theophylline
via the growth medium in hydroponic culture or in
axenic culture. With these three methods of theophyl-
line application, the effect of target protein depletion
canbe analyzed at virtually any developmental stage of
the plant.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was obtained from the
NASC (stock no. N6000), and ofip1-1 T-DNA insertion mutants (GABI_362D02)
were obtained from the GABI-KAT project (Kleinboelting et al., 2012; Beck et al.,
2017). Plants were grown on soil in greenhouse chambers under either short-day
(9-h/21°C light, 15-h/17°C darkness) or long-day (16-h/21°C light, 8-h/17°C
darkness) conditions at 120 = 30 pmol photons m~2 s~ ! at 60% relative humidity
unless otherwise stated. For segregation analysis, protein extraction, and chlo-
rophyll fluorescence measurement, surface-sterilized seeds were plated on petri
dishes containing half-strength Murashige and Skoog medium supplemented
with 2% (w/v) Suc and solidified with 0.8% (w/v) agar. The plates were kept
under short-day or long-day conditions at 21°C and 100 * 15 umol photons
m~2 s~1. For hydroponic culture, 3-week-old seedlings grown on soil were
transferred to a hydroponic cultivation system in a climate chamber under
short-day conditions. Eight plants each shared a pot with 2 L nutrient solu-
tion (1 mm Ca(NOs),, 500 um MgSOy, 500 um KoHPO,, 100 wm KCl, 20 um Fe-
ethylenediamine-N,N’-bis(2-hydroxyphenylacetate, 10 um H3BO;, 0.5 um
NiSO,, 0.2 um Na;MoOy, 0.1 um MnSOy, 0.1 um CuSOy, 0.1 um ZnSOy, 1 mm
MES, pH 6.0; adapted from Kiipper et al. [2007]). The nutrient solution was
aerated with an aquarium pump and renewed at a rate of 1 L/d.

Theophylline Application

Theophylline was dissolved in water at a concentration of 20 mm and ster-
ilized by filtration. This stock was used to supplement the cultivation medium
or to generate working solutions for leaf infiltration. Disposable 1-mL syringes
gently pressed to the lower epidermis were used to infiltrate individual leaves
of greenhouse-grown plants.

Plasmid Constructs and Plant Transformation

Ribozymes or theophylline aptazymes were amplified by PCR and inserted
into the 3" UTR of eGFP derived from the binary vector pEZT-NL using EcoRI
and Kpnl sites (Ehrhardt, 2001). The promoterless expression cassettes includ-
ing the OCS terminator were subcloned in pENTR-D-Topo and transferred into
pEG100 (Earley et al., 2006) by LR recombination (Thermo Fisher). The coding
sequence of OHP1 and the native OHP1 promoter (593 bp upstream of the start
codon) were inserted by Gibson assembly (TaKaRa, New England Biolabs) into
the above-mentioned constructs by replacing GFP and the CaMV 35S promoter
consecutively. Agrobacterium tumefaciens strain GV3101 was used to introduce
the constructs into wild-type plants or heterozygous ohpl-1 mutants by floral
dip (Clough and Bent, 1998). Transgenic plants were selected by spraying with
50 ug mL~! Basta (Bayer CropScience), and the presence of the T-DNA was
verified by PCR. Segregation analysis in the T2 and T3 generations was used to
identify homozygous plants of single-insertion lines.
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RNA Isolation and RNA Blot

Total RNA was isolated from deep-frozen plant tissue using commercial
guanidine thiocyanate/phenol reagent (Chomczynski, 1993). RNA blots were
carried out using the DIG labeling and detection system (Roche). Per lane, 10 ug
(for GFP) or 15 ug (for OHPI) of total RNA were loaded. RNA separation,
transfer to a nylon membrane, hybridization, and detection were performed as
described by Woitsch and Rémer (2003). DIG-labeled probes comprising the
entire coding sequence of OHP1 or GFP were generated by PCR, column-
purified, and diluted in high-SDS hybridization buffer. Signal intensities on
scanned x-ray films or digital images were determined with Image J. Relative
numbers for gene expression were obtained by normalizing the specific signal
intensity with the intensity of the ethidium bromide-stained 255 rRNA.

Protein Extraction and Analysis

Fresh leaf tissue or entire seedlings were mixed with 10 uL mg~! protein
extraction buffer (50 mm Tris-HCI, pH 8, 50 mm KCl, 50 mm MgCl,) in 2-mL
safelock tubes and homogenized with a single steel bead for 3 min at 20 Hz in a
TissueLyser (Qiagen). After centrifugation for 3 min at 26,000g at 4°C, 200 uL of
supernatant was transferred into a 96-well plate with black walls and thin,
transparent, flat bottoms in a 5-step series of 1:2 dilutions. GFP fluorescence was
measured from the top in a plate reader (Tecan) with excitation at 485 nm and
emission detection at 535 nm. OD,g, was recorded as a measure of total protein
concentration. The region of linear correlation between dilution and fluores-
cence or extinction was determined visually, and the slope of a linear regression
was used as measure for fluorescence intensity or protein concentration. GFP
fluorescence was normalized to total protein content, and the autofluorescence
of wild-type protein extract was subtracted to obtain normalized GFP expres-
sion levels. For immunoblotting, the soluble protein extract was mixed with
lithium dodecyl sulfate loading buffer, and 20 ug of protein per lane were
separated on discontinuous 12.5% (w/v) polyacrylamide gels. For OHP1 de-
tection, insoluble proteins were separated on 15% (w/v) Tris-tricine gels.
Transfer to polyvinylidene difluoride membrane and detection with polyclo-
nal rabbit anti-GFP (Chromotek PABG1), anti-UDP-Glc pyrophosphorylase
(Agrisera AS05 086), or anti-OHP1 (Hey and Grimm, 2018) antibodies and
horseradish peroxidase-coupled goat anti-rabbit secondary antibody was per-
formed following standard procedures.

Pulse-Amplitude-Modulated Fluorimetry and
Chlorophyll Quantification

Chlorophyll fluorescence was monitored using an Imaging PAM Fluorimeter
(Walz) equipped with a standard measuring head using the Imaging Win
software provided by the supplier. Program settings were as follows: measuring
lightintensity 1, measuring light frequency 1, damping 2, gain 9, saturating pulse
intensity 10, actininc light intensity 5, yield filter 3, and F,,,-factor 1.024. Before the
measurements, whole plants were dark adapted for 5 min. Photosynthetic ca-
pacity (F,/Fy,) of homogenously illuminated areas of selected leaves was cal-
culated from images recorded before and after the first saturating flash. Then
the plants were illuminated with 80 umol s~! m~2 blue light, and further sat-
urating flashes were used to monitor the induction of energy dissipation in the
antenna (NPQ) and the operating efficiency of PSII (®pgy), which typically
reached a steady-state level after 5 min. Chlorophyll was extracted by ho-
mogenizing fresh seedlings in 9 uL mg~! of 88% (v/v) acetone. Absorption
was determined in appropriate dilutions with 80% (v/v) acetone at 470 nm,
646.8 nm, and 663.2 nm, and chlorophyll content was calculated according to
Lichtenthaler (1987).

Statistical Analysis
Single-sample and Student’s two-sample t tests were performed with

Microsoft Excel V16; ANOVA with Tukey’s post-hoc honestly significant dif-
ference test for individual comparisons was performed with SigmaPlot V13.

Accession Numbers

Sequence data from this article can be found in the NCBI Gene database
(Gene ID 831799; OHP1) and in GenBank (accession U55762.1; eGFP).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Sequence of the theophylline-responsive apta-
zyme (aTheoAz) in the 3’ UTR of the GFP expression cassette.

Supplemental Figure S2. Effect of theophylline treatment on the growth
and photosynthesis of Arabidopsis seedlings.

Supplemental Figure S3. GFP expression levels in lines carrying the active
and inactive theophylline aptazymes.

Supplemental Figure S4. Theophylline-dependent down-regulation of
GFP fluorescence in plants with the GFP:aTheoAz construct.

Supplemental Figure S5. Recovery of Arabidopsis seedlings after 1.5 mm
theophylline application.

Supplemental Figure S6. Effect of infiltration with 2 mm theophylline on
mature Arabidopsis leaves.

Supplemental Figure S7. Hydroponic culture system for theophylline ap-
plication via the roots.

Supplemental Figure S8. Effect of transplanting 2-week-old Arabidopsis
seedlings to 2 mm theophylline.

Supplemental Figure S9. Effect of theophylline-mediated down-regulation
of OHP1 on chlorophyll content.
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