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Abstract

A ribozyme based gene control element enabled the spatio-temporal regulation of gene function in
mammalian cell culture with light.

The involvement of RNA in the regulation of gene function is becoming increasingly
prominent.1 Recently, a variety of natural riboswitches have been discovered in either the 3’
or 5’ untranslated region (UTR) of genes.2 Moreover, one natural riboswitch based on an a
cfs-acting allosteric ribozyme, which is activated by a small molecule ligand
(glucosamine-6-phosphate), is known.2 Cleavage of this ribozyme results in mRNA
degradation and gene silencing. One of the most prominent ribozymes is the hammerhead
ribozyme which contains a central core of 15 conserved nucleotides.* This RNA enzyme
and its site-specific cleavage of RNA strands has been intensively studied in vitro.* °
However, in vivo applications of the minimal hammerhead ribozyme have been hampered
by the necessity of high salt concentrations for sufficient catalytic activity.® Recently, the
Mulligan lab reported a mutated version of the full-length hammerhead ribozyme which was
active under physiological conditions and led to transgene inactivation in mammalian cell
culture and mice when inserted into the 5> UTR of a gene.’ The active ribozyme removes
the 5° cap from the mRNA through self-cleavage leading to an inhibition of translation,
mRNA degradation, and thus gene silencing (Scheme 1). Subsequent screening of
compound collections for inhibitors of ribozyme activity delivered the natural product
toyocamycin (1).8 This antibiotic efficiently inhibits ribozyme function /n vivoat a
micromolar concentration and thus induces gene expression.

Due to the modular nature and the simplicity of this gene expression system (in comparison
to transcription factors, operators, promoters, etc.), and its function in mammalian cell
culture and mice, we adapted it to achieve photochemical gene regulation. Light-activation
of gene function has the advantage of being precisely controllable in a spatial and temporal
fashion.® Moreover, light irradiation is minimally invasive inducing only low perturbations
to the system under study.1% All previously reported eukaryotic light-inducible gene
expression systems are based on transcriptional activation, thus the implemenation of a
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ribozyme photoregulatory system is novel.11 In order to achieve photochemical control over
translation we decided to install a light-removable photocaging group on 1.

The precise mechanism of action of how 1 inhibits hammerhead ribozyme function is still
unknown; however, preliminary evidence suggests the incorporation of 1 into the ribozyme
by RNA polymerase 11.8 Thus, we hypothesized that an inactive analog of 1 can be
generated by blocking either the 3’ or the 5’ position with a caging group. Initial
experiments of synthesizing a 2-nitrobenzyl or 6-nitropiperonyl ether specifically at the 5’
hydroxyl group of 1 were unsuccessful. A synthesized ortho-nitroveratryl carbonate at the 5
position (as a mixture together with 3* and 2’ carbonates) was not stable under physiological
conditions. Finally, we synthesized the dioxolane caged 2 in one step from 1 through
treatment with zinc bromide? in neat ortho-nitrobenzaldehyde at 60 °C for 24 h (67% yield,
Scheme 2).13 All attempts to conduct the same reaction with 6-nitropiperonal in order to
obtain a favorable bathochromic shift in the absorption maximum of the caged compound
failed.

We speculated that 2 is inactive as a repressor of ribozyme function, which was verified by a
luciferase assay in HEK293T cells (Fig. 1). Transcripts encoded by the N117-Luc plasmid
contain the self-cleaving ribozyme upstream of the firefly luciferase open reading frame
(Scheme 1, ORF = luciferase).’” Here, the caged toyocamycin 2 (10 pM) leads to a low
luciferase signal which is within the error margin of the signal obtained when the cells
harboring the reporter construct are not exposed to any small molecule, demonstrating the
inactivity and cellular stability of 2 towards decaging (Fig. 1). An initial experiment
irradiating 2 in the absence of cells with UV light of 365 nm for 10 min (25 W hand-held
UV lamp) revealed a complete photochemical conversion into the benzoic esters 3and 4 in a
ratio of 1:1 as determined by 1H NMR and GC (Scheme 2 and see the Supplementary
Information). We hypothesized that the esters 3 and 4 will be enzymatically hydrolyzed to
active toyocamycin (1) intracellularly. Thus, HEK293T cells transfected with the N117-Luc
construct were exposed to 2 (10 uM) for 48 h followed by a change to media not containing
2 and a brief UV irradiation (365 nm, 5 min, 25 W hand-held UV lamp). A 20-fold
activation of luciferase activity was detected profiding expression levels virtually identical
with the induction using regular toyocamycin. Within the error margin, UV irradiation itself
had no effect on luciferase activity in any of these experiments (Fig. 1).

In order to apply the developed photochemical deactivation of ribozyme function in the
spatial control of gene activity, we generated the N117-GFP plasmid encoding a green
fluorescent protein (GFP) transcript with the self-cleaving ribozyme located in the 5' UTR
(see Supplementary Information). A monolayer of 293T cells was transfected with N117-
GFP (and a DsRed transfection control) and incubated with growth media containing 2 (10
uM) for 48h. The media containing 2 was removed, the cells were washed with PBS buffer,
and subsequently irradiated for 30 sec through an inverted compound microscope equipped
with a 100 W Xe/Hg lamp using a DAPI fluorescence filter (340-380 nm excitation). The
cells were imaged after 24 h (to provide GFP expression and maturation) with a Leica
DMS5000B compound microscope revealing precise spatial control of gene expression since
GFP activity was only observed in the irradiated area (Fig. 2). No diffusion and gene
activation by the decaged toyocamycin in neighboring cells was observed. Thus, a highly
stringent spatially and temporally regulated gene expression system was discovered.

In summary, we developed a light-activated gene expression system for mammalian cells
based on a self-cleaving hammerhead ribozyme and a photocaged small molecule inhibitor
of ribozyme function. Excellent induction of gene expression after UV irradiation was
observed, and spatial control of gene expression was achieved through UV irradiation of a
cell monolayer through the optics of a regular fluorescent microscope. We expect that this
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light-activation methodology will find widespread application in the spatial-temporal
investigation of gene function, especially since this ribozyme gene regulation system is
structurally and conceptually much simpler than previously described photochemical gene
regulation systems, and since it has shown to be active in vertebrate species.’
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Fig. 1.

Luciferase assay demonstrating the induction of gene expression with toyocamycin (1), the
inactivity of caged toyocamycin (2) in the absence of UV light, and the restoration of gene
activity through UV irradiation. All experiments were conducted in triplicate and the
average ratio of luciferase light units (firefly/ Renilla) with its standard deviation is reported.
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Fig. 2.

Spatial control of gene expression in 293T cells harboring N117-GFP. The area within the
white circle was briefly irradiated with UV light. A) Montage of the GFP and DsRed
images. B) GFP expression is only visible in the irradiated area. C) DsRed transfection
control. D) Brightfield image of the cell monolayer.
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A self-cleaving hammerhead ribozyme located in the 5’ untranslated region of a transgene
leads to gene silencing. Toyocamycin (1) inhibits ribozyme function and induces expression
of an open reading frame (ORF). Using a caged toyocamycin (2), this process can be
controlled with light.
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Conversion of toyocamycin (1) into caged toyocamycin 2. UV light irradiation generates the
esters 3 and 4 which are hydrolyzed intracellularly to generate toyocamycin (1).
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