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ABSTRACT

Advancements in the field of synthetic biology have been possible due to the
development of genetic tools that are able to regulate gene expression. However, the
current toolbox of gene regulatory tools for eukaryotic systems have been outpaced by
those developed for simple, single-celled systems. Here, we engineered a set of gene
regulatory tools by combining self-cleaving ribozymes with various upstream competing
sequences that were designed to disrupt ribozyme self-cleavage. As a proof-of-concept,
we were able to modulate GFP expression in mammalian cells, and then showed the
feasibility of these tools in Drosophila embryos. For each system, the fold-reduction of
gene expression was influenced by the location of the self-cleaving ribozyme/upstream
competing sequence (i.e. 5’ untranslated region (UTR) vs. 3'UTR) and the competing
sequence used. Together, this work provides a set of genetic tools that can be used to

tune gene expression across various eukaryotic systems.

KEYWORDS: Confocal microscopy, Drosophila melanogaster, Gene regulatory tools,

Self-cleaving ribozymes, Synthetic biology
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INTRODUCTION

Synthetic biology is an interdisciplinary field that relies on biologists, engineers,
mathematicians, and others to create novel biological systems by engineering and
interchanging genetic parts derived from nature (1,2). This has led to advancements of
various fields in medicine, molecular biology, and biotechnology. The ability to construct
and analyze these systems has increased due to the availability of gene regulatory
tools. Previous work has shown that these tools have the ability to regulate different
steps of gene expression, including transcription (3), MRNA processing and stability (4),
translation (5), and protein synthesis/stability (6). This ability has been particularly useful
in the construction of synthetic gene circuits, such as counting devices (7), patterning
devices (8), toggle switches (9), and gene oscillators (10), as well as the production of

novel drugs, therapeutics, and biofuels.

While gene regulatory tools have been developed for various model systems, the
development of these tools in eukaryotic systems has been outpaced compared to
those developed in single-celled systems like bacteria and yeast. Initially, the
development of gene regulatory tools in eukaryotic systems had been focused on
transcriptional control (1). The tools to regulate transcription include the use of naturally-
occurring (e.g. Lacl, TetR, Gal4) and synthetic (e.g. zinc fingers, transcription activator-
like effectors) transcription factors that have the ability to activate or inhibit gene
expression (11-16). Later, other methods of gene regulation have been developed to
control translation (upstream open reading frames (UORFs), microRNAs, aptamers) and

protein turnover (17-23). More recently, clustered regularly interspaced short
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palindromic repeats (CRISPR) nucleases have been repurposed to act as synthetic
transcription factors that have the ability to target virtually any gene of interest (24,25).
Even with these tools available, more powerful tools are needed to precisely control

gene expression within eukaryotic systems.

One promising gene regulatory tool that has the potential to fine-tune gene expression
are self-cleaving ribozymes, which are natural RNA structures that are able to catalyze
their own cleavage (26). When inserted into a transcript, these ribozymes reduce
protein levels through self-cleavage and subsequent RNA degradation (Figure 1).
Previous work has shown that inserting ribozymes in various loci of an mRNA transcript
disrupts mRNA stability within bacteria, yeast, and mammalian cells (4,27,28). Previous
work in bacteria has also shown that the insertion of sequences flanking a ribozyme and
ribosome binding site can alter the ribozyme’s cleavage activity (29). Here, we used
Mfold to engineer a set of genetic tools based on self-cleaving ribozymes that can be
used to regulate gene expression in eukaryotic systems. By combining ribozymes with
upstream competing sequences that have the potential to base-pair with a major stem
of the ribozyme and prevent ribozyme self-cleavage (Figure 1B), we show that gene
expression can be tuned in two model systems. We initially show that these tools can
tune expression of a fluorescent reporter in HEK293T cells, and then we implemented
the ribozyme constructs in Drosophila embryos. While we observed that these tools
were able to modulate gene expression in two model systems, there was a lack of
correlation between RNA secondary structure prediction algorithms and the

experimental data. Together, these results show that self-cleaving ribozymes combined
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with upstream competing sequences can modulate gene expression in eukaryotic
systems, and that other factors, besides ribozyme self-cleavage and base-pair

interactions, influence gene expression.

Figure 1. Gene regulatory tools based on self-cleaving ribozymes. (A) Inserting self-
cleaving ribozymes in the 3’ untranslated region (UTR) of a gene leads to cleavage (red
arrow) and subsequent mRNA transcript destabilization/decay and inhibition of protein
synthesis. (B) Conceptual design of tunable self-cleaving ribozymes. A competing
sequence (blue) is placed directly upstream of the ribozyme (orange). Base-pairing of
the competing sequence with a part of the ribozyme stem prevents ribozyme self-
cleavage. The ribozyme is flanked by insulating sequences (gray) to aid in preventing
base-pairing interactions between the ribozyme and other sequences in the 3'UTR. (C)
Schematic of the constructs used to test the ribozyme constructs in mammalian cells
and Drosophila. We placed the ribozyme (orange) either in the 5’UTR or 3'UTR of the
reporter genes used (green). (D) List of the competing sequences used in this study,
along with their labels used in Figures 2 and 3. Also listed are the free energy
differences between the minimal free energy structures of ribozymes in a cleavable and
non-cleavable conformation for each competing sequence derived Mfold and Sfold.

Note that RO indicates a self-cleaving ribozyme lacking competing sequence.

MATERIALS AND METHODS
Strains, plasmids, oligonucleotides, and fly lines. All strains, plasmids, oligos,

gBlocks, and fly lines used in this work can be found in Supplementary Document 1.
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86 All PCR amplifications were performed using Q5 Hot Start High-Fidelity 2X Master Mix
87 (NEB, Cat: M0494S) unless specified. All fly lines were generated using site-specific
88 PhiC31-mediated insertion from Genetivision.

89

90 We used the pcDNA3.1") mammalian expression vector (Thermo Fisher, Cat: V79020)
91 for expression of GFP in HEK293T cells. For this study we used the hammerhead self-
92 cleaving ribozyme from Schistosoma mansoni as it has been associated with high
93 catalytic activity in vitro and in vivo (29,30). We first built the active ribozyme constructs
94 Dy first PCR amplifying GFP and inserting it into the Notl and Pstl sites of pCB1180.
95 The inactive ribozyme constructs were built by creating a single point mutation that
96 abolishes catalytic activity of the ribozyme (31). Then, annealed and phosphorylated
97 oligos containing the inactive and active ribozymes were inserted into the Xhol and Notl
98 sites, located in the 5 untranslated region (UTR), to make pCB1134/1135. To insert
99 these ribozyme-GFP sequences into pcDNA3.1™, we PCR amplified the ribozyme-GFP
100 sequence from pCB1134/1135 and inserted it into the Hindlll and Xbal restriction sites
101 in pcDNA3.1" to create pCB1136/1137. The upstream competing sequences were
102 inserted into pCB1136/1137 by linearizing the plasmids with EcoRI and Xhol and then
103 ligating with annealed and phosphorylated oligos containing the competing sequences
104 of interest (Figure 1D). For insertion of the ribozyme/upstream competing sequences in
105 the 3'UTR of GFP, the ribozyme/upstream competing sequences were PCR amplified
106  from the previously built 5’UTR constructs and inserted into the Xbal site of pCB1133.
107

108 We used the pUAST-attB Drosophila expression vector (Drosophila Genomics


https://doi.org/10.1101/739326

bioRxiv preprint doi: https://doi.org/10.1101/739326; this version posted August 18, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

109 Resource Center, Cat: 1419) for creating the transgenic fly lines containing the lacZ
110 reporter. To generate the ribozyme constructs, we first removed the UAS-hsp70
111 sequence using the Hindlll and Kpnl restriction sites and added the hunchback (hb)
112  proximal enhancer (hbpe), the eve minimal promoter, and the lacZ reporter to create
113 pCB1181. Expressing lacZ from the hbpe creates a well-established domain of hb to
114  easily study the effects from the self-cleaving ribozymes (32-34). For the insertion of
115 the self-cleaving ribozymes into the 5UTR and 3'UTR of lacZ, the Stul and Kpnl
116  restriction sites of pCB1181 were used, respectively. To insert the upstream competing
117 sequences, both the EcoRI and Avrll sites were added upstream of the ribozyme
118 sequence for ligation with annealed and phosphorylated oligos containing the competing
119 sequences of interest.

120

121  Predicting secondary structures of self-cleaving ribozymes/upstream competing
122 sequences. The online tools Mfold and Sfold were used to predict the minimal free
123  energy (MFE) structures of the ribozymes lacking or containing an upstream competing
124  sequence using the default settings (35,36). We extracted the AG of the structures
125 associated with the lowest free energy of a ribozyme in a cleavable and non-cleavable
126  conformation. The AG of each upstream competing sequence was calculated as the
127 difference between the AG of the cleaved and non-cleaved structures. See
128 Supplementary Figure 1 for a representative secondary structure of ribozymes in a
129 cleaving or non-cleaving conformation.

130

131 Transient transfections of pcDNA3.1%-ribozyme constructs. Transfection-grade
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132 DNA was prepared using the QIAGEN Plasmid Mini Kit (QIAGEN, Cat: 12125). One day
133  prior to the transient transfections, HEK239T cells were seeded onto either 35mm or 24-
134  well plates with complete media (Dulbecco’s Modified Eagle Medium (Invitrogen, Cat:
135 11965-092) supplemented with 10% fetal bovine serum (Invitrogen, Cat: A3840001)).
136 Each pcDNA3.1M-ribozyme construct was transiently transfected using FuGeneHD
137 (Promega, Cat: E2311). Cells were then incubated for 48 hours prior to preparing the
138 cells for flow cytometry. See Supplementary Table 1 for details of the transient
139 transfections performed using each plate format.

140

141  Flow cytometry analysis of transiently transfected HEK293T cells. We trypsinized
142  the transiently transfected HEK293T cells using trypsin-EDTA (Thermo Fisher, Cat:
143  25200056) and resuspended them in 500mL 1xPBS (Fisher Scientific, Cat:
144 MT21040CV). The cells were analyzed for fluorescence using the Accuri C6 Flow
145  Cytometer with CFlow plate sampler (Becton Dickinson). The events were gated based
146  on the forward scatter and side scatter, with fluorescence measured in FL2-H, using the
147 533/30 filter, from at least 10,000 gated events. The fold-reduction of GFP was
148 calculated as the ratio of the fluorescence values for the cells transfected with an
149 inactive ribozyme with a specific competing sequence over that of an active ribozyme
150 with the same competing sequence.

151

152  Fluorescent in situ hybridization (FISH) of Drosophila embryos. All embryos were
153 aged to 2-4 hours from laying and then fixed using 37% formaldehyde following

154  standard protocols (37). FISH was combined with fluorescent immunostaining following
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155 standard protocols (37). Briefly, fixed embryos were washed in 1xPBS buffer
156 supplemented with 0.05% Tween-20, and then hybridized with a fluorescein (ftc)-
157 conjugated anti-sense lacZ probe at 55°C. The embryos were washed and incubated
158 with the rabbit anti-histone (Abcam, Cat: ab1791) (1:10,000 dilution) and goat anti-ftc
159 (Rockland, Cat: 600-101-096) (1:5,000 dilution) primary antibodies overnight at 4°C.
160 Embryos were then washed and incubated for 1.5 hours with fluorescent donkey anti-
161 rabbit-546 (Invitrogen, Cat: A10040) (1:500 dilution) and donkey anti-goat-647
162  (Invitrogen, Cat: A21447) (1.500 dilution) secondary antibodies at room temperature.
163  Finally, the embryos were washed and stored in 70% glycerol at -20°C prior to being
164 imaged. All prepared embryos were imaged within two weeks of protocol completion.
165

166 Imaging and image analyses of Drosophila embryos. To reduce variability from the
167 fluorescence measurements, the intensity output of the 488 nM laser was used for laser
168 calibration prior to embryo imaging (38). The calibration was performed by measuring
169 the intensity of the 488 nM laser through the transmitted light channel giving us the
170  output strength of the laser. This allowed us to compensate for potential variability of
171 laser strength between imaging sessions. The prepared embryos were mounted
172 laterally using 70% glycerol using two pieces of double-sided tape. A Zeiss LSM 710
173  microscope was used to acquire 15-25 z-slices 45-60 um apart at 40x magnification.

174

175 Using Fiji, the z-max intensity projection for each embryo was measured for its
176  fluorescence intensity. The hb expression domain was used as the cutoff for signal, as

177  the expression profile of lacZ should match the endogenous hb expression pattern due
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178 to expression from its enhancer (hbpe). The fluorescent signal was obtained by
179 measuring the intensity from the anterior pole to the edge of hb domain using the tools
180 available in Fiji. After measuring signal, background noise was measured as the
181 intensity outside of the hb expression pattern. The fold-reduction of lacZ was calculated
182  as the ratio of the fluorescence values for the embryos with an inactive ribozyme with a
183  specific competing sequence over that of an active ribozyme with the same competing
184  sequence. Refer to Supplementary Document 2 for an in-depth protocol.

185

186 Using the same embryos, the width of the lacZ gradient was compared with the active
187 and inactive ribozyme constructs. For this analysis, we used a supervised MATLAB
188  script to first locate and orient the embryo, and then shape the embryos’ periphery
189 boundary. We then measured the fluorescence of the embryo across the anterior-
190 posterior axis (see supplementary material for MATLAB scripts). To measure the
191 distance from the anterior pole to the boundary of the lacZ domain, we selected three
192 points along the y-axis and extracted the width corresponding to 50% loss of the
193 maximum intensity. We selected three different y-values to account for asymmetrical
194 lacZ gradients (Supplementary Figure 3). The median of the three values was used to
195 represent the measurement of the lacZ gradient.

196

197 RESULTS

198 Designing self-cleaving ribozymes containing tunable upstream competing
199 sequences. For this study, we used the hammerhead self-cleaving ribozyme as it has

200 shown high activity in vitro and in vivo (29,30). Though these ribozyme constructs can
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201  be placed in various locations within a transcript, we chose to test two specific locations:
202 the 5 and 3'UTR of the reporter genes tested (Figure 1C). The competing sequences
203 were placed upstream of the ribozyme to ensure that transcription of the ribozyme
204  before the competing sequence did not result in self-cleavage prior to the transcription
205 of the competing sequence. Insulating sequences were flanked upstream of the
206 ribozyme/competing sequence to limit ribozyme misfolding due to flanking sequences
207 (Figure 1B). Finally, we designed the competing sequences using Mfold (35) to obtain a
208 set of sequences that were associated with varying levels of predicted folded and
209 misfolded ribozyme structures (Figure 1D). Each competing sequence varied in
210 sequence length and composition and were associated with different propensities to
211  base-pair with the stem of the ribozyme. Finally, each competing sequence lacked a
212 start codon to prevent premature translation initiation.

213

214  Self-cleaving ribozymes combined with upstream competing sequences can
215 modulate gene expression in mammalian cells. We first sought to test these
216  ribozyme constructs in a mammalian system. To this end, we tested the ribozyme
217  constructs in HEK293T cells. We inserted the self-cleaving ribozymes and 10 different
218 upstream competing sequences in the 5° UTR or the 3'UTR of GFP to observe how
219 various sequence configurations impacted reporter gene expression (Figure 2). For
220 each ribozyme/competing sequence tested, we used an inactive ribozyme with the
221 same competing sequence to act as a control. As the inactive and active ribozymes only
222  differ by a single point mutation (31), the overall structure of the ribozyme was

223 preserved. After transiently transfecting these reporter constructs, the fluorescence of

10
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224  the cells was analyzed by flow cytometry analysis. We found that these ribozyme
225 constructs were able to reduce expression of GFP in HEK293T cells, with fluorescence
226 generally being associated in a bimodal distribution (untransfected cells and cells
227  associated with varying GFP levels) (Supplementary Figure 2). When located in the
228 5'UTR, the ribozymes/upstream competing sequences generally resulted in greater
229  range of fold-reduction levels compared to when located in the 3'UTR (Figure 2A).

230

231  Figure 2: Self-cleaving ribozymes can tune gene expression in mammalian cells. (A)
232 The average fold-reduction of GFP observed from the flow cytometry analysis for
233 various competing sequences used in the 3'UTR (yellow) and 5'UTR (blue). The
234  constructs were transiently transfected and incubated for 48 hours at 37°C. After
235 incubation, the cells were trypsinized and resuspended in 1xPBS for flow cytometry
236 analysis. (B) Comparison of the fold-change of GFP expression when a competing
237 sequence is inserted in the 3'UTR (yellow) or 5’UTR (blue) of the transcript. A value of
238 one indicates no change. (C) Normalized average of GFP fold-reduction using the data
239 from Figures 2A/B. This represents the loss of reporter gene expression only due to
240 ribozyme activity. All error bars represent the standard deviation from at least three
241 independent transfections. Note that RO indicates a self-cleaving ribozyme lacking
242 competing sequence. (D) Predicted relationship between the fold-reduction of GFP and
243 the free energy difference between cleavable and non-cleavable ribozyme
244 conformations. Plots in column one and two compare the fold-reduction levels with the
245  free energies calculated from Mfold and Sfold, respectively. The first and second rows

246  represent the fold-reduction data (Figure 2A) and the normalized fold-reduction data

11


https://doi.org/10.1101/739326

bioRxiv preprint doi: https://doi.org/10.1101/739326; this version posted August 18, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

247  (Figure 2C), respectively.

248

249  As the GFP fold-reduction levels between the 5 and 3'UTR constructs were variable,
250 we wanted to assess the effect of competing sequence insertion on GFP expression.
251 Due to prior work showing that the formation of secondary structures strongly effects
252  transcript stability (39), we compared the fluorescence of the cells transiently
253 transfected with ribozyme constructs containing an inactive ribozyme lacking an
254  upstream competing sequence to that of inactive ribozymes containing an upstream
255 competing sequence (Figure 2B). While the loss of GFP expression was fairly
256  consistent for the constructs containing ribozymes with competing sequences in the
257 3'UTR (~20-40% loss of GFP expression), GFP expression loss was more noticeable
258 when the ribozyme/competing sequences were placed in the 5UTR. When placed in
259 the 5'UTR, the loss of gene expression ranged from negligible loss (e.g. R2, R6) to
260 ~70% loss (e.g. R8) (Figure 2B). Interestingly, the insertion of some upstream
261 competing sequences resulted in increased expression of GFP (e.g. R3, R4). We then
262 accounted for the loss of gene expression due to the insertion of a competing sequence
263 by normalizing the fold-reduction data from Figure 2A using the data from Figure 2B
264  (Figure 2C). While this generally resulted in less fold-reduction of each construct, a
265 wide dynamic range was generally maintained, from almost no fold-reduction to ~25-
266  fold-reduction of GFP.

267

268 After obtaining the experimental data, we then sought to gain insight into the

269 relationship between the fold-reduction of gene expression and the predicted energies

12


https://doi.org/10.1101/739326

bioRxiv preprint doi: https://doi.org/10.1101/739326; this version posted August 18, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

270  of misfolding. To this end, we compared the GFP fold-reduction levels with the predicted
271 free energy differences obtained from Mfold. To obtain these values, the difference
272  between the AG associated with the MFE structure of a ribozyme in a cleavable
273  conformation and the AG associated with the MFE in a non-cleavable conformation was
274  calculated (Supplementary Figure 1). While the experimental data from HEK293T cells
275 showed a wide dynamic range of fold-reduction levels, there was a lack of correlation
276  between the experimental data and predicted free energy differences (Figure 2D). We
277  then sought to use a different RNA predictive folding algorithm to see if it could better
278 correlate the fold-reduction of gene expression to predicted free energies. Thus, we
279  used Sfold to compare MFE’s to the GFP fold-reduction (36). Similar to Mfold, there was
280 a lack of correlation between the experimental fold-reductions to the predicted free
281 energies (Figure 2D). The lack of a correlation indicates the presence of external
282  factors that influence ribozyme self-cleavage, thus currently making this approach non-
283  predictive. Even so, our data show that ribozyme/upstream competing sequences can
284  be used to tune gene expression in mammalian cells.

285

286 Self-cleaving ribozymes/upstream competing sequences can modulate gene
287 expression in Drosophila. As a proof-of-concept, we next wanted to test these tools in
288 a multicellular system. We chose to work with Drosophila embryos as we have
289  previously used this system to study synthetic networks (40). Thus, we generated
290 transgenic fly lines carrying these ribozyme constructs. We first designed Drosophila
291  expression vectors containing the lacZ reporter expressed from the hunchback proximal

292  enhancer (hbpe). This enhancer results in an expression pattern similar to endogenous

13
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293  hb, which has a sharp boundary at roughly 50% anterior-to-posterior (AP) coordinate
294  (32-34). The hbpe drives expression with a boundary at roughly 33% AP coordinate
295 (Figure 3A), which allowed us to quantitatively test these ribozymes in vivo. Similar to
296 the work in HEK293T cells, each ribozyme/upstream competing sequence tested were
297 compared to an inactive ribozyme containing the same competing sequence to act as a
298 negative control. Embryos were first hybridized with an antisense lacZ probe, then
299 imaged by confocal microscopy. We found that the insertion of ribozyme/competing
300 sequences into a transcript expressing lacZ were able to tune lacZ expression levels in
301 Drosophila embryos (Figures 3B-E). Unlike with the mammalian cell data, normalizing
302 the fold-reduction data by accounting for the effects of inserting the upstream competing
303 sequences on lacZ expression resulted in negligible changes to the measured dynamic
304 range of fold-reduction values (Figures 2A-C, 3F-G). While the fold-reduction values
305 observed in Drosophila were generally less than those observed in HEK293T cells, the
306 correlation of fold-reduction values, compared to the work in mammalian cells, remained
307 the same (i.e. RO > R1 > R7) and maintained a high dynamic range (~2-14 fold-
308 reduction of lacZz).

309

310 Figure 3: Self-cleaving ribozymes can tune gene expression in Drosophila embryos. (A)
311 Depiction of the ribozyme constructs and its expression domain in Drosophila embryos.
312 The domain of lacZ is similar to the endogenous hunchback (hb) gradient due to the
313  hunchback proximal enhancer (hbpe). During early development, hb is strongly
314 expressed in the anterior of the embryo. (B-E) Representative images of in situ

315 hybridized Drosophila embryos probed for lacZ. Each embryo imaged expresses lacZ

14
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316 under the control of the hbpe and contains an inactive (B/D) or active (C/E) ribozyme.
317 Red triangles represent the width of the lacZ gradient. (F) The average fold-reduction of
318 lacZ observed from the imaging data for various competing sequences. Embryos were
319 collected from transgenic fly lines constitutively expressing lacZ from the hbpe
320 containing a ribozyme sequence in the 3’ UTR (yellow) or 5’ UTR (blue) and prepared
321 for image analysis. Images were acquired using a Zeiss LSM710 confocal microscope.
322 (G) Fold-change of lacZ expression due to effects other than ribozyme activity. A value
323 of 1 indicates no change. (H) Normalized average fold-reduction of lacZ using the data
324 from Figures 3F/G. This represents the reduction of lacZ expression solely due to
325 ribozyme activity. All error bars represent the standard deviation from at least 10
326 embryos. Note that RO indicates a self-cleaving ribozyme lacking an upstream
327 competing sequence. Also note that fly lines containing the R7 competing sequence in
328 the 3'UTR were not analyzed. (I) The fluorescence intensity at various positions of the
329 embryo. A domain width of zero indicates the anterior pole and increasing values
330 indicate a position closer to the posterior. (J) The average width of the lacZ domain for
331 each ribozyme and competing sequence listed.

332

333 Using the same images, we then compared the width of the lacZ domain along the
334 anterior-posterior axis. We hypothesized that the embryos containing an active
335 ribozyme construct would be associated with a reduced domain width as the expression
336 of lacZ would be reduced at locations containing weak fluorescent intensity (i.e. distal to
337 anterior pole). For each ribozyme construct, we observed that the differences in the lacZ

338 domain width were small, but noticeable across all constructs. Interestingly, only the two

15
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339 strongest ribozymes (i.e. AO-5UTR, AO0-3UTR) resulted in a noticeable lacZ gradient
340 reduction (Figure 3J), though the average gradient width between active and inactive
341 ribozymes were not statistically different. These results indicate that the lacZ domain
342 width did not vary between active and inactive ribozymes regardless of location or
343 competing sequence.

344

345 DISCUSSION

346 In this work, we engineered a set of genetic tools that were able to modulate gene
347 expression in HEK293T cells and Drosophila embryos. At face value, inserting the
348 ribozymes in the 5’'UTR of the reporter genes yielded a greater range of fold-reduction
349 levels compared to the 3'UTR. However, we observed that insertion of upstream
350 competing sequences resulted in the inhibition of gene expression in the absence of
351 ribozyme self-cleavage. This effect was greater when the ribozyme/competing
352 sequence was located in the 5’'UTR (Figure 2B). After normalizing the fold-reduction
353 levels by accounting for the loss of gene expression, we observed that some ribozyme
354  constructs (most notably the 5’UTR constructs) reduced gene expression more weakly
355 compared to that data prior to normalization (Figures 2A/C). In general, the
356 ribozymes/upstream competing sequences were observed to reduce gene expression
357 more strongly in HEK293T cells compared to Drosophila embryos (Figures 2 and 3),
358 which has also been observed in recent work (41). This difference could be due to
359 different biological machinery between mammalian and insect models, different
360 experimental assays, or the constructs themselves, as they contain different promoters

361 and reporter genes. Even with the differences in fold-reduction levels between these
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362 model systems, these tools maintained a dynamic range of gene expression regulation
363 (~1-25 in HEK293T cells and ~2-14 in Drosophila). While the experimental data did not
364 show a high correlation with the RNA secondary structure predictions (Figure 2D), we
365 provide a set of gene regulatory tools based on empirical measurements between
366 competing sequences and strength of gene reduction.

367

368 Prior to experimental work, we used Mfold (35,36) to design a set of competing
369 sequences that were associated with a wide range of free energies (Figure 1D). When
370 comparing these predicted free energies to the fold-reduction levels observed in our
371 experimental data (Figures 2A/C), we generally observed a weak correlation (Figure
372 2D). This discrepancy could have been due to a variety of factors. For instance, the
373 insulating sequences, used to prevent interactions between the ribozyme and flanking
374 sequences, could have affected the ability of the competing sequences to base-pair with
375 the ribozyme. While Mfold and Sfold predictions showed minimal interactions between
376 the ribozyme and insulating sequences, the sequences flanking the insulating
377 sequences could have interacted with the competing sequence, ribozyme, and/or the
378 insulating sequence. It is also possible that one or more of the competing and/or
379 insulating sequences contain a target sequence for a native biological factor or
380 pathway, such as an endogenous transcription factor, internal ribosome entry site
381 (IRES), or RNAIi. While the addition of a specific target sequence is unlikely, novel
382 transcription factors, IRES’, and non-coding RNAs continue to be discovered in
383 eukaryotic systems, including Drosophila (42—-48). Finally, Mfold and/or Sfold may lack

384 the ability to predict the fold-reduction of gene expression associated with the ribozyme
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385 constructs. Recent work has shown that hammerhead ribozymes are associated with
386 varying cleavage activities across different model systems (e.g. mammalian vs. yeast)
387 and experimental setups (e.g. in vitro vs. in vivo) (41), which show that cellular context
388 is likely important for the observed activity. Another possibility is that Mfold and Sfold
389 are not accurately capturing RNA folding. While algorithms, such as Mfold and Sfold,
390 have the ability to predict RNA secondary structures, ribozymes can form complex 3D
391 structures (e.g. pseudoknots) that cannot be predicted accurately. Due to these
392 reasons, current predictive RNA folding algorithms may not be sufficient for accurate
393 secondary structure predictions. Improvements on RNA structure prediction models will
394 allow for a more accurate design of competing sequences.

395

396 Experimental data indicated that insertion of the upstream competing sequences
397 generally inhibited gene expression when compared with the constructs lacking these
398 sequences. This phenomenon could be due to various reasons. For one, the mRNA
399 transcripts could have been subjected to the no-go decay pathway (49). This mRNA
400 surveillance pathway occurs when ribosomes have stalled during translation, resulting
401 in cleavage and subsequent degradation. While some of the ribozyme constructs
402 resulted in drastic reduction of gene expression from competing sequence insertion, the
403 majority of these constructs had a small, but noticeable effect on gene expression
404  (Figure 2B). Similar to the RNA folding algorithms, another possibility could be that one
405 or more of the competing sequences was a target sequence for an endogenous
406 biological factor or pathway. To prevent variation of gene expression when using these

407 ribozyme constructs, longer insulating sequences can be flanked to both the 5" and 3’
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408 ends of the ribozyme/upstream competing sequences. This could prevent interactions
409 between the ribozyme or competing sequence with flanking sequences, resulting in fold-
410 reduction levels only from ribozyme self-cleavage.

411

412 CONCLUSIONS

413 We developed a set of tools that were able to tune gene expression in HEK293T cells
414 and Drosophila. While the free energies obtained from the predictive RNA secondary
415 structure tool did not correlate well with the experimental data, the competing
416  sequences used in this work provide a set of genetic tools associated with a wide range
417  of fold-reduction levels. Though tested in mammalian and insect systems, these tools
418 should be applicable in other eukaryotic systems, such as C. elegans, zebrafish, and
419 mice. Previous work has shown that self-cleaving ribozymes are found naturally in these
420 organisms (50-52) and have been used for therapeutic applications (4,53). These tools
421 will be useful for studies involving synthetic biology, especially for the purposes of
422  building and studying synthetic gene circuits.
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570 SUPPORTING INFORMATION LEGEND

571 Supplementary Figure 1. Representative figures depicting secondary structures of
572  self-cleaving ribozymes. (A) Self-cleaving ribozyme that lacks a competing sequence in
573 a cleavable conformation. (B) Self-cleaving ribozyme that contains a competing
574 sequence in a cleavable conformation. (C) Self- cleaving ribozyme that contains a
575 competing sequence in a non-cleavable conformation. The red text indicates the
576 insulating sequence, green text indicates the competing sequence, and black text
577 indicates the ribozyme.

578

579 Supplementary Figure 2: Flow cytometry data of transiently transfected HEK293T
580 cells. (A) Representative forward and side scatter plot of HEK293T cells transiently
581 transfected with ribozyme constructs. The cell population was gated in green. (B)
582 Histograms of transiently transfected HEK293T cells. Plotted are the number of cells at
583 corresponding fluorescent values of untransfected cells (black), cells containing an
584 active ribozyme/competing sequence (red), and cells containing an inactive
585 ribozyme/competing sequence (blue) in the 5’UTR (top row) or 3’'UTR (bottom row) of
586  gfp.

587

588 Supplementary Figure 3. Representative embryos labeled with lacZ gradient width
589 associated with (A/B) symmetric and (C/D) asymmetric lacZ gradients. Red line
590 indicates end of lacZ gradient. Multiple red lines indicate the width of the lacZ gradient
591 at a particular anterior-posterior axis length.

592
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593 Supplementary Table 1: Transfection conditions used for 35mm plates and 24-well
594  plates.

595

596 Supplementary Document 1: DNA constructs and fly lines used in this work.

597

598 Supplementary Document 2: In-depth protocol for measuring fluorescence intensity of

599  Drosophila embryos.
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