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Modular and Versatile Trans-Encoded Genetic Switches
Avishek Paul, Eliza M. Warszawik, Mark Loznik, Arnold J. Boersma, and Andreas Herrmann*

Abstract: Current bacterial RNA switches suffer from lack of
versatile inputs and are difficult to engineer. We present
versatile and modular RNA switches that are trans-encoded
and based on tRNA-mimicking structures (TMSs). These
switches provide a high degree of freedom for reengineering
and can thus be designed to accept a wide range of inputs,
including RNA, small molecules, and proteins. This powerful
approach enables control of the translation of protein expres-
sion from plasmid and genome DNA.

Synthetic non-coding RNAs with simple and limited con-
formational states have been deployed to build RNA switches
to control bacterial translation.*! Many RNA switches suffer
from low dynamic response and lack of versatility with respect
to input signals that can be processed. Nonetheless, great
progress involving sophisticated RNA switches has been
made.[*"" These RNA switches act in cis on the target mRNA
(i.e., act on the same molecule, while trans-acting switches act
on a different molecule) to achieve fast and efficient
functionality with high on/off-ratio. The “toehold switch” is
a prime example of such an RNA device with strong dynamic
response, orthogonality, and possibility for logic-gate oper-
ations.? There are also ligand-dependent riboswitches that
are cis-acting with regard to the target mRNA.'Y The
incorporation of cis-encoded switches at the leader mRNA
may however interfere with folding of downstream mRNA¥
and will require genetic modification upstream of the target
gene. The importance of the leader mRNA sequence has been
well documented for 5'-UTR-encoded regulators of patho-
genic bacteria.l'”l Trans-encoded switches would not present
sequence constraints on the target mRNA. For example,
a trans-encoded switch based on the looped antisense
oligonucleotide (LASO) can repress a downstream gene in
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presence of an input RNAI'! but does not accept other signals
such as small molecules or proteins. Hence, limited by their
design, current artificial switches lack modularity with respect
to input signals.

To overcome these limitations, we present trans-encoded
genetic switches based on a tRNA-mimicking structure
(TMS; Figure 1). Bacterial tRNA is stable to RNase and
allows stable expression of RNA constructs in the cells.'”!¥l
Since the TMS switch is trans-encoded, it does not disturb the
secondary structure of the target mRNA. The concept of TMS
is based on metazoan mitochondrial tRNAs that display
diverse sequences and structures.'” We hypothesized that
sequence variation of different arms of the tRNA structure
would allow easy incorporation of modules with different
functions into the switch.

To achieve tight control over gene expression, we
designed the switch to bind both flanking sites of the
ribosome binding site (RBS) of the target mRNA, without
disturbing the RBS and the start codon, to block ribosome
entry and subsequent translation.

We incorporated a repressor domain into the anticodon
loop of the bacterial tRNA" that binds flanking sites of the
RBS (Figure 1 and Figure S1 in the Supporting Information).
To reverse the effect of the repressor, we designed an anti-
repressor RNA that binds the TMS through loop-loop
interactions and pulls off the repressor domain from the
mRNA, thereby liberating the RBS for binding to the
ribosome. To provide initiation sites for the binding between
the TMS switch and the anti-repressor RNA, we incorporated
two 9 nt initial binding elements (IBEs), one at each end of
the repressor domain of the TMS switch. To make the design
process simple, we consider the IBEs as a part of the repressor
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Figure 1. Concept to switch protein translation: Modification of the
anticodon loop of a tRNA (1) blocks ribosome binding (2), which can
be reversed by an anti-repressor RNA (3), thereby allowing GFP
expression (4). A and B denote the two subdomains in the repressor
domain. The initial binding element (IBE) hybridizes with the anti-
repressor RNA.
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For characterization of the switch, we used a two-plasmid
system™! and co-expressed the anticodon-modified TMS
switch and a GFP reporter from the two separate plasmids
(Figure S2) in Escherichia coli BL21(DE3) cells. We varied
the length of regions A and B in the repressor domain and
tested their ability to repress GFP by flow cytometry. Three
out of eight D-TMS™F switches showed effective GFP
repression (Figure S3). These three switches contain the
longest A and B domains (> 12 nts), likely because the 8 nt
transmitter domain needs to dehybridize for the switch to
bind the mRNA. We selected the b-TMS™E switch with the
longest regions of A =10nt and B=_8 nt to obtain the best
binding characteristics. We determined the minimum length
of the stem in the repressor domain and the stem that
connects the repressor domain with the tRNA structure
(Figure S4). The need for a minimum stem length is likely due
to the stability provided by a tRNA structure in an RNAse
environment (see below). The D-TMS™F switch maintains its
functionality even with a variable loop of 1 nt length.

Useful switches need to be stable to degradation by
RNAses. For example, a trans-encoded bacterial switch that
binds the protein Hfq is stable to RNAse.” To investigate the
stability of the p-TMS™® switch in RNase environment, we
compared repression of GFP expression by the p-TMS™F
switch with an RNA oligomer containing only the repressor
sequence (Figure S5). The pD-TMS™F switch repressed GFP
expression 21-fold more effectively than the RNA oligomer,
thus demonstrating that the p-TMS™F provides stability to
the RNA-based switch in an environment where RNAse is
present.

To reverse the repression of the GFP gene by the D-
TMS™E  switch, we simultaneously expressed an anti-
repressor RNA from the p-TMS™E switch plasmid (Fig-
ure S6). We again used a TMS structure for the anti-repressor
RNA to provide stability. Cells expressing both the anti-
repressor RNA and the b-TMS™F switch showed almost the
same GFP intensity as in absence of both interacting TMSs
(Figure 2a). The ON/OFF ratio of the p-TMS™F switch was
around 200-fold.

Next, we determined the orthogonality of six D-TM
switches and their cognate anti-repressor RNAs (Figure 2b).
We varied the repressor domain sequence of the p-TMS™E
switches while retaining the ability to bind to the target
mRNA. Combination of each of the b-TMS™E switches with
each of the anti-repressor RNAs resulted in fold changes in
GFP expression varying between 180 and 210 for each
cognate pair and less than 2 for each non-cognate pair. Hence,
our system is highly selective concerning the D-TMS™E switch
and cognate anti-repressor RNA.

To increase the versatility of input signals, we inserted an
aptamer as an additional module into the p-loop of the TMS
switch. The p-loop determines the tertiary structure of tRNA.
Previously, an aptamer was coupled to a self-cleaving
ribozyme in order to create a ligand-dependent ribo-
switch,?"! which was stabilized at its base-paired stem by
binding its ligand. In our case, we hypothesize that such
stabilization of a base-paired stem in the Dp-loop would
provide the energy to regain the tRNA structure with
concomitant release of the TMS from the mRNA. The well-
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Figure 2. a) GFP fluorescence measured by flow cytometry for the
anticodon-modified TMS switch in the ON and OFF states (presence
and absence of the anti-repressor RNA). Negative control is without
GFP induction, positive control is with GFP induction in the absence
of TMS. b) Orthogonality of six different o-TMS'®t switches and their
cognate anti-repressor RNAs. The GFP fold change is the GFP
fluorescence of the b-TMS'® switch ON divided by the OFF state
without background correction.

studied hybridized structure of the neomycin B (NeoB)
aptamer shows that it has increased stability upon neo-
mycin B binding.***! To verify the TMS switch activity
against a small molecule, we selected azide-modified neo-
mycin B? as input.

We replaced the p-loop of the TMS switch with a neo-
mycin B aptamer®?”! sequence (NeoB-TMS'®E, Figure 3a and
Figure S7). The NeoB aptamer exhibits a low micromolar
binding affinity to azide-modified neomycin B (Figure S8).
Modifying the 2-deoxystreptamine ring of neomycin B with
an azide reduces its antibacterial activity (Figure S9 and S10)
and allows its use as a non-bioactive input signal at lower
concentrations. We removed the IBE elements at the
repressor domain. With the incorporation of the neomycin B
aptamer, the TMS switch is now comprised of a sensor (that
recognizes a small-molecule input signal), an actuator (that
controls the output signal), and a transmitter (that channels
the signal from the sensor to the actuator; see Figure 3a top
left). This RNA architecture responds in a concentration-
dependent manner to azide-modified neomycin B as input
(Figure 3b), thereby demonstrating that the NeoB-TMS™®E
structure can function as an analogue genetic switch against
a small-molecule input signal.l*®!

In addition to small molecules, the switch accepts GFP as
an input signal with a GFP aptamer integrated into the p-
loop of the TMS (GFP-TMS™E, Figure 3a). We used
mCherry as an output signal, controlled under an arabinose
promoter, while inducing GFP with anhydrotetracycline. The
behavior of the GFP-TMS™F switch against a gradient GFP
input signal was similar as that of the NeoB-TMS™®E switch
with the small-molecule input signal (Figure 3c). To demon-
strate that the RNA switch can function as an OR logic gate in
live cells, we programmed this gate by incorporating
a repressor domain and the neomycin B aptamer together in
a single TMS switch (NeoB-TMS''®E, Figure 4). The logic
gate gave the expected output signal: Cells only express GFP
in the presence of the anti-repressor RNA or azide-modified
neomycin B (Figure 4).

To assess whether the ligand-mediated stabilization of the
TMS switch solely depends on the interaction with the
corresponding aptamer, we replaced the neomycin B aptamer
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Figure 3. a) Controlling gene expression by the NeoB-TMS"®* and GFP-
TMS™ switches (1). Binding of the switches prevents ribosome
binding (2), which is reversed by binding of the corresponding
aptamer ligand (3). The GFP-TMS™®¢ switch controls mCherry expres-
sion. b) Titration of azide-conjugated neomycin B leads to increased
GFP production. ) Inducing GFP expression with anhydrotetracyclin
leads to increasing mCherry fluorescence.
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Figure 4. Design of an OR logic gate with the NeoB-TMS'®® switch,
responding to its cognate anti-represssor RNA and azide-modified
neomycin B (100 um). All experiments were performed in triplicate.
Median fluorescence is reported. AR = Anti-repressor RNA; NeoB
azide = azide-modified neomycin B.

of NeoB-TMS'™E with a kanamycin B aptamer®™ (KanB-
TMS™E). Azide-modified neomycin B has a very low binding
affinity for the kanamycin B aptamer (Figure S11). Indeed,
due to the lower affinity of the kanamycin B aptamer for
azide-modified neomycin B, KanB-TMS™F is unable to
control gene expression with azide-modified neomycin B
(Figure S12). Hence, the ligand-mediated structural changes
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in the TMS switch depend on the affinity of the ligand for the
aptamer component of the switch.

We next asked whether the TMS switches can be deployed
to target the bacterial genome. A D-TMS™F switch was
designed to target the T7 RNA polymerase gene present in
the genome of the E. coli BL21(DE3) cells (Figure 5a),
binding from —30 to —1 bases upstream of the start codon in
the corresponding mRNA. The p-TMS™F switch is under
control of the strong constitutive Ipp promoter. To induce T7
polymerase expression, we added 0.1 mm isopropyl -p-1-
thiogalactopyranoside (IPTG). As a marker, GFP expression
from a plasmid controlled by a T7 promoter should be
reduced when the D-TMS™F switch represses T7 RNA
polymerase translation. Indeed, we observed that the pres-
ence of the D-TMS™E switch reduced GFP fluorescence
(Figure 5b). Importantly, binding cognate antirepressor RNA
to the pD-TMS™E switch showed full GFP fluorescence, thus
showing that genomic expression can also be switched
(Figure S13). GFP expression is only marginally reduced
further when a second D-TMS'™®F switch that targets the +11
to 430 bases upstream of the start codon of the T7
polymerase mRNA is employed simultaneously with the
first D-TMS'™E, thus indicating the excellent performance of
the switches.

A key advantage of a trans-encoded switch is that it allows
genes in the genome to be targeted without sequence
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Figure 5. a) Switching genomic gene expression. The D-TMS'®® switch
prevents expression of T7 RNA polymerase, by binding the —30 to —1
bases of the T7 polymerase gene. GFP expression is recovered with
the cognate anti repressor RNA. b) Corresponding flow cytometry data
showing repression of expression with b-TMS'®® (OFF TMS switch),
activation with the anti-repressor RNA (ON TMS switch), and controls
as in Figure 2, but under a T7 promoter. c) Box plot showing that
inhibiting a native E. coli gene ftsZ with two b-TMS'® switches leads to
filamentous growth compared to cells without any b-TMS'®® switch.
Coexpression of the cognate anti-repressor RNAs leads to restoration
of cell sizes similar to p-TMS'®:-free cells. n=>500 cells. d) Correspond-
ing confocal microscopy brightfield images. Scale bar=7.6 pm. All
experiments were performed in triplicate.
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alteration of the genome. To demonstrate inhibition of native
gene expression, we targeted the b-TMS™F switch versus the
ftsZ gene in the genome, which encodes for the FtsZ protein
(Figure 5d). FtsZ is an essential protein for cell division that
forms a contractile ring structure (Z ring) at the future cell-
division site.’Y) One of the functions of the FtsZ ring is to
recruit other cell division proteins to the septum to produce
a new cell wall between the dividing cells.”? Inhibiting the
FtsZ production would hamper the cell-division process,
leading to filamentous growth of E. coli cells.”**! Unlike the
T7 polymerase gene in the bacterial genome, the ftsZ gene is
controlled by a constitutive promoter. Therefore, we decided
to express two D-TMS™F switches simultaneously to target
the ftsZ gene in order to achieve tight control of FtsZ
expression. One D-TMS™F switch binds to the —19 to +11
nucleotides region and the other binds to the +32 to +61
nucleotides region from the start codon of the ftsZ gene.
Transcription of both D-TMS™F switches led to filamentous
cells and a larger spread of cell lengths in comparison with
cells without the switches (Figure Sc; Figure S14). Both
switches accept inputs from their respective cognate antire-
pressor RNAs, also expressed simultaneously, giving cells
with the same average length and distribution as untreated
cells. Hence, we can repress translation of mRNAs tran-
scribed from both plasmid and genome without alteration of
the target mRNA sequence, and subsequently turn on gene
expression with input signals.

In summary, we present powerful new RNA-based
switches that provide unparalleled versatility in controlling
bacterial gene expression. Unlike other cis-acting genetic
switches, the TMS switches do not pose sequence constrains
on the target mRNA. By designing RNA switches that accept
versatile inputs (RNA, small molecules, and proteins), we
have been able to compensate for the low chemical diversity
of input signals of the current RNA switches compared to
their protein counterparts.*) A remarkable feature of the
TMS switches is that the simple replacement of modules
enables sensing of new input signals, and even addition of
a second sensing module does not compromise performance
of the RNA device as realized by the logic-gate design. The
switches that we developed here display a strong dynamic
range, likely due to the stability of the TMS structure tuned by
the unique design of the repressor domain. With their unique
combination of signal processing of desired inputs and
targeting any desired mRNA, the TMS switches will play an
essential role in novel genetic circuitry to allow advanced
information processing in synthetic biology.

Acknowledgements

We gratefully acknowledge support from the European
Union (ERC Advanced Grant SUPRABIOTICS, No.
694610), the Zernike Institute for Advanced Materials and
the DWI—Leibniz Institute for Interactive Materials. We
thank Dr. J. Hillmer and J. Hartanto for help in preparing the
graphics. Open access funding enabled and organized by
Projekt DEAL.

Angew. Chem. Int. Ed. 2020, 59, 20328 -20332

Communications

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Conflict of interest
The authors declare no conflict of interest.

Keywords: RNA - RNA logic gates - RNA switches -
synthetic biology - tRNA

[1] A.E. Friedland, T.K. Lu, X. Wang, D. Shi, G. Church, J.J.
Collins, Science 2009, 324, 1199-1202.

[2] J. M. Callura, D. J. Dwyer, F. J. Isaacs, C. R. Cantor, J. J. Collins,
Proc. Natl. Acad. Sci. USA 2010, 107, 15898 —15903.

[3] J. M. Callura, C. R. Cantor, J.J. Collins, Proc. Natl. Acad. Sci.
USA 2012, 109, 5850-5855.

[4] H. Saito, T. Inoue, Int. J. Biochem. Cell Biol. 2009, 41, 398 —404.

[5] S.K. Desai, J. P. Gallivan, J. Am. Chem. Soc. 2004, 126, 13247 -
13254.

[6] E.J. Isaacs, D.J. Dwyer, C. Ding, D.D. Pervouchine, C.R.
Cantor, J. J. Collins, Nat. Biotechnol. 2004, 22, 841 —847.

[7] J. M. Carothers, J. A. Goler, D. Juminaga, J. D. Keasling, Science
2011, 334, 1716-1719.

[8] J. C. Liang, R. J. Bloom, C. D. Smolke, Mol. Cell 2011, 43, 915-
926.

[9] M. N. Win, C. D. Smolke, Science 2008, 322, 456 —460.

[10] J. B. Lucks, L. Qi, V. K. Mutalik, D. Wang, A.P. Arkin, Proc.
Natl. Acad. Sci. USA 2011, 108, 8617 —8622.

[11] J. Chappell, M. K. Takahashi, J. B. Lucks, Nat. Chem. Biol. 2015,
11,214-220.

[12] A. A.Green,P. A. Silver, J. J. Collins, P. Yin, Cell 2014, 159, 925 -
939.

[13] N. Dixon, C.J. Robinson, T. Geerlings, J.N. Duncan, S.P.
Drummond, J. Micklefield, Angew. Chem. Int. Ed. 2012, 51,
3620-3624; Angew. Chem. 2012, 124, 3680—3684.

[14] D. Na, S. M. Yoo, H. Chung, H. Park, J. H. Park, S. Y. Lee, Nat.
Biotechnol. 2013, 31, 170-174.

[15] J. Gripenland, S. Netterling, E. Loh, T. Tiensuu, A. Toledo-
Arana, J. Johansson, Nat. Rev. Microbiol. 2010, 8, 857 —866.

[16] P. D. Carlson, C.J. Glasscock, J. B. Lucks, bioRxiv 2018, https:/
doi.org/10.1101/501767.

[17] L. Ponchon, G. Beauvais, S. Nonin-Lecomte, F. Dardel, Nat.
Protoc. 2009, 4, 947 —-959.

[18] L. Ponchon, F. Dardel, Nat. Methods 2007, 4, 571 -576.

[19] T. Salinas-Giegé, R. Giegé, P. Giegé, Int. J. Mol. Sci. 2015, 16,
4518 -4559.

[20] S. M. Yoo, D. Na, S. Y. Lee, Nat. Protoc. 2013, 8, 1694-1707.

[21] M. Wieland, A. Benz, B. Klauser, J. S. Hartig, Angew. Chem. Int.
Ed. 2009, 48, 2715-2718; Angew. Chem. 2009, 121, 2753 -2756.

[22] M. Famulok, G. Mayer, Acc. Chem. Res. 2011, 44, 1349 -1358.

[23] P. S. Lau, B. K. Coombes, Y. Li, Angew. Chem. Int. Ed. 2010, 49,
7938-7942; Angew. Chem. 2010, 122, 8110-8114.

[24] E. Duchardt-Ferner, S. R. Gottstein-Schmidtke, J. E. Weigand,
O. Ohlenschldger, J.-P. Wurm, C. Hammann, B. Suess, J.
Wohnert, Angew. Chem. Int. Ed. 2016, 55, 1527 -1530; Angew.
Chem. 2016, 128, 1551 -1554.

[25] H. Gustmann, A.-L.J. Segler, D. B. Gophane, A.J. Reuss, C.
Griinewald, M. Braun, J. E. Weigand, S.T. Sigurdsson, J.
Wachtveitl, Nucleic Acids Res. 2019, 47, 15-28.

[26] A. A. Bastian, E. M. Warszawik, P. Panduru, C. Arenz, A.
Herrmann, Chem. Eur. J. 2013, 19, 9151 -9154.

[27] L. Jiang, A. Majumdar, W. Hu, T. J. Jaishree, W. Xu, D. J. Patel,
Structure 1999, 7, 817 -827.

[28] R. Daniel, J. R. Rubens, R. Sarpeshkar, T. K. Lu, Nature 2013,
497, 619-623.

[29] B. Shui, A. Ozer, W. Zipfel, N. Sahu, A. Singh, J. T. Lis, H. Shi,
M. 1. Kotlikoff, Nucleic Acids Res. 2012, 40, €39.

[30] M. Kwon, S. Chun, S. Jeong, J. Yu, Mol. Cells 2001, 11,303 -311.

[31] J. Xiao, E. D. Goley, Curr. Opin. Microbiol. 2016, 34, 90-96.

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

20331


https://doi.org/10.1126/science.1172005
https://doi.org/10.1073/pnas.1009747107
https://doi.org/10.1073/pnas.1203808109
https://doi.org/10.1073/pnas.1203808109
https://doi.org/10.1016/j.biocel.2008.08.017
https://doi.org/10.1021/ja048634j
https://doi.org/10.1021/ja048634j
https://doi.org/10.1038/nbt986
https://doi.org/10.1126/science.1212209
https://doi.org/10.1126/science.1212209
https://doi.org/10.1016/j.molcel.2011.08.023
https://doi.org/10.1016/j.molcel.2011.08.023
https://doi.org/10.1126/science.1160311
https://doi.org/10.1073/pnas.1015741108
https://doi.org/10.1073/pnas.1015741108
https://doi.org/10.1038/nchembio.1737
https://doi.org/10.1038/nchembio.1737
https://doi.org/10.1016/j.cell.2014.10.002
https://doi.org/10.1016/j.cell.2014.10.002
https://doi.org/10.1002/anie.201109106
https://doi.org/10.1002/anie.201109106
https://doi.org/10.1002/ange.201109106
https://doi.org/10.1038/nbt.2461
https://doi.org/10.1038/nbt.2461
https://doi.org/10.1038/nrmicro2457
https://doi.org/10.1101/501767
https://doi.org/10.1101/501767
https://doi.org/10.1038/nprot.2009.67
https://doi.org/10.1038/nprot.2009.67
https://doi.org/10.1038/nmeth1058
https://doi.org/10.3390/ijms16034518
https://doi.org/10.3390/ijms16034518
https://doi.org/10.1038/nprot.2013.105
https://doi.org/10.1002/anie.200805311
https://doi.org/10.1002/anie.200805311
https://doi.org/10.1002/ange.200805311
https://doi.org/10.1021/ar2000293
https://doi.org/10.1002/anie.201002621
https://doi.org/10.1002/anie.201002621
https://doi.org/10.1002/ange.201002621
https://doi.org/10.1002/anie.201507365
https://doi.org/10.1002/ange.201507365
https://doi.org/10.1002/ange.201507365
https://doi.org/10.1093/nar/gky1110
https://doi.org/10.1002/chem.201300912
https://doi.org/10.1016/S0969-2126(99)80105-1
https://doi.org/10.1038/nature12148
https://doi.org/10.1038/nature12148
https://doi.org/10.1093/nar/gkr1264
https://doi.org/10.1016/j.mib.2016.08.008
http://www.angewandte.org

QDCh Communications AngiWandte .

[32] W. Margolin, Nat. Rev. Mol. Cell Biol. 2005, 6, 862—871. [35] R. Lutz, H. Bujard, Nucleic Acids Res. 1997, 25, 1203 -1210.

[33] S.J. Dewar, W. D. Donachie, J. Bacteriol. 1993, 175, 7097 - 7101.
[34] A. Miickl, M. Schwarz—Schilling, K. Fischer, F. C. Simmel, PLoS Manuscript received: January 27, 2020
One 2018, 13, ¢0198058. Revised manuscript received: March 10, 2020
Accepted manuscript online: April 30, 2020
Version of record online: July 27, 2020

20332 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  Angew. Chem. Int. Ed. 2020, 59, 20328 —20332


https://doi.org/10.1038/nrm1745
https://doi.org/10.1128/JB.175.21.7097-7101.1993
https://doi.org/10.1371/journal.pone.0198058
https://doi.org/10.1371/journal.pone.0198058
https://doi.org/10.1093/nar/25.6.1203
http://www.angewandte.org

