UNCOVERING THE ELEMENTS OF RNA DESIGN

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy

by
Paul David Carlson
May 2019

© 2019 Paul David Carlson
ALL RIGHTS RESERVED

UNCOVERING THE ELEMENTS OF RNA DESIGN
Paul David Carlson, PhD
Cornell University 2019
The versatility of naturally-occurring RNAs that perform central cellular functions has
generated intense interest in designing engineered RNAs to control gene expression.
Mechanistic studies of natural RNA systems that sense and respond to changes in
temperature, small molecule or metabolite concentration, and the expression of other
RNA and protein species in the cell have been combined with advances in computational
nucleic acid design to enable the de novo design of synthetic RNA regulators. While
progress has been remarkable, challenges remain. In this work, we aim to close the gaps
which exist in the design and characterization of RNA regulators to respond to cellular
and environmental cues to regulate gene expression in predictable ways. Specifically, we
present design strategies for synthetic RNAs to control multiple steps in gene synthesis
in response to the expression of trans-acting RNAs, specialized ribosomes, or
temperature changes. Moreover, we show how RNA chemical probing can be used
alongside in silico predictions of RNA structure to both characterize and troubleshoot
design flaws in synthetic regulatory schemes. Together, this work provides a framework
for the use of experimental and computational tools to characterize natural RNA-based
systems, distill their functions into a coherent and adaptable set of design rules, and apply
these rules for the de novo design of regulatory RNAs to address unmet needs in cellular
engineering and synthetic biology.

BIOGRAPHICAL SKETCH
Paul was born in Rochester, NY to parents Dan and Judy Carlson, and was raised in
Bloomfield, NY, Mississauga, ON, and London, England. He graduated as the
Valedictorian of Bloomfield High School in 2009, then attended the University of
Minnesota. While at the U of M he conducted research in the Tranquillo lab, studying the
in vitro formation of microvasculature for tissue engineering applications as a Barry M
Goldwater Scholar. He earned his B.S. in Chemical Engineering in 2013, then entered
the PhD program in the Robert Frederick Smith School of Chemical and Biomolecular
Engineering at Cornell University and joined the Lucks Lab in the fall of 2013.

iii

For Danica

You came through
When the journey was rough
It took you
It took two of us

iv

ACKNOWLEDGEMENTS
Julius, thank you for your guidance and mentorship. Your passion for doing good
science is infectious, and helped me get through some tough spots. Thank you for
fostering a creative environment to pursue new ideas, but with the guiding hand to keep
things from going off the rails.
Lois and Abe, thank you for serving on my committee, and for your thoughtful
guidance and insight throughout this process.
I owe a large debt of gratitude to the incredible teachers and mentors who have
helped me reach this point. Lori Randolph, thank you for three formative years of
chemistry and biology; sorry for arguing over every question I got wrong on every test, I
can only hope to someday be as patient as you. Thank you also to Dave Foster, Kate
Ackerman, Bob Tranquillo, Krissy Morin, and Sonja Riemenschneider for helping to point
me toward a PhD. Melissa and James, thank you for your mentorship and constant
encouragement in the early days of the Lucks Lab. The world is a better place with
Professor Takahashi and Professor Chappell in it.
Thank you to the rest of the Lucks Lab – both past and present – for making the
lab a wonderful place to work. Cameron, thank you for the walk-and-talks to CTB, and for
your bottomless optimism. Angela, you are a computational wizard and an A+ desk
buddy. I dread the day that I don’t share a corner of the office with you. Elizabeth and
Raashed, thank you for all of your hard work in the lab, I wish our time working together
hadn’t gotten cut short.

v

To my wonderful friends, thank you for all of your support over the years. A special
thank you to Louisa Savereide; it seems only fitting that we get to start and finish this
10-year ChemE journey together. You embody everything that I love about Minnesota.
I would not be here without my family. Mom and Dad, thank you for your
unconditional love and support and the example you’ve set for all of us (and of course the
genes). David and Mariann, your support and encouragement have meant the world to
me. Erik, thank you for paving the way for me and never being more than a phone call (or
walk to Silverman) away. I am always proud to be recognized as Erik Carlson’s younger
brother. Steven, you are my muse and I am awestruck at the person you’ve become.
Brianna, thank you for being my favorite sister and confidant. Ben, I am so excited to see
what the future has in store for you. Rye, thank you for always reminding me that work
can wait until after a trip to the park.
Uncle Frank and Aunt Rose, thank you for making Ithaca feel like a second home.
I am forever grateful to have experienced the legacy you’ve left at Cornell.
Most importantly, thank you to my wife Danica. Thank you for being my best friend,
for being nice to the new kid in cross country, for four years of Skype dating, for agreeing
to marry a mess of a grad student, for putting your career on pause, for moving halfway
across the country, and for always believing in me more than I do in myself. To say I
couldn’t have done this without you would be a gross understatement. You have given
up so much get us here, and I can’t wait to make it up to you.

This work was supported by the National Science Foundation Graduate Research
Fellowship Program (Grant Number 1144153)

vi

TABLE OF CONTENTS

Biographical Sketch…………………………………………………………………….……iii
Dedication……………………………………………………………………………………...iv
Acknowledgements…………………………………………………………………………...v
Table of Contents…………………………………………………………………………….vii
List of Figures…………………………………………………………………...….………..xiii
CHAPTER 1: Introduction
1.1

Engineering Gene Expression ...........................................................................1

1.2

The Centrality of RNA in gene expression........................................................3

1.3

Transcriptional and translational regulation in bacteria .................................3

1.3.1

Transcriptional attenuation .............................................................................4

1.3.2

Translational control.......................................................................................7

1.4

Computational RNA Design .............................................................................10

1.5

RNA structure probing technologies ..............................................................15

1.6

Toward the elements of RNA design ...............................................................19

1.6.1
Chapter 2: RNA Chemical Probing Reveals the Importance of Nucleotide
Flexibility in the Function of Chimeric RNAs...............................................................23
1.6.2

Chapter 3: De Novo Design of Translational RNA Repressors ....................23

1.6.3
Chapter 4: Using In-cell SHAPE-Seq to Characterize a De Novo-Designed
RNA Regulator ...........................................................................................................24
1.6.4

Chapter 5: Computational Design of Orthogonal Ribosomes.......................25

1.6.5
Chapter 6: A Directed Randomization Approach to Generate Functional RNA
Thermometers ............................................................................................................25
1.6.6

Chapter 7: Design of Co-transcriptional RNA Folding Pathways .................26

1.6.7
Chapter 8: Optimizing the SHAPE-Seq Protocol to Study RNase P from a
Hyperthermophilic Archaea ........................................................................................27
1.6.8

Chapter 9: Conclusions and Perspectives ...................................................28

1.7

Acknowledgements ..........................................................................................28

1.8

Chapter 1 Bibliography.....................................................................................28

vii

CHAPTER 2: RNA Chemical Probing Reveals the Importance of Nucleotide
Flexibility in the Function of Chimeric RNAs
2.1

Abstract .............................................................................................................34

2.2

Introduction .......................................................................................................35

2.3

Results ...............................................................................................................45

2.3.1
In-cell SHAPE-Seq reveals a connection between nucleotide flexibility and
the function of engineered pT181 variants .................................................................45
2.3.2

Ribo-T variants show high degrees of tether flexibility .................................47

2.4

Discussion .........................................................................................................50

2.5

Materials and Methods .....................................................................................51

2.5.1

Bulk fluorescence data collection .................................................................51

2.5.2

Bulk fluorescence data analysis ...................................................................51

2.5.3

In-cell SHAPE-Seq measurements ..............................................................51

2.5.4
In vitro synthesis, assembly, and translation (iSAT) SHAPE-Seq
measurements ...........................................................................................................52
2.6

Acknowledgements ..........................................................................................53

2.7

Chapter 2 Bibliography.....................................................................................53

CHAPTER 3: De Novo Design of Translational RNA Repressors
3.1

Abstract .............................................................................................................57

3.2

Introduction .......................................................................................................58

3.3

Results ...............................................................................................................62

3.3.1

NUPACK can be used to design toehold repressors ...................................62

3.3.2
Designed trans-acting antisense RNAs can repress translation without
binding directly to the RBS or start codon ..................................................................65
3.3.3

Translational repressors can form orthogonal libraries ................................67

3.3.4
Rational RNA engineering strategies improve the dynamic range of toehold
repressors ..................................................................................................................69
3.3.5

LASO designs can distinguish between closely-related transcripts .............72

3.3.6

LASO designs can predictably repress endogenous mRNA sequences......77

3.3.7

LASO designs enable one-step tuning of RBS strength ..............................78

3.3.8
Toehold regulators enable simultaneous activation and repression of
unrelated genes from a single input RNA ...................................................................81
3.4

Discussion .........................................................................................................82

viii

3.5

Materials and Methods .....................................................................................86

3.5.1

Cloning and plasmid construction ................................................................86

3.5.2

Flow cytometry data collection .....................................................................86

3.5.3

Flow cytometry data analysis .......................................................................87

3.5.4

In vivo bulk fluorescence data collection ......................................................88

3.5.5

Bulk fluorescence data analysis ...................................................................89

3.6

Acknowledgements ..........................................................................................89

3.7

Chapter 3 Bibliography.....................................................................................90

CHAPTER 4: Using In-cell SHAPE-Seq to Characterize a De Novo-Designed RNA
Regulator
4.1

Abstract .............................................................................................................96

4.2

Introduction .......................................................................................................97

4.3

Results ............................................................................................................. 101

4.3.1

Active translation disrupts target hairpin formation ....................................101

4.3.2

Trigger binding forms a stable 3WJ and represses translation ..................106

4.3.3

Incomplete 3WJ formation limits repression efficiency ...............................108

4.4

Discussion ....................................................................................................... 110

4.5

Materials and Methods ................................................................................... 111

4.5.1

Flow cytometry data collection ...................................................................111

4.5.2

Flow cytometry data analysis .....................................................................111

4.5.3

In-cell SHAPE-Seq measurements and data analysis ...............................112

4.6

Chapter 4 Bibliography................................................................................... 113

CHAPTER 5: Computational Design of Orthogonal Ribosomes
5.1

Abstract ........................................................................................................... 115

5.2

Introduction ..................................................................................................... 115

5.3

Results ............................................................................................................. 118

5.3.1
Orthogonal ribosomes identified by selection show high activation but poor
orthogonality with one another .................................................................................118
5.3.2

A computational strategy to design orthogonal ribosomes .........................122

5.4

Conclusions and future directions ................................................................ 127

5.5

Materials and methods ................................................................................... 130

ix

5.5.1

Cloning and plasmid construction ..............................................................130

5.5.2

Flow cytometry data collection ...................................................................130

5.5.3

Flow cytometry data analysis .....................................................................131

5.6

Acknowledgements ........................................................................................ 131

5.7

Chapter 5 Bibliography................................................................................... 132

CHAPTER 6: A Directed Randomization Approach to Generate Functional RNA
Thermometers
6.1

Abstract ........................................................................................................... 135

6.2

Introduction ..................................................................................................... 136

6.3

Results ............................................................................................................. 139

6.3.1
SHAPE-Seq reveals subtle temperature-dependent structural changes in the
agsA 5’ UTR .............................................................................................................139
6.3.2

An in silico study of structural features affecting RNA hairpin melting .......143

6.3.3
A directed randomization strategy identifies hundreds of functional RNA
thermometers ...........................................................................................................147
6.4

Conclusions and future directions ................................................................ 149

6.5

Materials and Methods ................................................................................... 152

6.5.1

SHAPE-Seq measurements.......................................................................152

6.5.2

Cloning and plasmid construction ..............................................................152

6.5.3

In vivo bulk fluorescence data collection ....................................................153

6.5.4

Bulk fluorescence data analysis .................................................................153

6.6

Acknowledgements ........................................................................................ 153

6.7

Chapter 6 Bibliography................................................................................... 154

CHAPTER 7: Design of Co-transcriptional RNA Folding Pathways
7.1

Abstract ........................................................................................................... 158

7.2

Introduction ..................................................................................................... 158

7.3

Results ............................................................................................................. 162

7.3.1

A toehold-based transcriptional attenuator.................................................162

7.3.2

Split terminators enable simplified transcriptional repression.....................164

7.3.3
A small transcription activating RNA (STAR) with no sequence
constraints ................................................................................................................168
7.3.4

An efficient, functionalizable T7 transcription terminator ............................171
x

7.4

Conclusions and future directions ................................................................ 175

7.4.1

A temporally-inactivated STAR ..................................................................175

7.4.2
Sequence-independent attenuation and activation using kinetic barriers to
strand exchange.......................................................................................................177
7.4.3
7.5

A species-independent STAR design using T7 RNA polymerase ..............178

Materials and Methods ................................................................................... 180

7.5.1

Cloning and plasmid construction ..............................................................180

7.5.2

In vivo bulk fluorescence data collection ....................................................180

7.5.3

Bulk fluorescence data analysis .................................................................180

7.5.4

Flow cytometry data collection ...................................................................181

7.5.5

Flow cytometry data analysis .....................................................................181

7.6

Chapter 7 Bibliography................................................................................... 182

CHAPTER 8: Optimizing the SHAPE-Seq Protocol to Study RNase P from a
Hyperthermophilic Archaea
8.1

Abstract ........................................................................................................... 187

8.2

Introduction ..................................................................................................... 187

8.3

Results ............................................................................................................. 190

8.3.1

Pfu RPR shows [Mg2+]-dependent changes in structural conformation......190

8.3.2

SHAPE-Seq optimizations to improve read coverage across Pfu RPR .....191

8.3.3
A splinted adapter ligation strategy reduces ligation bias compared to a
ssDNA-ssDNA ligation .............................................................................................193
8.4

Conclusions .................................................................................................... 195

8.5

Acknowledgements ........................................................................................ 196

8.6

Chapter 8 Bibliography................................................................................... 196

CHAPTER 9: Conclusions and Perspectives
9.1

Conclusions .................................................................................................... 198

9.2

Perspective: The Elements of RNA Design .................................................. 199

9.3

Acknowledgements ........................................................................................ 206

9.4

Chapter 9 Bibliography................................................................................... 206

xi

Supplemental Information for Chapter 3: De novo Design of Translational RNA
Repressors .................................................................................................................207
A.1

Supplementary Tables .................................................................................... 207

A.2

Supplementary Notes ..................................................................................... 227

A.3

Supplementary Figures .................................................................................. 230

A.4

Appendix A Bibliography ............................................................................... 242

Supplemental Information for Chapter 5: Computational Design of Orthogonal
Ribosomes .................................................................................................................243
B.1

Supplementary Tables .................................................................................... 243

B.2

Supplementary Figure .................................................................................... 251

xii

LIST OF FIGURES
Figure 1.1 RNAs are a central component of the complex cellular environment..............2
Figure 1.2 The central dogma of gene expression. ..........................................................4
Figure 1.3 Transcriptional regulation of gene expression. ...............................................6
Figure 1.4 Local structure near the translation start site affects protein synthesis rates. .8
Figure 1.5 Translational regulation by the RNA IN/OUT system. .....................................9
Figure 1.6 Overview of computational nucleic acid design using NUPACK. ..................12
Figure 1.7 Design and application of computationally-designed RNA activators. ..........14
Figure 1.8 An overview of RNA chemical probing. .........................................................16
Figure 1.9 An overview of this work ...............................................................................22
Figure 2.1 Overview of chimeric RNAs. .........................................................................36
Figure 2.2 Overview of the pT181 transcriptional attenuator. ........................................37
Figure 2.3 Overview of orthogonal ribosome systems. ..................................................40
Figure 2.4 Three-dimensional design of a tethered ribosome system using RNAMake.42
Figure 2.5 Overview of the SHAPE-Seq experimental workflow. ...................................44
Figure 2.6 Performance of NUPACK-designed pT181 variants correlates with inner loop
flexibility. ........................................................................................................................46
Figure 2.7 SHAPE-Seq of tethered ribosomes reveals that tethers remain flexible during
active translation. ...........................................................................................................50
Figure 3.1 Design and performance of translational RNA regulators .............................64
Figure 3.2 Assessing the orthogonality of translational repressors ................................68
Figure 3.3 Strategies to improve the dynamic range of a toehold repressor ..................70
Figure 3.4 The LASO design enables strong repression of a chromosomally-encoded
target gene without repressing a gene with a closely related 5’ UTR ............................75
Figure 3.5 The LASO design can predictably target mRNA sequences from endogenous
genes .............................................................................................................................78
Figure 3.6 The LASO design enables facile tuning of RBS strength..............................80
Figure 3.7 Simultaneous activation and repression of two genes from a single RNA
input ...............................................................................................................................82
Figure 4.1 Design strategy of the three-way junction (3WJ) translational repressor. .....98
Figure 4.2 Overview of the in-cell SHAPE-Seq pipeline to inform the structure of
engineered regulatory RNAs........................................................................................100
Figure 4.3 Active translation alters the structure of the 3WJ target hairpin. .................102
Figure 4.4 Active translation correlates with increased SHAPE reactivities across
multiple targets. ...........................................................................................................105
Figure 4.5 In-cell SHAPE-Seq confirmation of the 3WJ repressor mechanism............107
Figure 4.6 In-cell SHAPE-Seq characterization of trigger variants with varying
repression efficiencies. ................................................................................................109

xiii

Figure 5.1 Orthogonal ribosomes enable the decoupling of cellular fitness and
specialized function......................................................................................................117
Figure 5.2 Orthogonal ribosomes identified by selection show high performance and
high crosstalk with one another. ..................................................................................121
Figure 5.3 Expression of orthogonal ribosomes identified by screening shows moderate
correlation with computational predictions. ..................................................................123
Figure 5.4 A computational method to design synthetic aSD/SD pairs for orthogonal
ribosomes. ...................................................................................................................125
Figure 5.5 Orthogonal ribosomes identified by design are functional and can create
orthogonal libraries. .....................................................................................................126
Figure 5.6 A proposed method to improve the performance of orthogonal ribosomes.129
Figure 6.1 Putative mechanism of a translational RNA thermometer (RNAT). ............136
Figure 6.2 Naturally-occurring RNA thermometers exhibit limited performance and high
sensitivity to single point mutations..............................................................................138
Figure 6.3 Large temperature shifts correspond with modest reactivity changes within
the agsA RNAT. ...........................................................................................................141
Figure 6.4 Subtle temperature-dependent RNAT reactivity changes are observed across
SHAPE reagents and cation concentrations. ...............................................................142
Figure 6.5 An in silico study of the effects of sequence changes on hairpin melting. ..146
Figure 6.6 A directed randomization approach generates hundreds of functional RNATs
with diverse temperature-responsive expression changes. .........................................148
Figure 6.7 A dual transcription-translation approach to tightly regulate temperatureresponsive gene expression. .......................................................................................151
Figure 7.1 The steps of intrinsic termination. ...............................................................159
Figure 7.2 State-of-the-art regulatory strategies for transcriptional attenuation and
activation......................................................................................................................160
Figure 7.3 A toehold attenuator design for transcriptional repression. .........................163
Figure 7.4 Design of a split terminator. ........................................................................165
Figure 7.5 A functional split terminator is the simplest transcriptional riboregulator
design strategy to date.................................................................................................167
Figure 7.6 A sequence-independent small transcription activating RNA (STAR).........170
Figure 7.7 Testing and validation of T7 terminators containing 3WJ spacers. .............172
Figure 7.8 A randomization strategy to identify scaffold-containing T7 terminators with
enhanced termination efficiency. .................................................................................174
Figure 7.9 A proposed design strategy for transiently-functional trigger RNAs. ...........176
Figure 7.10 Proposed design strategies for sequence-independent transcriptional
repression and activation using kinetic barriers to strand exchange. ...........................178
Figure 7.11 Incorporation of a time delay may enable transcriptional activation by T7
RNA polymerase..........................................................................................................179

xiv

Figure 8.1 Ribonuclease P (RNase P) from the hyperthermophile Pyrococcus furiosus
(Pfu). ............................................................................................................................189
Figure 8.2 Portions of the SHAPE-Seq v2.1 reactivity spectrum of in vitro folded Pfu
RPR with a range of [Mg2+] spanning 10 mM to 500 mM. ............................................191
Figure 8.3 Strategies to improve the library quality from Pfu RPR SHAPE-Seq
experiments. ................................................................................................................193
Figure 8.4 A splinted T4 DNA ligation strategy reduces ligation bias compared to a
Circligase ssDNA-ssDNA ligation. ...............................................................................195
Figure 9.1 Overview of the emerging design-test-learn cycle for RNA engineering. ....202
Figure A.1 Toehold repressor design motifs used in this study....................................230
Figure A.2 Schematics of plasmids used in this study .................................................231
Figure A.3 The LASO design motif used in this study ..................................................232
Figure A.4 Comparing the performance of the design motifs pursued in this study .....233
Figure A.5 Expression data used to construct the orthogonality matrix shown in Figure
3.2 ................................................................................................................................234
Figure A.6 Reducing overlap between ON hairpin and ribosome footprint improves both
ON level and dynamic range in several toehold repressor designs .............................235
Figure A.7 The effect of promoter tuning and reporter protein stability on the dynamic
range of toehold repressor design #1 ..........................................................................236
Figure A.8 Repression plot of the library of LASOs targeting mRFP and sfGFP .........237
Figure A.9 Repression vs. DGCF for all LASO designs targeting mRFP .......................238
Figure A.10 Updated definition of DGCF displays improved correlation with LASO
repression efficiency of endogenous mRNA sequences ..............................................239
Figure A.11 Expression levels for library members from a randomized RBS screen
correlate with predicted translation rate calculated using RBS Calculator ...................240
Figure A.12 Simultaneous activation and repression from a toehold repressor and
toehold switch can be visualized by eye ......................................................................241
Figure B.1 Schematics of plasmids used in this study .................................................251

xv

Chapter 1

Introduction1

1.1

Engineering Gene Expression
The field of Synthetic Biology holds immense promise to advance human health,

solve technological and industrial challenges, and mitigate the large-scale crises facing
our environment. These challenges can be met by engineering gene expression in
microbes, plants, animals, and consortia to carry out complex functions including the
transformation of simple products into high-value compounds, the detection and
treatment of disease states, or the remediation of toxins in the soil and water. However,
to accomplish these engineering objectives we must first understand how natural
organisms have evolved to sense and respond to their environment, then distill these
principles to develop refactored or synthetic biological systems.
Ribonucleic acid (RNA) is a central component of myriad cellular processes
(Figure 1.1). Moreover, our ability to sequence, synthesize, characterize, and design RNA
in vitro and in living cells has opened up the possibility of utilizing RNA as a substrate for
genetic engineering. In this work, we aim to leverage experimental and computational
tools to characterize natural RNA-based systems, distill their functions into a coherent
and adaptable set of design rules, and apply these rules for the de novo design of

1The

work presented in section 1.5 (RNA structure probing technologies) and Figure 1.8 have been
adapted from the following publication, with only minor text changes for clarity:
Carlson, P. D., Evans, M. E., Yu, A. M, Strobel, E. J., and Lucks, J. B. (2018) SnapShot: RNA Structure
Probing Technologies. Cell 175, 600.
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regulatory RNAs to address unmet needs in cellular engineering for applications spanning
the field of Synthetic Biology.

Figure 1.1 RNAs are a central component of the complex cellular environment. (1) Messenger RNA
(mRNA) transcription. (2) Translation of an mRNA. (3) Self-cleaving ribozyme. (4) RNA-protein interaction.
(5) Signal recognition particle (SRP). (6) Co-transcriptional riboswitch. (7) Translational riboregulator. (8)
RNase P. (9) Transfer RNA (tRNA). (10) Small RNA (sRNA). (11) Trans-membrane protein. (12) Lipid
bilayer. (13) DNA-binding protein. (14) RNA polymerase (RNAP). (15) Ribosome.

2

1.2

The Centrality of RNA in gene expression
RNAs are versatile molecules involved in almost every aspect of gene regulation

(Figure 1.1). For example, messenger RNAs (mRNA) encode the sequence of cellular
proteins; RNA-based ribosomes then catalyze peptide bond formation. Amino acids are
brought to the ribosome by transfer RNAs (tRNAs), which are processed by another
cellular RNA-protein complex, RNase P. Outside of the central process of gene
expression, regulatory RNAs can act either in cis or in trans to affect mRNA stability1,
recruitment of proteins2, transcription3, or translation4. Given their widespread distribution
and diverse function across the cell, RNAs are a promising substrate to regulate gene
expression.

1.3

Transcriptional and translational regulation in bacteria
Protein synthesis is comprised of two templated synthesis steps (Figure 1.2). First,

mRNA is transcribed from DNA by the enzyme RNA polymerase (RNAP). This mRNA
message is then translated by ribosomes to form a polypeptide chain, one or more of
which comprise a final folded protein. Given the centrality of mRNA to both of these
processes, it is unsurprising that nature has evolved a variety of RNA-based mechanisms
to regulate transcription and translation.

3

Figure 1.2 The central dogma of gene expression. DNA is transcribed into a corresponding mRNA by RNA
polymerase. This mRNA message is translated into a protein by the two-subunit ribosome (70S in E. coli).

1.3.1 Transcriptional attenuation
Synthesis of mRNA by RNA Polymerase (RNAP) is halted at regions called
terminators. Certain terminators require accessory proteins, such as the rho protein in
bacteria, to abort RNA synthesis. However, a class of rho-independent terminators exists
which acts without auxiliary factors; these terminators are generally characterized by the
presence of a GC-rich hairpin structure followed by a poly-U tract. Formation of the hairpin
structure behind the polymerase when reaching the poly-U causes RNAP to be ratcheted
off of the template, which is aided by the presence of weak dA-rU base pairs5 (Figure
1.3a).
Certain naturally-occurring regulators called transcriptional attenuators exploit this
mechanism to conditionally regulate downstream gene expression. A well-studied
example is the Staphylococcus aureus pT181 plasmid copy number control element
(Figure 1.3b)6. The pT181 attenuator can undergo two distinct co-transcriptional folding
pathways to regulate expression of a downstream gene. In the default pathway, a

4

sequence called the anti-terminator binds the 5’ half of a downstream terminator hairpin,
preventing terminator formation. This disruption allows mRNA synthesis to proceed
uninterrupted in the default ON state. Upon introduction of a complementary antisense
RNA, a second folding pathway is preferred; in this pathway, the antisense sequesters
the anti-terminator, allowing the terminator to form and halting mRNA synthesis.
The pT181 attenuator has been used as the basis for constructing orthogonal
(independently-acting) libraries of attenuator-antisense pairs. Rational mutagenesis of
the interaction region led to the creation of 3 orthogonal pT181 variants7. Additional
orthogonal pairs were created by fusing interaction domains of naturally-occurring RNA
regulators, creating chimeric attenuators8. Combined with rational mutagenesis, this
approach yielded a 7-member orthogonal library.

5

Figure 1.3 Transcriptional regulation of gene expression. (A) Rho-independent transcription termination.
Formation of a hairpin structure behind the RNA polymerase and the presence of weak dA-rU base pairs
causes the polymerase to be ratcheted off the template, halting transcription. (B) pT181 transcriptional
attenuator. In the default folding pathway, an anti-terminator sequence sequesters the 5’ terminator stem,
preventing terminator formation. Binding of the antisense sequesters the anti-terminator, causing formation
of the terminator and halting downstream transcription.

6

1.3.2 Translational control
Translation is the process of protein synthesis from an mRNA template. This
process is catalyzed by the ribosome, a two-subunit macromolecular machine composed
of a ribosomal RNA core (small subunit 16s rRNA, and large subunit 23S and 5S rRNA
in E. coli) and ribosomal proteins. In bacteria, translation is typically initiated via basepairing of the Shine-Dalgarno sequence on the mRNA with a complementary anti ShineDalgarno sequence on the 16S rRNA. Translation then proceeds until a stop codon is
reached, at which point the ribosome-mRNA-protein complex disassembles (Figure
1.4a).
For efficient Shine-Dalgarno mediated translation initiation, this ribosome binding
site (RBS) must be free to base-pair with the ribosome (Figure 1.4b). Moreover, the
ribosome has limited helicase activity during the early stages of translation, so any local
structure at or near the RBS (which must be unwound for translation to proceed) can
severely inhibit the efficiency of initiation and result in lower protein synthesis rates. This
inhibition can occur either from local cis-inhibitory structures (Figure 1.4c) or from transacting RNAs such as small RNAs or antisense RNAs (Figure 1.4d). Translation initiation
therefore serves as an important regulatory step used by the cell for controlling protein
synthesis rates, and can be leveraged by scientists and engineers for a number of
applications.

7

Figure 1.4 Local structure near the translation start site affects protein synthesis rates. (A) Templated
protein synthesis by ribosomes proceeds by three basic steps. First, the ribosome assembles on the mRNA
at the ribosome binding site (RBS). Then, translational elongation builds the polypeptide chain. Translation
is halted when the ribosome reaches a stop codon, resulting in the disassociation of the ribosome, mRNA,
and protein. (B) A freely-accessible ribosome binding site results in efficient translation initiation and high
downstream protein expression. Inhibition of the RBS, either in cis (C) or in trans (D), reduces the rate of
protein synthesis.

Natural mechanisms for translational control of gene expression can be leveraged
for engineering applications. An example is the RNA-IN/OUT system of the insertion
sequence IS10 in E. coli (Figure 1.5)9. In this system, RNA-IN encodes a transposase
gene; a second RNA, RNA-OUT, exists as a hairpin structure with a flexible loop. This
loop can initiate base-pairing with the 5’ end of RNA-IN, leading to formation of a stable
duplex. This duplex includes the region of RNA-IN encoding the Shine-Dalgarno

8

sequence and the start codon. Therefore, binding of RNA-OUT prevents the interaction
of RNA-IN with the ribosome, inhibiting translation.
Like the transcriptional case of pT181, orthogonal libraries of the RNA-IN/OUT
system have been created. Mutalik et al. reasoned that orthogonal pairs could be created
by mutating the core recognition region at the 5’ end of RNA-IN, making the corresponding
changes to RNA-OUT10. Using this strategy, they constructed a 5-member orthogonal
library with repression efficiencies up to 90%.

Figure 1.5 Translational regulation by the RNA IN/OUT system. RNA-IN contains an exposed ribosome
binding site, enabling efficient expression of a downstream reporter gene. Expression of a complementary
RNA, RNA-OUT, inhibits translation. Binding of RNA-OUT is initiated at the 5’ end of RNA-IN, leading to
formation of a stable duplex which sequesters the ribosome binding site.
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1.4

Computational RNA Design
Initial efforts to develop novel RNA-based regulators of gene expression have

relied on the use of naturally-evolved RNAs as a starting point; rational design, screening,
or selection in turn generate new variants with desired behaviors or functions. However,
the complexity of natural systems often limits the sequence space for further rational
design or screening. Moving beyond this approach, there is immense promise in the de
novo design of synthetic RNAs, which requires the ability to both predict and design
nucleic acid structures.
For many engineering applications, the structure and resulting function of an RNA
molecule can be approximated using straightforward Watson-Crick base-pairing rules.
Using free energy models developed by Turner and others11, programs like
RNAStructure12 and the Nucleic Acid Package (NUPACK)13 can predict base-pairing
probabilities for single or interacting strands of nucleic acids.
RNA folding algorithms typically employ a free energy minimization technique
using nearest-neighbor energy parameters11,14,15.

Experimental techniques like

differential scanning calorimetry have enabled thermodynamic estimations of base pair
energies; these energy parameters are estimated by considering not only single base
pairs (AU, GC, etc), but by considering base pairs two at a time, as effects like stacking
interactions cause the free energy of a base pair to be dependent on the identity of its
neighbors14. Stability parameters for other structural features like loops, bulges, and
dangling ends can also be estimated by this method. The free energy for a particular
structure is simply the sum of the individual energy contributions of its constituent
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substructures. The most stable (minimum free energy) structure can be determined by
using a dynamic programming algorithm to explore all possible structures16,17. Further
refinements have also been incorporated to account for pseudoknots18,19.
Solving the inverse problem of determining sequence from structure is of great
interest to synthetic biologists. NUPACK has a design feature in which molecules can be
designed to match input structure and sequence constraints (Figure 1.6)20. This is
accomplished through an optimization algorithm which aims to reduce the ensemble
defect of the system below a specified threshold. The ensemble defect is defined as the
average number of incorrectly paired nucleotides over the ensemble of structures for a
given candidate sequence set. This is a daunting problem to accomplish by random
sequence changes alone; to simplify the problem, the target structure is divided into
substructures whose structures are solved first and then combined to form larger
structures, which reduces the computational cost compared to random mutation across
the entire structure.
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Figure 1.6 Overview of computational design of nucleic acid structure using NUPACK. The user specifies
sequence and secondary structure constraints for a set of one or more nucleic acid strands. A recursive
algorithm is then used to minimize the ensemble defect of candidate sequences, resulting in a primary
sequence that most closely matches the user-specified constraints.

In an impressive demonstration of the power of de novo nucleic acid design, Green
et al.21 used NUPACK to design synthetic RNA regulators called toehold switches.
Toehold switches encode a single-stranded region of RNA (called a toehold) followed by
a large hairpin structure containing a ribosome binding site and start codon (Figure 1.7a).
In this default state, the hairpin prevents the ribosome from binding to the RBS, causing
the switch to form a default OFF state. A designed antisense RNA (called the trigger)
binds at the toehold and unwinds the target hairpin via a strand invasion process, freeing
the RBS and start codon and allowing translation to proceed. This toehold is required, as
the binding of the trigger to the toehold provides the energetic driving force to fully unwind
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the hairpin. Toehold switches were shown to have very large dynamic ranges (up to ~600fold), and the lack of sequence constraints within the switch-trigger interaction region
creates a large sequence space for creating orthogonal target-trigger pairs. Compelling
applications of the toehold switch architecture have included the evaluation of multi-input
logic functions in cells22 and the development of low-cost in vitro diagnostics, which use
designed toehold switches to detect the presence of pathogenic RNA or DNA in
environmental samples (Figure 1.7b)23-25.
An analogous mechanism based on transcriptional regulation, termed a small
transcription activating RNA (STAR), has also been developed26-28. In this regulatory
strategy, a NUPACK-designed toehold sits upstream of an intrinsic transcription
terminator (Figure 1.7c). The default folding pathway forms a terminated transcript,
thereby preventing the expression of any downstream genes. Expression of a STAR
sequesters the 5’ side of the terminator hairpin, forming an anti-terminated structure and
enabling transcriptional readthrough of the terminator and expression of the downstream
gene. STARs have achieved the highest-reported fold activation of an RNA-only
regulatory mechanism to date, and have proven useful for a number of applications
including the control of multi-enzyme pathways (Figure 1.7d) 27,29.
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Figure 1.7 Design and application of computationally-designed RNA activators. (A) The toehold switch is
a de novo-designed translational activator. Mechanistic model: the ribosome binding site (purple) and start
codon (orange) of a downstream reporter gene (green) are constrained within a hairpin structure, inhibiting
translation. Binding of an antisense trigger RNA opens the hairpin by toehold-mediated strand displacement
(grey), freeing the translation start site and allowing expression of the reporter. (B) Coupling toehold
switches with paper-based cell-free systems enables the detection of pathogenic nucleic acids from
environmental samples. In the presence of the analyte of interest, the toehold switch is triggered leading to
production of a colorimetric reporter which can be observed by eye. (C) Small Transcription Activating RNAs
(STARs) are transcriptional activators. In the absence of STAR expression, the target forms a terminated
product. STAR expression and binding to the 5’ side of the terminator hairpin prevents terminator formation
and leads to transcriptional readthrough of the terminator and expression of the downstream mRNA. (D)
The transcriptional nature of STARs enables the single-step control of multi-enzyme pathways by a single
STAR-target pair.
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1.5

RNA structure probing technologies
An advantage of using RNA as a substrate for genetic engineering is the broad set

of tools to study its structure. One class of techniques is chemical probing, in which a
small molecule modifies the RNA(s) of interest in a structure-dependent fashion. The
positions of these modifications can then be used to infer the local structure of the RNA
at that position. The ability of chemical probing to capture a wide array of RNA structural
phenomena beyond Watson-Crick base-pairing makes it a potentially powerful class of
experimental measurements to complement and refine in silico prediction and design of
RNA species.
Chemical probing coupled to high throughput sequencing offers a flexible
approach to uncover many aspects of RNA structure relevant to its cellular function and
interactions (Figure 1.8). Chemical probes preferentially react with RNA in regions that
are unconstrained – i.e. are flexible, unstructured, unpaired and unbound by other RNAs,
proteins, or ligands. These covalent modifications can then be mapped by high
throughput sequencing to obtain structural information across a complex pool of RNA
molecules simultaneously. A wide range of inputs can be used in these experiments,
ranging from in vitro purified RNA to RNA from whole cells and tissues. Following the
probing reaction, RNA is reverse transcribed into cDNA and sequenced to detect
modifications either as truncated cDNA products (RT-stops) or modification-induced
mutations (RT-mutations). The distribution of modifications across a molecule is then
used to calculate a ‘reactivity’ value for each nucleotide in the RNA, with higher reactivities
typically corresponding to more unconstrained positions30.
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Figure 1.8 An overview of RNA chemical probing. Figure adapted from Carlson et al31.

16

Chemical probing reactivities can be used to uncover many layers of RNA
structure. Since the probes are sensitive to the structural environment of each
nucleotide32, reactivities can reflect base-pairing interactions, tertiary interactions and
other environmental effects such as ion-mediated interactions, protein/RNA/ligand
interactions, and temperature-dependent changes in RNA flexibility. Moreover, different
probes access different structural information30: some modify the backbone of the RNA,
while others preferentially modify specific bases33. The choice of probe is an important
consideration: for example, probes with long half-lives are better suited to probing RNA
structures inside cells34.
Chemical probing can be used to address many biological questions about RNA
structure and function. For example, a protein-RNA interaction can be characterized by
parallel probing experiments on purified RNA alone and RNA folded in the presence of
the RNA-binding protein (RBP). By looking for changes in reactivities between the two
conditions, RBP interaction sites and resulting RNA structural changes can be
uncovered35. Similar comparisons can reveal where ligands bind RNAs, how RNA folds
change in the complex cellular environment34, how RNA folds change during
transcription36, and many others.
Chemical probing data can also be leveraged alongside computational methods to
yield higher-resolution RNA structural models. Single-structure methods can use
reactivity information from experiments or an existing database37 to increase the accuracy
of 2- or 3-dimensional structural predictions38. Since RNAs often fold into an ensemble of
different structures in solution, multistate methods have recently been developed to
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extract this population-level information from bulk probing data in order to predict the
ensemble of distinct folds of an RNA molecule, as well as their relative distributions within
the population39. Comparative methods have also been developed to ask questions about
the conservation of structural elements between different sequences, and genome-wide
tools are useful for linking reactivity patterns to genomic elements30,34,40.
High throughput chemical probing offers a powerful and growing suite of
experiments to uncover the RNA structure-function relationship. However, in some cases,
it can be difficult to unambiguously assign structural changes from experimental reactivity
changes, as many different changes in structural context can lead to similar observed
changes in reactivity. Low amounts of input RNA can result in low signal and therefore
inaccurate reactivity estimates. Another existing limitation is that different steps in probing
experiments can introduce bias into the data30. Protocols are being continuously
developed to remove these biases. General considerations of sequencing depth should
always be taken into account; studying genome-wide40, cotranscriptional36, and long
RNAs in particular require increased sequencing depth to produce robust reactivity
estimates. Additionally, the use of multiple probes to study the same RNA is often
advantageous to leverage the complementary information offered by different probes.
Chemical probing of RNA structure continues to increase in power and resolution.
There are also exciting opportunities to continue to merge these techniques with other
high-throughput methods such as cross-linking immunoprecipitation to study the
structural basis of RNA-protein interactions, the impact of RNA structure on translation,
and many other features of the RNA structure-function relationship. Overall, we anticipate
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these techniques will help uncover new RNA functional roles and the structural aspects
of these mechanisms across the cell.

1.6

Toward the elements of RNA design
The breadth of functions of naturally-occurring RNAs and their widespread

distribution across kingdoms of life provides a compelling argument that – given the right
approach – engineered RNAs could be developed to address an array of challenges
spanning synthetic biology and biotechnology. Motivated by the need to further expand
the versatility and predictability of engineered regulatory RNAs to meet these challenges,
this work aims to provide a framework for integrating nucleic acid design and RNA
chemical probing to accelerate the design-test-learn cycle for synthetic RNAs (Figure
1.9).
Initial efforts toward this RNA engineering goal aimed to expand the functionality
of RNA-based gene regulation through targeted mutagenesis of natural RNA regulators
(Figure 1.9a). Previous work in the lab had demonstrated that mutagenesis could be used
to alter the specificity of sense-antisense pairs of the pT181 attenuator8. We therefore
reasoned that similar mutagenesis strategies could be applied to extend regulator
functionality even further.
Specifically, we sought to re-configure the pT181 attenuator to function under the
control of the bacteriophage T7 RNA polymerase (RNAP). E. coli RNAP, which is complex
and consists of multiple subunits, is non-transferable to other organisms (such as archaea
or eukaryotes). However, the single-subunit T7 RNAP can easily be transferred into a
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variety of cell types, allowing for T7-driven gene expression. If a transcriptional regulator
like pT181 could be optimized to function with T7 RNAP, then it should also be
transferable to other hosts.
Testing the pT181 attenuator under the control of T7 RNAP yielded a regulator
with high levels of expression even in the presence of antisense RNA, and subsequent
attempts to rationally re-engineer this mechanism proved difficult. For example, we
attempted to replace the terminator from pT181 (Figure 1.3) with the cognate terminator
from T7 bacteriophage. We hypothesized that the native T7 terminator might better
terminate T7 RNAP, reducing expression in the OFF state. However, the switch remained
broken. It is likely that the terminator takes part in many non-canonical interactions within
the complex folding pathway of the RNA; these interactions are unable to properly form
when a different terminator is used. This effort highlighted how we lacked the structural
and mechanistic understanding to carry out an optimization as simple as using a different
transcriptional terminator. Moreover, this underscored how difficult it can be to
dramatically alter the function of a naturally-evolved RNA, and motivated the development
of a systematic methodology to design synthetic RNAs of increasing complexity (Figure
1.9b).
Instead of attempting to move straight from a natural RNA mechanism to advanced
applications by way of mutagenesis alone, the work presented in this thesis couples
rational RNA design with RNA chemical probing to increase the complexity and function
of synthetic RNAs in a systematic fashion. First, we use chemical probing (SHAPE-Seq)
to study the structure and function of chimeric RNA regulators, which share most of their

20

sequence with a natural RNA system but which are varied at a subset of positions to
slightly expand or alter their function (Chapter 2). Based on a structural motif that emerged
from these studies - and inspired by work demonstrating the de novo design of
translational activators21 - we next develop several strategies to create synthetic RNA
switches to control translation (Chapter 3). This is a prudent first step toward developing
more advanced regulators, because it relies on equilibrium RNA interactions and large
free energy changes between structural states. Next, we use a series of SHAPE-Seq
studies to delve into the mechanism of de novo-designed translational RNA repressors
(Chapter 4). Not only do these studies confirm much of our intuition around equilibrium
RNA design, but they capture mis-folding events that can lead to poor performance,
helping to further refine design methodologies.
Having greatly improved our ability to design equilibrium RNA-RNA interactions,
we next look to broaden the capabilities of synthetic RNA interactions into new and useful
spaces including designed RNA-ribosome interactions (Chapter 5), temperatureresponsive RNAs (Chapter 6), and co-transcriptional RNA switches (Chapter 7). Although
it took substantial time and effort to develop strategies for synthetic transcriptionallyregulated RNAs, they have a critical advantage over the natural mechanisms we began
these efforts with. The bottom-up nature of de novo design enables us to understand the
function and role of each design element; any design change (such as using a different
terminator) can then be implemented without breaking the function of the regulator.
Looking forward, future work in this space will look to generate riboregulators that
can function across species. The central importance of chemical probing to this work
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motivated us to explore how the SHAPE-Seq protocol can be optimized to study RNAs
from non-model organisms (Chapter 8). Equipped with the tools to study and design
regulatory RNAs in cells, this work helps position us to address previously unmet
challenges in synthetic biology and nucleic acid design (Chapter 9).

Figure 1.9 An overview of this work. (A) Initial efforts to expand the functionality of RNA-based gene
regulation in the cell. A mutagenesis-driven approach was taken to expand the capabilities of natural RNA
regulators. This approach was ultimately unsuccessful, owing to the difficulty of predictably altering the
function of complex natural RNAs without introducing unintended folding defects. (B) The systematic
approach to design RNAs of increasing complexity presented in this work. A combination of computational
design and structural characterization are employed to uncover design rules and pitfalls to generating RNAs
with predictable function.
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1.6.1 Chapter 2: RNA Chemical Probing Reveals the Importance of Nucleotide
Flexibility in the Function of Chimeric RNAs
Efforts to engineer RNAs with expanded or novel functions often rely on the
creation of chimeric RNAs, which are comprised of subdomains from multiple sources
which may be natural or synthetic in origin. Owing to the complexity of natural systems,
the structure of many chimeric RNAs cannot be fully characterized by computational
predictions alone. We use chemical probing to study two chimeric RNA systems and
elucidate the role of nucleotide flexibility in their function. First, we show how local
flexibility in the recognition hairpin of a transcriptional RNA attenuator correlates with
proper regulator function. We then study the structure of inter-subunit linkers in
engineered ribosomes, and show that functional linkers are highly flexible, which may
facilitate inter-subunit ratcheting during translation. Together, these results help illuminate
the role of structural flexibility in the proper function of RNA regulators, and provide an
important design consideration for the future development of entirely de novo-designed
RNAs.

1.6.2 Chapter 3: De Novo Design of Translational RNA Repressors
Studies uncovering the importance of nucleotide flexibility in facilitating RNA-RNA
interactions have in part enabled the development of synthetic RNA-based regulators of
gene expression (Figure 1.7). However, these de novo designed riboregulators have
been limited to transcriptional and translational gene activation, such as STARs and
toehold switches, respectively. The development of synthetic RNA mechanisms that are
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efficient and versatile repressors of gene expression has lagged, despite their importance
for gene regulation and genetic circuit construction. We address this gap by developing
two new classes of RNA regulators, toehold repressors and looped antisense
oligonucleotides (LASOs), that repress translation of a downstream gene in response to
an arbitrary input RNA sequence. Characterization studies show that these designed
RNAs robustly repress translation, are highly orthogonal, and can be multiplexed with
translational activators. We show that our LASO design can repress endogenous mRNA
targets and distinguish between closely-related genes with a high degree of specificity
and predictability. These results demonstrate significant yet easy-to-implement
improvements in the design of synthetic RNA repressors for synthetic biology, and point
more broadly to design principles for repressive RNA interactions relevant to modern drug
design.

1.6.3 Chapter 4: Using In-cell SHAPE-Seq to Characterize a De Novo-Designed
RNA Regulator
For simple design strategies of synthetic RNA regulators, a trial-and-error
approach may be sufficient to evaluate the performance of candidate designs in vivo.
However, as the complexity of these systems grows, measurements beyond functional
characterization will become increasing important to accelerate the design-test-learn
cycle. We use chemical probing to confirm the design mechanism of a novel synthetic
RNA translational repressor design, then characterize a poorly-performing variant and
identify mis-folding events which contribute to its failure mode. Together, these results
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demonstrate the utility of RNA chemical probing as a central component of the design
and testing pipeline of synthetic riboregulators.

1.6.4 Chapter 5: Computational Design of Orthogonal Ribosomes
In addition to riboregulators, an approach to control translation in E. coli is the
orthogonal ribosome; this strategy uses complementary sequence changes in the ShineDalgarno sequence of an mRNA and anti-Shine-Dalgarno sequence of the 16S rRNA to
create sets of mRNA-ribosome pairs that act independently of host ribosomes and
mRNAs. Previous strategies to generate orthogonal ribosome-mRNA pairs have largely
focused on genetic selection strategies. In this chapter, we characterize a set of
previously-identified mRNA-ribosome pairs and show that while selection leads to high
activation, it also results in high cross-talk between pairs. We then develop a de novo
design strategy to generate additional mRNA-ribosome pairs with improved orthogonality.
These results highlight an additional control point for de novo design of RNA sequences
to control translation.

1.6.5 Chapter 6: A Directed Randomization Approach to Generate Functional RNA
Thermometers
A class of naturally-occurring RNA translational regulators - called RNA
thermometers (RNATs) - rely on temperature changes to melt cis-inhibitory structures,
resulting in temperature-dependent changes in downstream gene expression. This
simple regulatory mode makes RNATs an attractive mechanism to control gene
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expression. In this chapter, we first use SHAPE-Seq to characterize the structural
transitions for a naturally-occurring RNAT. These structural studies highlight the
challenge that designing synthetic RNATs presents, as RNAT function relies on subtle
structural transitions. These structural results highlight the potential difficulty in designing
temperature-responsive RNAs.
Instead of undertaking a strategy of de novo design of individual variants, we show
how NUPACK can be used to inform a randomization scheme for a library of synthetic
RNATs. This library can then be screened to identify thermometers with a range of
function. This work demonstrates an integrated strategy leveraging both structural
measurements and in silico predictions to solve a difficult design challenge, and further
expands our ability to generate synthetic regulatory RNAs which respond to
environmental stimuli.

1.6.6 Chapter 7: Design of Co-transcriptional RNA Folding Pathways
RNA design has largely been focused on the equilibrium design of structures to
control translation, as RNA folding and design algorithms are based on an underlying
assumption of equilibrium folding. However, many RNAs in the cell fold and regulate gene
expression co-transcriptionally. In this chapter, we outline design strategies for synthetic,
co-transcriptionally folded RNAs in living cells. Leveraging the design breakthrough that
intrinsic terminators can be functional outside of the canonical stem-loop structure
enables a number of novel co-transcriptional folding topologies to create new types of cotranscriptional RNA regulators. These include synthetic transcriptional attenuators, small
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transcription activation RNAs (STARs) with no sequence constraints, and functionalized
terminators; collectively, these results serve as one of the first forays into out-ofequilibrium RNA design. Moreover, the results presented in this chapter provide a
framework toward creating cross-species RNA regulators, expanding RNA design
beyond model organisms.

1.6.7 Chapter 8: Optimizing the SHAPE-Seq Protocol to Study RNase P from a
Hyperthermophilic Archaea
As RNA design advances toward applications in non-model organisms, new
challenges will arise. A class of organisms of particular interest are extremophiles, which
grow and thrive at extreme temperatures and pressures. The genomes of these
organisms are highly GC-rich and structured, which creates a technical roadblock to
implement reverse transcription-based chemical probing methods in such organisms.
Given the importance of structural characterization in the development of synthetic RNAbased regulators of gene expression, it is important to address this technical limitation. In
this chapter, we study the highly-structured RNase P RNA (RPR) from the
hyperthermophile Pyrococcus furiousus (Pfu). Modifications to the SHAPE-Seq protocol
enable structural studies of this RNA, providing a roadmap for the study of both
engineered and natural RNAs from atypical organisms.

27

1.6.8 Chapter 9: Conclusions and Perspectives
As demonstrated in this work, RNA-based regulators of gene expression have
immense potential to solve a range of challenges across synthetic biology. Addressing
the next generation of challenges will require an even more sophisticated set of tools and
strategies to design, measure, and characterize the structure-function relationship of
synthetic RNAs. In this chapter, we present our view of the current state-of-the-art for
RNA design in living cells, and discuss important roadblocks and bottlenecks that remain
to be solved to enable the next generation of the elements of RNA design.
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Chapter 2

RNA Chemical Probing Reveals the Importance of Nucleotide Flexibility in the
Function of Chimeric RNAs2

2.1

Abstract
Nature has evolved complex RNA machines to carry out diverse biological

functions, ranging from the control of mRNA synthesis to the catalyzing of peptide bond
formation. Efforts to engineer RNAs with expanded or novel functions often rely on the
creation of chimeric RNAs, which are comprised of subdomains from multiple sources
which may be natural or synthetic in origin. Owing to the complexity of natural systems,
the structure of many chimeric RNAs cannot be fully characterized by computational
predictions alone. In this work, we use a chemical probing technique, selective 2’-hydroxyl
acylation analyzed by primer extension sequencing (SHAPE-Seq), to study two chimeric
RNA systems and elucidate the role of nucleotide flexibility in their function. First, we show
how local flexibility in the recognition hairpin of a transcriptional RNA attenuator correlates

2The

results presented in this chapter have been published as part of two manuscripts. For clarity and to
specifically discuss PDC’s contributions to the publications, the text and data are presented in a different
format here than they appear in their corresponding publications.
Figure 2.2, Section 2.3.1:
Takahashi, M. K., Watters, K. E., Gasper, P. M., Abbott, T. R., Carlson, P. D., Chen, A. A., and Lucks, J.
B. (2016) Using in-cell SHAPE-Seq and simulations to probe structure–function design principles of RNA
transcriptional regulators. RNA 22, 920–933.
Figure 2.3, Figure 2.4, Section 2.3.2:
Yesselman, J. D., Eiler, D., Carlson, E. D., Gotrik, M. R., d’Aquino, A. E., Ooms, A. N., Kladwang, W., Shi,
X., Costantino, D. A., Carlson, P. D., Lucks, J. B., Herschlag, D., Jewett, M. C., Kieft, J. S., and Das, R.
(2019) Computational Design of Three-dimensional RNA Structure and Function. Accepted (Nature
Nanotechnology). DOI 10.1101/223479
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with proper regulator function. We then study the structure of inter-subunit linkers in
engineered ribosomes, and show that functional linkers are highly flexible, which may
facilitate inter-subunit ratcheting during translation. Together, these results help illuminate
the role of structural flexibility in the proper function of RNA regulators, and provide an
important design consideration for the future development of entirely de novo-designed
RNAs.

2.2

Introduction
Natural RNA systems have evolved to perform a wide array of functions spanning

almost every aspect of gene regulation. For example, Regulatory RNAs in bacteria can
act ether or cis or in trans to affect mRNA stability1, the recruitment of proteins2,
transcription3, and translation4. Ribosomes, which catalyze the formation of polypeptides
from a mRNA input, are comprised of several RNA subunits that form complex
interactions both with each other and with a number of accessory proteins5. The
complexity of these natural RNA systems far exceeds our current ability to design new
systems de novo. Therefore, engineering efforts to create RNAs with novel or expanded
function often rely on using naturally-evolved RNAs as a starting point; rational design,
screening, or selection can then be used to generate chimeric variants with desired
behaviors or functions (Figure 2.1).
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Figure 2.1 Overview of chimeric RNAs. The function of a natural RNA scaffold (purple) can be altered
through the insertion or fusion of a non-native sequence (orange). This non-native sequence could be a
sub-region of a second natural RNA, a de novo-designed sequence, or a sequence identified by selection
or screening.

An example of a chimeric RNA system is the pT181 transcriptional
attenuator. The wild-type pT181 attenuator regulates a copy number control mechanism
in Staphylococcus aureus3,6,7. The pT181 attenuator can undergo two distinct cotranscriptional folding pathways to regulate expression of a downstream gene. In the
default pathway, a sequence called the anti-terminator binds the 5’ half of a downstream
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terminator hairpin, preventing terminator formation. This disruption allows mRNA
synthesis to proceed uninterrupted in the default ON state. Upon introduction of a
complementary antisense RNA, a second folding pathway is preferred; in this pathway,
the antisense sequesters the anti-terminator, allowing the terminator to form and halting
mRNA synthesis (Figure 2.2).

Figure 2.2 Overview of the pT181 transcriptional attenuator. The attenuator sits in the 5’ UTR of the gene
to be controlled, and can undergo two distinct co-transcriptional folding pathways. The more favored
pathway results in an anti-terminated structure that allows the synthesis of the downstream gene. Binding
of a trans-acting antisense RNA through a core interaction region sequesters the anti-terminator sequence,
allowing a transcriptional terminator to form and halting synthesis of the downstream messenger RNA,
blocking gene expression. Mutating the interaction region on the attenuator and antisense species enables
the creation of new sense-antisense pairs which form the basis for orthogonal libraries for complex cellular
logic computation or circuit construction8-10.
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The pT181 attenuator has been used as the basis for constructing orthogonal
(independently-acting) libraries of attenuator-antisense pairs. Rational mutagenesis of
the interaction region led to the creation of 3 orthogonal pT181 variants10. Additional
orthogonal pairs were created by fusing interaction domains of naturally-occurring RNA
regulators, creating chimeric attenuators9. Combined with rational mutagenesis, this
approach yielded a 7-member orthogonal library. Identifying orthogonal pT181 variants
has largely required a trial-and-error approach, and the underlying mechanism by which
certain variants are functional while others are not is indeterminable through functional
measurements alone.
Another chimeric RNA regulator is the orthogonal ribosome, which is an enabling
platform for a variety of protein engineering applications. Ribosomes are difficult to evolve
or engineer in living cells, because a beneficial gain-of-function for a specific application
can be lethal to the cell, as ribosomes are required for proteome translation (Figure 2.3a).
A solution to this problem is to create a pool of functionally isolated ribosomes which can
be evolved to carry out specialized functions, leaving the wild-type pool unaltered to
translate endogenous mRNAs.
A method to produce orthogonal ribosomes is to mutate the Shine-Dalgarno (SD)
sequence on an mRNA, making the mRNA virtually un-translatable by endogenous
ribosomes. Expression of small subunit ribosomes whose anti-SD sequence contains
compensatory mutations to restore complementarity with the mutated mRNA can recover
expression. This leaves cellular ribosomes free to translate the natural proteome of the
cell, supporting cell growth, and one or more orthogonal ribosome-mRNA pairs can be

38

deployed for specialized function (Figure 2.3b). A complicating factor in the development
of orthogonal ribosomes is the free exchange of small (30S) and large (50S) subunits in
the cell. Changing the SD-aSD interaction only enables the engineering of the small (30S)
subunit; free exchange with engineered and host 50S subunits prevents engineering of
the important regions of the large subunit such as the peptidyl transferase center (PTC).
Pioneering work by Orelle et al.11 solved the problem of large subunit engineering
by developing a ribosome with tethered subunits, Ribo-T. In this system, a circularlypermuted large subunit 23S rRNA is inserted into the middle of the 16S rRNA, forming
one contiguous RNA strand. The two subunits are connected by a short tether region
(Figure 2.3c). In this way, the 50S subunit can be physically tethered to an orthogonal
30S, creating a fully orthogonal 70S RNA (Figure 2.3d).
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Figure 2.3 Overview of orthogonal ribosome systems. (A) Ribosomes are responsible for translating the
cellular proteome and are essential for cell survival. In bacteria, most translation events are initiated through
base-pairing between the SD sequence on an mRNA and the 3’ end of the 16S rRNA (the aSD). (B)
Mutating the interaction sequence between these regions enables the generation of specialized 16S-mRNA
pairs, which enables translation from a functionally-isolated pool of orthogonal 30S subunits. However, free
exchange with endogenous 50S subunits has limited ribosome engineering efforts of the 50S subunit. (C)
A solution is the tethered ribosome11, in which the large and small subunits are physically linked via a short
tether sequence. (D) This physical link enables the complete functional isolation of the 70S ribosome,
opening up the entire ribosome for evolution or design for novel or expanded functions.
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The original Ribo-T tether was identified by a screen of polyA length variants;
another approach to identify a functional tether is through computational design. An
ongoing challenge in RNA design is the consideration of 3-dimensional, asymmetrical
structures. Work by Yesselman et al.12 made substantial progress in bridging the gap
between de novo 2D and 3D design by developing RNAMake, where structural motifs
taken from solved crystal structures are used as building blocks to design complex 3D
structures (Figure 2.4a,b). The case of Ribo-T presents an interesting challenge case for
this method, as new tethers not only require the traversal of 3D space by an asymmetrical
structure, but any tether must also be able to remain intact during active translation in the
cellular environment, and likely requires some degree of structural flexibility to enable
inter-subunit ratcheting. An additional functional tether design beyond the original Ribo-T
was identified using RNAMake (Figure 2.4c), although the dynamic structural flexibility of
this designed tether is unclear and merits further investigation.
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Figure 2.4 Three-dimensional design of a tethered ribosome system using RNAMake. (A) The 3D linking
of two RNA segments (blue, orange) is a computationally difficult design problem. (B) RNAMake uses a
library of structural motifs taken from previously-solved crystal structures to link the two segments of
interest. (C) A functional tethered ribosome design solved by RNAMake.

Underlying the cases of both pT181 and Ribo-T is an inability to fully understand
the mechanism behind the function of complex chimeric RNAs. In the case of pT181,
variants which have similar predicted structures can have drastic differences in
performance. This gap in understanding slows the design-test-learn cycle for other
riboregulatory systems. Similarly, the creation of tethered ribosome variants (either by
selection or 3D design) leaves unanswered questions about their function. The original
Ribo-T tether (Figure 2.3c) is comprised entirely of polyA sequences and is therefore
predicted to be unstructured, whereas the RNAMake version (Figure 2.4c) has a structure
which appears rigid upon first inspection. Are both flexible and inflexible linkers
permissible for proper function, or does the complex nature of cellular translation
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dynamically alter the structure of one (or both) tether topologies? Answering this question
may facilitate the development of new tethers for improved or expanded function.
A method that can be used to address these questions is selective 2’-hydroxyl
acylation analyzed by primer extension sequencing, or SHAPE-Seq (Figure 2.5). In the
SHAPE-Seq experiment, 1-methyl-7-nitroisatoic anhydride (1M7) is introduced into the
sample13,14. 1M7 covalently modifies RNAs in situ in a structure-dependent manner,
preferentially at positions that are unstructured and unconstrained by interactions. These
modifications can be detected by reverse transcription stops coupled to high-throughput
sequencing, and the mapped modification positions can then be used to calculate a
reactivity value (b) at each nt15. Higher reactivities correspond to flexible or unstructured
nts, and lower reactivities indicate constrained interactions such as base-pairing or
stacking effects (Figure 2.5) 16.
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Figure 2.5 Overview of the SHAPE-Seq experimental workflow. A chemical probe modifies RNAs in situ in
a structure-dependent manner, with less constrained positions more frequently modified. Reverse
transcription of the modified RNA is halted at the position of modification, creating a pool of cDNA fragments
which encode the modification positions. High-throughput sequencing is used to map the modification
distribution, which in turn enables the calculation of a chemical reactivity at each position. Higher reactivities
indicate less constrained positions, and low reactivities correspond to constrained nucleotides. This
information therefore helps to inform the structure of the RNA.

In this work, we show that SHAPE-Seq can be used to study the flexibility of
chimeric RNAs. We show that for both pT181 and the orthogonal ribosome, two very
different mechanisms, local nucleotide flexibility plays a central role in the RNA’s function.
In the case of pT181, nucleotide flexibility enables efficient interactions between sense
and antisense strands for proper regulator function. For Ribo-T, nucleotide flexibly likely
serves the purpose of enabling intersubunit ratcheting during translation.
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2.3

Results

2.3.1 In-cell SHAPE-Seq reveals a connection between nucleotide flexibility and
the function of engineered pT181 variants
Early efforts to generate chimeric pT181 variants relied on the targeted mutation
of residues in the sense-antisense interaction region10 or the grafting of interaction
regions from other naturally-occurring RNA regulators9. A trial-and-error approach is
required to identify functional variants9,10.
One common feature of functional pT181 variants is an interior loop. SHAPE-Seq
studies of these variants revealed a common feature that the interior loop shows high
reactivity, indicating that it is structurally flexible17. This design principle of a structurallyflexible interior loop was then used as the basis to design new variants using the Nucleic
Acid Package (NUPACK). In the first iteration of this approach, NUPACK was used to
design both an interior and apical loops (Figure 2.6a). Two designs were functionally
tested, and both demonstrated weak repression efficiency of 19% and 44% (Figure 2.6b).
In-cell SHAPE-Seq measurements revealed that the interior loop of both variants showed
only low to moderate reactivity (Figure 2.6c), suggesting that these loops, while unpaired,
were not highly flexible. Interestingly, the variant that showed slightly better performance
(NP Fus 4) had slightly higher reactivities throughout the designed region. The limited
flexibility in these designs could account for their poor performance, as the loop lacks the
structural freedom to initiate efficient co-transcriptional interactions with the antisense
RNA.
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Figure 2.6 Performance of NUPACK-designed pT181 variants correlates with inner loop flexibility. (A)
NUAPCK design scheme, in which the inner and apical loops are designed. Variants designed by this
method show reduced function (B) and limited inner loop flexibility (C). An alternative strategy in which only
the inner loop is designed (D) yields better-performing variants (E) with high inner loop flexibility (F).

Two additional pT181 variants were designed and tested using a modified design
approach (Figure 2.6d). In this scheme, only the interior loop region was designed,
leaving the wild-type pT181 apical loop unchanged. These designs showed both greatly
improved function (Figure 2.6e) and high flexibility in the 3’ side of the interior loop (Figure
2.6f).
At first, the two design pT181 design strategies (Figure 2.6a,d) appear similar; both
have similar secondary structures and feature an interior loop. However, functional testing
(Figure 2.6b,e) revealed that only one produced highly functional designs. SHAPE-Seq
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measurements uncovered the structural source of these performance differences, namely
high reactivity within the interior loop.

This result highlights the utility of structural

measurements in characterizing designed RNA systems; secondary structure design and
prediction alone are insufficient in assessing the dynamic structural flexibility of RNA
regulators.

2.3.2 Ribo-T variants show high degrees of tether flexibility
Ribosomes are dynamic molecular machines, which ratchet against one another
during translation. The case of tethered ribosomes is therefore an interesting target for
SHAPE-Seq studies, because the effect of active translation on tether structure is difficult
to predict without direct, in situ structural measurements. Moreover, the two tether
designs presented here (Figure 2.3c and Figure 2.4c) are dissimilar in their predicted
structures, yet both are capable of securely tethering the ribosome while maintaining
sufficient flexibility to allow intersubunit movement.
To study the structures of tethered ribosomes during active translation, they must
be probed either in a cell strain supported entirely by tethered ribosomes (which grow
slowly), or in a cell-free system in which active translation is taking place. We leveraged
a system called iSAT (in vitro ribosome synthesis, assembly, and translation) to probe
ribosomes during active translation. The relevant ribosome condition (wild-type, Ribo-T
identified by selection11, or Ribo-T designed by RNAMake12) was expressed in triplicate
in iSAT for 2h, after which reactions were probed with 1M7 and characterized (see
Materials and Methods).

47

The structure of the native 23S helix 101 and 16S helix 44 (Figure 2.7a), which
serve as the tether point for the Ribo-T variants characterized in this work, are consistent
with the ribosome crystal structure. These helices are partially shielded by the
surrounding ribosome, with the 5’ side of 16S h44 most exposed and therefore
susceptible to SHAPE modification. The structure of the original Ribo-T, whose tether
was identified by selection18, is also consistent with our expectations. The polyA tethers
are predicted to remain unstructured; indeed, we observed elevated reactivities within the
tether region, particularly T2 (Figure 2.7b). The most interesting case was the tether
designed using RNAMake, whose structure is predicted in silico to be predominately
paired. If the structure during translation was entirely consistent with this design, we would
anticipate many positions of low reactivity. Instead, the middle portion of each tether
segment has a string of highly reactive nucleotides, suggesting that the structure is
flexible in that region. This suggests that the RNAMake tether, while sufficiently rigid to
link the two subunits in the correct orientation, is flexible in critical subregions to enable
inter-subunit movement (Figure 2.7c).
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Figure 2.7 SHAPE-Seq of tethered ribosomes reveals that tethers remain flexible during active translation.
(A) 23S helix 101 and 16S helix 66 form the sites through which the ribosomal subunits are tethered in
RIbo-T. (B) The structure of the original Ribo-T published by Orelle et al.11, consisting of unstructured polyA
sequences. (C) The secondary structure of the Ribo-T variant designed by RNAMake12. The middle portion
of this tether retains regions of high flexibility despite being predicted to base-pair. This flexibility may be
critical for proper ribosome function.

2.4

Discussion
The observed flexibility in highly functional pT181 variants points to a broader

design rule for RNA systems. Maximizing the accessibility of interaction regions may lead
to riboregulatory designs with improved success rates. Indeed, independent work from
this study developing toehold-based regulators provides further strength to this
argument19-23.
Studies of Ribo-T variants showed a similar dependence on flexibility. The two
tether designs, while highly different in their predicted structures, both show trends of high
SHAPE reactivities. This points to the need for sufficient structural freedom to allow for
ribosome movement during active translation. An interesting follow-up study would be to
compare tethered ribosomes in the context of iSAT (with active translation) and purified
from iSAT reactions then probed (no active translation). This would help illuminate
whether tether flexibility results solely from translation-related movement.
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2.5

Materials and Methods

2.5.1 Bulk fluorescence data collection
Bulk fluorescence experiments were performed in E. coli strain TG1 (F'traD36
lacIq Delta(lacZ) M15 pro A+B+/supE Delta(hsdM-mcrB)5 (rk- mk- McrB-) thi Delta(lacproAB)). Cells were transformed with plasmids containing the relevant pT181 sense and
antisense constructs or the sense alone with a blank antisense plasmid control. Cells
were grown on LB + agar plates overnight, then grown overnight in liquid LB. Overnight
cultures were then diluted 1:50 in M9 minimal media. After 4 h, sfGFP fluorescence and
optical density (OD600) were measured using a Biotek Synergy plate reader.

2.5.2 Bulk fluorescence data analysis
First, the OD600 of a blank well (containing only M9 media) was subtracted from
the OD600 of each well. Then, FL/OD600 was calculated for each well containing cells; the
average FL/OD600 of the autofluorescence control was then subtracted from each
experimental well to determine the final, normalized value of FL/OD600 for each condition.

2.5.3 In-cell SHAPE-Seq measurements
In-cell SHAPE-Seq measurements were carried out as described by Watters et
al.14. Briefly, pT181 variants were transformed into E. coli TG1. Overnight cultures were
diluted by a factor of 50 into 1.2 mL fresh LB with antibiotics. Following 4 h subculture, 50
µL cells were removed and diluted by a factor of 2 for functional characterization, which
was performed using a Biotek Synergy plate reader (see sections 2.5.1 and 42.5.2 for
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further details). 500 µL of the remaining culture was then added to 13.3 µL 250mM 1M7
or 13.3 µL DMSO (control solvent). Cells were returned to shaking for 3 minutes to allow
1M7 to react, then cellular RNAs were Trizol extracted and reverse-transcribed. Additional
5’ and 3’ sequencing adapters were then added. Following 2 x 35 bp paired-end Illumina
sequencing, reactivities were calculated as described previously13. Error bars represent
the standard deviation of three samples.

2.5.4 In

vitro

synthesis,

assembly,

and

translation

(iSAT)

SHAPE-Seq

measurements
In vitro ribosome synthesis, assembly, and translation reactions were set-up as
previously described24. Briefly, 15 µL iSAT reactions each possessing wild type, Ribo-T,
or RNAMake were prepared in triplicate, incubated for 2 hours at 37 °C, then placed on
ice. To perform SHAPE modification, samples were warmed to 37 °C for 5 minutes, and
7.5 µL of each sample was added to 0.83 µL of 65 mM 1-methyl-7-nitroisatoic anhydride
(1M7) or 0.83 µL DMSO (control solvent). Reactions were incubated for 2 minutes, then
all samples were Trizol extracted and resuspended in 10 µL water. Subsequent library
preparation steps were performed as described previously14 with one exception: 2 custom
reverse transcription primers were used to simultaneously probe the regions containing
T1 (5’ – GGTTAAGCCTCACGG – 3’) and T2 (5’ –CCCTACGGTTACCTTGTTACGAC –
3’). Following 2 x 75bp paired-end Illumina sequencing, SHAPE reactivities were
calculated as described by Yu et al.

15,

mapping both modification-induced stops and
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mutations. Reactivities were then linearly re-scaled to account for estimated differences
in SHAPE probe concentration between replicates.
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Chapter 3

De Novo Design of Translational RNA Repressors3

3.1

Abstract
A central goal of synthetic biology is the development of methods for the

predictable control of gene expression. RNA is an attractive substrate by which to achieve
this goal because the relationship between its sequence, structure, and function is being
uncovered with increasing depth. In addition, design approaches that use this relationship
are becoming increasingly effective, as evidenced by significant progress in the de novo
design of RNA-based gene regulatory mechanisms that activate transcription and
translation in bacterial cells. However, the design of synthetic RNA mechanisms that are
efficient and versatile repressors of gene expression has lagged, despite their importance
for gene regulation and genetic circuit construction. We address this gap by developing
two new classes of RNA regulators, toehold repressors and looped antisense
oligonucleotides (LASOs), that repress translation of a downstream gene in response to
an arbitrary input RNA sequence. Characterization studies show that these designed
RNAs robustly repress translation, are highly orthogonal, and can be multiplexed with
translational activators. We show that our LASO design can repress endogenous mRNA
targets and distinguish between closely-related genes with a high degree of specificity

The results presented in this chapter and the corresponding appendix (Appendix A) have been
submitted for publication, and are presented here in essentially the same form:
3

Carlson, P. D., Glasscock, C. J., and Lucks, J. B. (2019) De Novo Design of Translational RNA
Repressors. In revision (Nature Communications). DOI 10.1101/501767
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and predictability. These results demonstrate significant yet easy-to-implement
improvements in the design of synthetic RNA repressors for synthetic biology, and point
more broadly to design principles for repressive RNA interactions relevant to modern drug
design.

3.2

Introduction
RNAs play myriad functional roles in the cell across all domains of life1. In

prokaryotes, many regulatory non-coding RNAs (ncRNAs) act within the 5’ untranslated
region (5’ UTR) of the gene they control to regulate the processes of transcription,
translation, and mRNA degradation2-4. In nature, these RNAs can respond to a variety of
signals, including ions5, metabolites3,6, temperature changes7, proteins8, and other
regulatory RNAs2,9,10, effectively acting as important regulatory sensors of the cellular
environment. Given the widespread distribution and important functional roles of these
RNAs in nature3, they have been important targets for RNA engineering efforts.
Two important classes of ncRNAs are trans-acting bacterial antisense RNAs
(asRNAs) and small RNAs (sRNAs), which act through direct base-pairing to the
regulated mRNA to control downstream gene expression11. This often occurs through the
binding of the trans-acting RNA to its target sequence, which is typically a portion of the
5’ untranslated region (5’ UTR) or coding sequence that includes the ribosome binding
site (RBS) or start codon of the gene to inhibit its translation initiation12. Antisense RNAs
are typically countertranscripts on the order of hundreds of nucleotides in length that are
the perfect reverse-complement of their target. Conversely, sRNAs are often expressed
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from different genomic loci than their target, tend to be shorter than asRNAs, and often
include Hfq protein binding scaffold sequences to facilitate Hfq-mediated sRNA-mRNA
interactions13,14.
The relatively simple mode of action of asRNAs and sRNAs made them attractive
for early RNA engineering efforts. For example, Soloman et al.15 used an asRNA to
control glucokinase expression, achieving a 25% reduction in Glk activity. Similarly,
libraries of sRNA translational repressors have been leveraged for a variety of
applications16, including to knockdown gene expression in E. coli to improve titers of
desired compounds produced from metabolic pathways17, and to create combinatorial
screening libraries of sRNAs for the fine-tuned, simultaneous repression of multiple
targets18. Moreover, studies of sRNA-target interactions have begun to uncover design
rules for translational repressors17,19, making asRNAs and sRNAs key components of the
RNA synthetic biology toolbox.
While progress in developing and applying asRNAs and sRNAs has been made,
several key challenges have remained. First, repression of the target gene is often
modest, with average repression levels reported in the range of 25-60%15,19. Second, the
effects of Hfq are variable depending on the expression levels of individual RNA species
and the Hfq-binding scaffold employed in the sRNA design19,20, creating uncertainty in
sRNA design principles that have necessitated screening large numbers of designs to
find regulators that function properly. Third, since asRNAs are typically designed to bind
across the translation start site, there could be unintended off-target repression effects
due to the sequence similarities between the Shine-Dalgarno sequence and AUG start
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codon of the intended target of an asRNA and non-cognate mRNAs19,21. Finally,
intramolecular secondary structures formed by the asRNA or target can inhibit
bimolecular hybridization and thus regulatory function15, and the effects of these inhibitory
structures are not fully considered in synthetic asRNA design rules19,21.
These challenges have started to be addressed in recent years with the
development of synthetic RNA regulatory mechanisms, or riboregulators. The first
example of a naturally-inspired, synthetic riboregulator consists of a stem-loop structure
that occludes the ribosome binding site (RBS) of a downstream gene, preventing
translation22. Binding of a trans-acting RNA opens the stem-loop to allow downstream
translation23, creating a synthetic off-to-on translation activation switch. Later work
showed that orthogonal variants of this system could serve as a genetic “switchboard” to
independently control different metabolic pathways in E. coli24. Building off of this concept,
the capabilities of synthetic RNA activators have expanded even further with the
development of the Nucleic Acid Package (NUPACK)25,26, which has enabled the de novo
design of new types of riboregulators. Specifically, translational activators called toehold
switches have been generated using NUPACK to design RNA sequences that fold into
structural motifs that are modifications of the original riboregulatory scaffold, and that
regulate their targets with large dynamic ranges with no sequence restrictions on the input
RNA species27. This innovation has enabled the creation of large libraries of orthogonal
toehold switch regulators27, inexpensive diagnostics to detect nucleic acids28-30, and
complex multi-input logic devices31. NUPACK has also been used to design small
transcription activating RNAs (STARs), which activate gene expression at the level of
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transcription and can serve as the basis for RNA-only logic gates and circuitry32,33.
Interestingly, while progress has been made in the activation of gene expression using
designed synthetic RNA systems, the development of similarly versatile RNA repressors
of gene expression has lagged.
In this work, we address this shortcoming and devise methods to bridge the gap
between synthetic RNA activators and repressors by developing strategies for the de
novo design of repressive translational riboregulators called toehold repressors. Using
designed sequences to invert the structural changes of toehold activators, we created a
new class of toehold repressors that robustly repress downstream gene expression in
response to an RNA input of arbitrary sequence. In the process, we realized that the same
design elements of toehold translational repressors could be applied to asRNAs and
sRNAs, which led us to create a new type of RNA translational repressor, called a looped
antisense oligonucleotide (LASO). LASOs overcome the design challenges of asRNAs
and sRNAs to create a regulator that can strongly repress a gene of interest with minimal
off-target interactions that can be predicted using simple free energy considerations.
Additionally, LASOs are compatible with RBS libraries, making them useful for genetic
network optimization. We anticipate that the development of the LASO concept could
have implications for RNA-mediated gene regulation in a variety of organisms, and may
inform the design of new classes of oligonucleotide therapies34,35.
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3.3

Results

3.3.1 NUPACK can be used to design toehold repressors
Previous studies have shown that NUPACK can be used to design translational
activators called toehold switches (Figure 3.1a)27,31. The core element of this design is an
RNA hairpin that sequesters the RBS and start codon of a downstream gene to inhibit
translation. By adding a trigger RNA that is designed to bind to the upstream portion of
this hairpin, the hairpin can be opened to free the RBS and start codon to initiate
translation. This trigger-target interaction is seeded at a single-stranded region called a
toehold. The emphasis of this design on sequestering the RBS inside a hairpin loop,
rather than through direct base pairing interactions, creates a flexible design space to
enable the construction orthogonal (non-interacting) switches with large dynamic
ranges27. These designs can be further extended to perform complex cellular logic31.
Given these advantages, we sought to leverage the architecture of this design to develop
a translational repressor that allows for translation of a downstream gene in the absence
of any external factors, and is repressed in the presence of a corresponding trigger RNA.
Our first translational repressor design, which we call a toehold repressor, is an
RNA sequence within the 5’ UTR of a gene to be controlled that is designed to fold into
two competing hairpin structures (Figure 3.1b). The minimum free energy structure
consists of a 15nt single stranded toehold region followed by a hairpin (ON hairpin) that
is formed upstream of a single stranded domain containing the ribosome binding site
(RBS) and start codon. By itself, this structure allows for active translation of the
downstream reporter, giving a default ON state to the regulator. Interaction with a
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designed trigger that is complementary to the toehold region and a portion of the ON
hairpin is designed to cause the ON hairpin to undergo a toehold-mediated strand
displacement, allowing an alternative hairpin structure (OFF hairpin) to form. The OFF
hairpin is designed to form around the RBS and start codon to inhibit translation initiation
much like in the case of toehold switches. Importantly, the RBS and start codon are not
designed to directly base-pair with any other region of the repressor, resulting in no hard
sequence constraints on the design.
A set of 23 toehold repressors was designed in NUPACK using two variations of
this overall design approach. For 11 of the designs, we used domain lengths such that
both hairpins have the same structure as the original toehold switch design27 (Figure
A.1a). For the other 12 designs, we designed the OFF hairpin structure to have a smaller
loop and elongated stem, which has been shown to have low leak28 (Figure A.1b).
Additionally, for this design, the ON hairpin is designed with a longer, more stable, stem
with the goal of thermodynamically driving the formation of the ON structure in the
absence of a trigger RNA.
To test the toehold repressor designs, NUPACK-designed sequences were cloned
in between the J23101 promoter36 and the superfolder GFP (sfGFP) coding sequence
followed by a TrrnB transcriptional terminator in a medium copy plasmid (target plasmid,
Figure A.2a). Corresponding trigger sequences were cloned in between a J23101
promoter and T500 transcriptional terminator on a high copy plasmid (trigger plasmid,
Figure A.2b, see Materials and Methods). Target plasmids were transformed into E. coli
TG1 with the corresponding trigger plasmid or a control plasmid (pJBL002), which
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expresses a fragment of the rrnB operon37. Individual colonies were picked, grown
overnight in LB, diluted 1:50 in M9 minimal media, grown for 6h, and then characterized
for sfGFP expression by flow cytometry (see Materials and Methods). All but one of the
designs showed a significant decrease in fluorescence upon addition of the trigger
plasmid, with the best design giving 94% (±1.5%) repression (Figure 3.1c).

Figure 3.1 Design and performance of translational RNA regulators. (A) The toehold switch27 is a de novodesigned translational activator. Mechanistic model: the ribosome binding site (purple) and start codon
(orange) of a downstream reporter gene (green) are constrained within a hairpin structure, inhibiting
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translation. Binding of an antisense trigger RNA opens the hairpin by toehold-mediated strand displacement
(grey), freeing the translation start site and allowing expression of the reporter. (B) Proposed strategy to
create a repressive version of the toehold switch, called a toehold repressor. Addition of a designed
upstream sequester sequence (blue) converts the default toehold switch OFF state into an ON state by
creating an alternative structure that leaves the RBS and start codon accessible. Trigger binding to the
toehold and sequester regions opens the ON state hairpin, allowing the OFF hairpin to form and repress
translation. (C) Performance of 23 designed toehold repressor target-trigger pairs with ON and OFF
fluorescence (top) and percent repression (100% - OFF/ON) (bottom). (D) An alternative strategy to create
translational repressors, termed a Looped Antisense Oligonucleotide (LASO). In this approach, the LASO
binds directly around the translation start site of the target without binding directly to the ribosome binding
site or the start codon. (E) Performance of 23 LASO-target pairs from (D) with ON and OFF fluorescence
(top) and percent repression (bottom). Error bars represent at least 6 biological replicates collected on two
separate days.

3.3.2 Designed trans-acting antisense RNAs can repress translation without
binding directly to the RBS or start codon
We next sought to assess whether a simpler design approach could be used to
achieve translational repression. Previous work has developed antisense RNAs
(asRNAs) and small RNAs (sRNAs) as platforms for RNA-based translational
repression15,17,19,21. Both mechanisms work by binding at or near the translation start site
of their target: asRNAs often interfere with translation initiation by binding directly to the
RBS and/or start codon of their target mRNA15, while sRNAs often utilize the protein cofactor Hfq to facilitate sRNA-target interactions. While powerful, both have limitations. For
designed asRNAs, the conserved nature of RBS and start codon sequences38,39 could
create unintended repression of off-target genes that share similar regulatory
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sequences19,21. For engineered sRNAs, the scaffold sequences used to recruit Hfq to
facilitate sRNA-target interactions can have unpredictable effects depending on the
scaffold used or the level of expression of the sRNA19,20. The toehold switch and toehold
repressor designs both address these shortcomings by sequestering the RBS and start
codon in looped regions to remove sequence constraints and by not requiring RNAprotein interactions to function. However, they add structural complexity beyond the
simple complementarity rules of asRNA design. We therefore sought to merge the best
of each approach and create a modified asRNA design that utilizes simple
complementarity to the target region, but places the RBS and start codon in a looped
context to free hard sequence constraints.
The looped antisense oligonucleotide (LASO) design concept that follows this
strategy is outlined in Figure 3.1d. In this strategy, the 5’ UTR of the target RNA has no
design constraints beyond being sufficiently unstructured to facilitate active translation.
The LASO RNA is designed to bind across the translation start site while avoiding direct
base-pairing to the RBS and start codon. The bound structure of this target/LASO
complex therefore resembles the OFF hairpin of a toehold switch or toehold repressor,
but with formation occurring in trans rather than in cis.
To test the LASO strategy, we designed 23 distinct target regions and placed them
into the same expression context as our previous designs. To ensure active translation
from these sequences, we started with toehold switch designs from Green et al.27 and
removed the 5’ side of the hairpin structure, resulting in a library of unstructured and
translationally-active sequences. We then designed LASOs to bind around the translation
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start site as shown in Figure A.3. Each design was tested in the same manner as the
toehold repressors, with every design except one showing greater than 50% repression,
and seven designs giving greater than 85% repression. The best-performing design
showed 95% (±1.3%) repression, with median repression surpassing that of the toehold
repressor designs (Figure 3.1e, Figure A.4). These data demonstrate that designed RNAs
can efficiently repress translation without an Hfq binding site and without binding directly
to the RBS or start codon.

3.3.3 Translational repressors can form orthogonal libraries
An important quality of engineered riboregulators is the ability to create orthogonal
(non-interacting) sets such that each trigger only represses its cognate target with little
repression of non-cognate targets24,27,40,41. Such orthogonality of regulators is a
requirement for their use in more sophisticated genetic networks31. To identify orthogonal
sets from our pool of 46 toehold and LASO repressor designs, we first identified the 24
best-performing designs from the pool (Figure 3.1c,e), and then characterized expression
from every target/trigger combination using flow cytometry (Figure 3.2, Figure A.5). By
defining weak cross-talk as 20% off-target repression measured with respect to the notrigger control41, we were able to identify a set of 10 mutually orthogonal trigger/LASO
and target pairs, all with >70% repression of the cognate pair (Figure 3.2c). This
demonstrates that our translational repressor designs can form sets of regulators with
high on-target and low off-target repression, which could serve as the basis for more
complex RNA circuitry.
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Figure 3.2 Assessing the orthogonality of translational repressors. (A) To test crosstalk in a set of designs,
the expression of cells harbouring all possible combinations of plasmids encoding target and trigger/LASO
expression constructs are measured and compared to the expression of each target plasmid expressed
with a no-trigger control plasmid. (B) 24x24 orthogonality matrix of the best-performing designs from Figure
3.1. Each portion of the matrix corresponds to the repression observed from that combination of target and
trigger/LASO expression plasmids compared to the no-trigger control. (C) A 10x10 subset of the designs
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tested in (B) selected to be mutually orthogonal, defined as showing less than 20% repression from all noncognate pairs.

3.3.4 Rational RNA engineering strategies improve the dynamic range of toehold
repressors
Having established that we could create libraries of orthogonal regulators, we next
pursued RNA engineering efforts to improve the performance of our toehold repressor
design. An interesting trend we observed was a higher average ON level among the
LASO targets compared to the toehold repressor library (Figure 3.3a). We suspected that
the strong hairpin 4nt upstream of the RBS in the toehold repressor target designs may
inhibit expression in the ON state, requiring the ribosome to partially unwind the base of
the hairpin before initiating translation (Figure 3.3b, Figure A.1). Indeed, previous work
demonstrated that separating a RBS and a strong upstream hairpin with 8nt or 12nt
spacers can substantially increase translation compared to only a 4nt spacer42. To test
this hypothesis, we added additional spacer sequences (+4nt and +8nt) to four toehold
repressors with low ON levels (Figure 3.3c).

In all cases, the ON level increased

significantly, with the highest fluorescence observed when the hairpin-RBS spacer was
increased to 12nt. For the best-performing design (design #1), the dynamic range (ON
fluorescence divided by OFF fluorescence) increased from 20-fold to 31-fold (Figure
3.3d,e). Increases in dynamic range were also observed for designs 5, 13, and 18 (Figure
A.6).
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Figure 3.3 Strategies to improve the dynamic range of a toehold repressor. (A) Comparison of the ON (no
trigger) fluorescence for the library of toehold repressors (from Figure 1C) and LASO designs (from Figure
1E). Despite identical RBS sequences across all designs, toehold repressors show a lower median ON
level. (B) Proposed cause of reduced ON level of the toehold repressor design. Overlap between the
ribosomal footprint and ON hairpin may inhibit translation initiation. Increasing the distance between the
RBS and ON hairpin could reduce this inhibition. (C) Adding 4nt or 8nt of designed sequence before the
RBS increases the ON level in four different toehold repressor designs. (D) Toehold repressor design #1
has a dynamic range (ON fluorescence divided by OFF fluorescence) of 20-fold. Adding 8nt before the RBS
(E) increases the dynamic range to 31-fold mainly by increasing the ON level. (F) Increasing trigger
expression by using a stronger promoter reduces the OFF level, which increases the dynamic range even
further to 37-fold.
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Previous studies have identified other strategies to increase the dynamic range of
RNA regulators, including tuning the promoter strengths of target and trigger species20.
The expression context used up until this point expresses both target and trigger RNAs
using the same J23101 E. coli s70 promoter36, but under different plasmid copy numbers
to establish an excess of trigger RNA in the cell. To further increase this excess, the
strength of the trigger promoter can be increased and/or the strength of the target
promoter can be decreased. Using the improved design #1 (Figure 3.3e) as a test case,
we cloned a stronger s70 promoter (J23119) before the trigger, and a weaker promoter
(J23150) before the target43. We then tested all promoter combinations to identify if
altering the expression of one or both RNAs increased the dynamic range of the design
(Figure A.7a). Strengthening the trigger promoter improved the dynamic range to 37-fold
(Figure 3.3f), while weakening the target plasmid promoter did not improve performance
(Figure A.7b).
We next tested the effect of altering the reporter protein sequence on the observed
dynamic range. Previous work has found that degradation-tagged reporters can increase
the dynamic range of a regulator by decreasing leak in the OFF state33. In the case of our
optimized design #1, we observed a small increase in dynamic range to 41-fold using
GFPmut3b-ASV, a degradation-tagged GFP variant. This increase was not significant
compared to sfGFP, perhaps owing to the very low OFF level for this particular design
even when using an sfGFP reporter (Figure A.7c,d).
Overall, these results illustrate an important advantage of de novo-designed
riboregulators like toehold repressors. The large design space of these regulators allows
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many design variants to be tested, including changes to sequence, expression context,
and lengths of subdomains like toeholds and hairpins. This flexibility allows the design to
be extensively optimized to maximize the performance of the regulator.

3.3.5 LASO designs can distinguish between closely-related transcripts
Having shown that our translational repressor designs can form orthogonal
libraries using mRNA targets with high sequence diversity (Figure 3.2), we wanted to
determine the limits of our LASO design in discriminating between closely-related
transcripts. As a design principle, LASOs include specifically looped out regions of the
target that are conserved. We hypothesized that avoiding direct base-pairing to these
conserved sequences reduces the likelihood of crosstalk between designs. Given that
translation start sites in E. coli are purine-rich and that the AUG start codon is used in
~83% of genes38,39, this approach may also help prevent unintended repression of
endogenous mRNAs. As a test case, we used an MG1655-derived strain that expresses
both sfGFP and mRFP from the same genomic locus44. This strain is a useful worst-case
scenario for potential off-target repression, as the sfGFP and mRFP mRNAs have
identical 5’ UTRs. To further increase the likelihood of crosstalk, we over-expressed
LASO species using a strong E. coli s70 promoter (J23119) and a high copy number
plasmid (ColE1) to promote saturation of LASO abundance in the cell. To test designs,
individual colonies were picked, grown overnight in LB, diluted 1:50 in M9 minimal media
and grown for 4h. Absorbance (OD600), mRFP fluorescence, and sfGFP fluorescence
were measured using a BioTek Synergy plate reader (see Materials and Methods).
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Using mRFP as our desired target mRNA, we compared repression from a typical
asRNA design - which forms a continuous duplex across the translation start site - to our
LASO design that loops out the RBS and start codon in the binding interaction. As
expected, the asRNA strongly repressed mRFP, but also showed high off-target sfGFP
repression (77%), presumably due to base-pairing across the sfGFP 5’ UTR (Figure
3.4a). Interestingly, our LASO design maintained strong repression of mRFP, but offtarget repression of sfGFP was limited to just 10% (Figure 3.4b). This result demonstrates
the ability of our design motif to specifically target a gene of interest without repressing
highly similar mRNAs.
We next sought to develop a computational strategy to predict on- and off-target
repression effects, which could be incorporated into the design of LASOs. Na et al.17
showed that the calculated binding energy between an sRNA and mRNA (the DG of the
duplex) can help explain differences in repression efficiency between length variants of
an sRNA repressor. Hoynes-O’Connor and Moon19 similarly proposed using the free
energy of complex formation between an asRNA and mRNA to predict asRNA
performance. While this metric proved useful, it does not account for RNA structures
within mRNA targets or elements of the asRNA outside of the binding region that compete
with productive asRNA-mRNA binding. To remedy this, we updated this metric to
calculate the free energy of complex formation (DGCF), defined as the free energy
difference between the bound state, consisting of the productive asRNA-mRNA
interaction (DGcomplex), and the unbound state, consisting of the sum of the folding free
energies of the 5’ end of the mRNA (DGmRNA,150bp total) and the entire asRNA (DGasRNA),
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including the terminator and any sequence outside of the binding region (Figure 4C). We
calculated DGCF for the asRNA and LASO designs, and found that the asRNA showed
low DGCF values (< -40kcal/mol) for both mRFP and sfGFP (Figure 3.4d). Low DGCF was
also observed for LASO targeting to mRFP, but low off-target sfGFP repression
corresponded to higher DGCF (Figure 3.4e). This provided evidence that DGCF could be a
useful metric to minimize off-target repression.
To more rigorously investigate DGCF as a LASO design parameter, we built a
library of 52 LASO designs in which we changed the lengths of specific binding
interactions to tune DGCF (Figure 3.4f). We then measured repression of both mRFP and
sfGFP from these LASO designs and found a stark pattern: below a DGCF of
approximately -19 kcal/mol there is a trend of increasing repression with decreasing DGCF,
which plateaus at very low values of DGCF; above a DGCF of approximately -19 kcal/mol
there is a range of observed repression (Figure 3.4f). This general trend is consistent with
previous results19; however, incorporating the structure of the mRNA target into the
calculation of DGCF allowed for a more clear and direct comparison between genes.

74

Figure 3.4 The LASO design enables strong repression of a chromosomally-encoded target gene without
repressing a gene with a closely related 5’ UTR. (A) An MG1655-derived strain44 expresses both mRFP
and sfGFP from a genomic locus, each using the same 5’ UTR. A typical asRNA design to inhibit mRFP
translation binds across the translation start site and N-terminal coding sequence, repressing mRFP.
However, sequence similarities cause unintended off-target repression of sfGFP. (B) The LASO design,
which is designed to not directly bind the RBS or start codon of the shared 5’ UTR, shows robust on-target
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repression (mRFP) and low off-target repression (sfGFP). Percent repression indicated above conditions
in (A,B). (C) The interaction between a mRNA and an asRNA can be modelled by estimating the free energy
of complex formation (DGCF), which is the difference between the free energy of the complex minus the free
energies of the isolated mRNA and asRNA structural states. (D) A low (stable) DGCF < -40 kcal/mol is
observed for both mRFP and sfGFP repression by the full asRNA design. (E) The LASO design shows a
distinct correlation between reducing off target repression of sfGFP and a destabilized (higher) DGCF. (F) A
library of LASOs targeting mRFP were constructed to tune the strength of interaction with the target, and
DGCF was calculated for both the mRFP and sfGFP expression cassettes. Comparing all on-target (mRFP)
and off-target (sfGFP) repression to DGCF shows a threshold of approximately -19 kcal/mol (indicated by a
dashed line), below which designs more strongly repress translation and above which designs in aggregate
show reduced cross talk. (G) A proposed workflow for screening optimal LASO designs. First, designs with
strong predicted off-target binding (DGCF,sfGFP < -19kcal/mol) and weak on-target binding (DGCF,mRFP > 19kal/mol) are removed. Remaining designs with the highest ratio of on-target DGCF to off-target DGCF
(DGCF,RFP/DGCF,sfGFP > 3.5) are kept. (H) Applying these criteria to the starting pool of 52 LASO designs, 10
designs can be correctly identified all with low off-target (sfGFP) repression and at least 78% on-target
(mRFP) repression.

We next sought to develop a set of design criteria to screen candidate LASO
designs to identify variants with high on-target repression (> 80% repression of mRFP)
and weak off-target repression (< 20% repression of sfGFP). Using calculations of DGCF,
we developed a set of 3 design criteria that identify LASO designs with these properties
from a larger starting pool of designs (Figure 3.4g). First, designs with strong predicted
off-target binding (DGCF < -19kcal/mol) are removed. Second, designs with weak ontarget binding (DGCF > -19kal/mol) are removed. Finally, designs with a high, empiricallydetermined ratio of on-target to off-target DGCF (DGCF,mRFP/DGCF,sfGFP > 3.5) are kept.
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Applying these criteria to the starting pool of 52 LASO designs, we could correctly identify
10 designs, all with low off-target sfGFP repression (Figures 3.4h, A.8 and A.9).
Additionally, every design except one showed high mRFP repression; the one outlier gave
just below 80% repression (78% ± 2.4%). These results show how simple in silico
calculations can be used to identify LASO designs that can discriminate between closelyrelated transcripts.

3.3.6 LASO designs can predictably repress endogenous mRNA sequences
An important application of asRNAs and sRNAs is translational repression of
endogenous genes in E. coli. To demonstrate the ability of LASOs to repress sequences
derived from natively expressed mRNAs, we created fusion proteins where the 5’ UTR
and initial coding region of several E. coli genes were fused to sfGFP (Figure 3.5a).
LASOs were designed to target the translation start site of these fusion constructs (Figure
3.5b), and the repression performance was measured by flow cytometry (see Materials
and Methods). Significant repression was observed in each case (Figure 3.5c), although
the strength of repression ranged from 42% to 94%. We hypothesized that structural
inaccessibility of the mRNA target may inhibit mRNA/LASO complex formation and cause
this range of observed repression. As expected based on our previous study of mRFP
and sfGFP targeting, repression strength decreased with increasing DGCF (Figure 3.5d).
This suggests that our updated definition of DGCF is a useful heuristic to not just to capture
off-target interactions, but to predict the strength of repression of mRNA targets with
varying degrees of structural inaccessibility (Figure A.10).
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Figure 3.5 The LASO design can predictably target mRNA sequences from endogenous genes. The 5’
UTR and initial coding region (51nt corresponding to 17AA) of several endogenous E. coli genes were
translationally fused to an sfGFP coding sequence to create a chimeric expression cassette (A), and LASOs
were designed to target the expressed chimeric mRNAs (B). (C) Each target was responsive to LASO
expression, with repression efficiency ranging from 94% to 42%. (D) Differences in repression can be
explained by calculated DGCF values for each LASO/target pair, with stronger repression corresponding to
lower values of DGCF (-19 kcal/mol indicated by a dashed line).

3.3.7 LASO designs enable one-step tuning of RBS strength
Applications in metabolic engineering and synthetic biology often require iterative
cycles of tuning gene expression levels, which is often accomplished by modifying the
strength of translation initiation18,45-47. This is typically done by changing the sequence of
the RBS and/or start codon, either by random mutagenesis or forward design. These
sequence changes require compensatory mutations to any asRNA designed to bind to
the translation start site, which is disadvantageous when troubleshooting individual
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components of a larger gene expression circuit. In many cases, the entire circuit must be
re-designed to compensate for the sequence changes; at a minimum, libraries of asRNA
variants must be re-tested when the RBS sequence of their target is changed.
Conveniently, the LASO design of looping out the translation initiation region of the mRNA
from the binding interaction provides a simple method of tuning RBS strength without
requiring sequence changes to the asRNA. As a proof-of-principle, we introduced a
degenerate RBS sequence (NNNNNNNN) and start codon (RTG) into LASO target #27
by iPCR (Figure 3.6a). Colonies of varying sfGFP expression strength were picked by
eye using a blue light tray, and the performance of each library member was tested using
the same LASO design. A range of ON levels spanning more than 2 orders of magnitude
was observed. When characterized with LASO expression, repression exceeding 90%
was observed over most of this range (Figure 3.6b), although some loss in repression
efficiency was observed for library members with very low ON levels.
We chose to tune expression by screening random sequences, but tools such as
the RBS Calculator42,46 can be used to design RBS sequences if the desired translation
rate is known. We found that the ON levels of the library members generated by random
mutagenesis were consistent with predicted translation rates using RBS Calculator v2.0
(Figure A.11), providing support that either approach (screening or forward design) could
be used for simple, one-step expression tuning of target/LASO pairs.
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Figure 3.6 The LASO design enables facile tuning of RBS strength. (A) The expression of a target mRNA
can be tuned in a single step by the introduction of a degenerate RBS and start codon, generating a library
with a range of ON levels. A single LASO can be used to repress all library members because it avoids
direct binding to the mutated sequences. Using this method, 31 functional target constructs were generated
in a single step (B), with ON fluorescence spanning more than 2 orders of magnitude, with 24 designs
showing greater than 85% repression.
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3.3.8 Toehold regulators enable simultaneous activation and repression of
unrelated genes from a single input RNA
Finally, we wanted to investigate whether the translational RNA repressors
developed in this work are functionally compatible with other RNA regulators. Specifically,
we sought to verify that two different riboregulators can function simultaneously in the
same cell to independently and differently regulate two different genes. We designed a
toehold switch (controlling mRFP) and a toehold repressor (controlling sfGFP) to respond
to the same trigger RNA sequence (Figure 3.7a). We confirmed that each regulator
functioned as expected when tested in isolation (Figure 3.7b), and then tested both
regulators in the same cell. Repression and activation performance were retained when
the two regulators were co-expressed (Figure 3.7c), and switching was visible by eye
(Figure A.12). This combined toehold switch-toehold repressor allowed the cells to be
switched from expressing sfGFP (no trigger) to mRFP (with trigger), demonstrating the
simultaneous activation and repression of two unrelated genes from a single ncRNA
input.
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Figure 3.7 Simultaneous activation and repression of two genes from a single RNA input. (A) A toehold
switch (controlling mRFP) and a toehold repressor (controlling sfGFP) were designed to interact with the
same trigger RNA. When the trigger is not expressed, only the toehold repressor is in the ON state, resulting
in sfGFP production in the cell. Trigger expression activates the toehold switch (producing mRFP) while
simultaneously inhibiting sfGFP expression from the toehold repressor. (B) Performance of the toehold
switch and toehold repressor when tested individually. (C) Performance of the toehold switch and repressor
are maintained when co-expressed in the same cell.

3.4

Discussion
In this work, we have developed two strategies to create translational RNA

repressors: toehold repressors and looped antisense oligonucleotides (LASOs) to directly
repress translation by interacting with mRNA targets. Using rational RNA engineering
strategies, we then successfully improved the performance of our toehold repressor
design. These efforts enabled us to achieve some of the largest dynamic ranges reported
for RNA-only repressors and identify sets of mutually orthogonal target/trigger pairs,
serving as an important step forward for the practical implementation of RNA-based
networks to control gene expression.
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Toehold repressors fill an important gap in the available toolbox of riboregulators.
Like toehold switches, the toehold repressor can be designed in silico, without the
sequence constraints of previously-reported design strategies41. This design flexibility, as
well as structural and mechanistic similarities between toehold switches and toehold
repressors, makes integration of activation and repression into the same genetic network
a straightforward task (Figure 3.7). This is a marked improvement over trying to integrate
multiple regulatory mechanisms that are currently available, which is difficult due to
sequence constraints on input and/or output RNA species. The similar structures of the
toehold switch and the ON hairpin of the toehold repressor (Figure 3.1a,b) also create the
possibility of inter-converting toehold switches to repressors (and vice-versa), which
would aid in the refactoring of genetic network components without altering the sequence
of their corresponding trigger RNAs.
Perhaps more important is our development of the LASO design concept for
translational repression. By merging the concept of asRNA inhibition through asRNAmRNA interactions with the design features of toehold switches and repressors – namely
eliminating base-pairing to the RBS and start codon by creating looped regions of the
binding interaction – we have developed a new concept for antisense-RNA mediated
translational repression that is highly efficient, predictable and modular. Specifically, we
demonstrated that our LASO design can strongly repress target mRNAs without crosstalk
with closely-related transcripts and without the inclusion of an Hfq-binding scaffold
common to other sRNA translational repressor designs. This design strategy also allows
for single-step tuning of RBS strength without changing the sequence of the LASO,

83

enabling facile screening or forward-design of repressible expression constructs with
desired ON expression levels.
We also demonstrated that LASO designs can be computationally assessed for
design quality. Specifically, a thorough characterization of off-target interactions in a dualreporter assay (Figure 3.4) led us to propose an improved metric for predicting asRNAmRNA interactions. By adding terms that account for competing structures to the
measurement of the free energy of complex formation (DGCF), we showed that this metric
can be used to capture off-target interactions as well as inefficient target repression
arising from structural inhibition of the target mRNA. This is a straightforward and
computationally inexpensive calculation which could be routinely incorporated into the
forward design of new sRNA repressors, facilitating the in silico screening of hundreds to
thousands of potential off-target interactions for a single design. Furthermore, these
simple design principles, combined with the ability of LASOs to repress targets without
any modification of the mRNA sequence, could enable application of this concept to a
broad array of work requiring modulation of endogenous gene expression.
While the design rules developed in this work are directly relevant to applications
including protein expression balancing or screening gene knockdowns for metabolic
pathways engineering17,18, they are also important for asRNA design more broadly.
Antisense oligonucleotides have emerged as a promising class of therapeutic drugs that
correct errors in gene expression through asRNA-mRNA interactions35,48. Their utility will
only expand as new cases of RNA-based genetic misregulation are uncovered49,50.
Balancing target site accessibility with potential off-target binding is critical for the safety
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and efficacy of nucleic acid-based therapeutics. The design flexibility of the LASO concept
– where specific regions can be looped out of the productive binding interaction – could
offer great benefits when designing antisense oligonucleotide therapies. For example, for
complex targets that have structures with only small windows available for binding,
asRNAs that are designed to bind to full contiguous regions may fail through the formation
of intramolecular structures within the asRNA. However, LASOs designed and screened
to bind specifically to the available regions may function. Future work in this area could
also benefit greatly from the use of RNA structure probing50-53 to identify the structurally
accessible regions of complex targets, and refine calculations of DGCF51. This would
enable more accurate characterization of target site accessibility, especially in the cellular
context where factors like RNA-protein interactions can confound predictions of RNA
accessibility. It is likely that the LASO design motifs, applied to translational control in this
work, will also be useful in other contexts where RNA-RNA interactions can modulate
gene expression.
While this work was being performed, an independent study identified similar
strategies for creating RNA repressors52. In addition to the toehold repressor strategy
identified here, they identified a third repressor design which relies on the conditional
formation of a stabilized three-way junction (3WJ) structure to enable up to 4-input logic
computation. Together, these studies underscore the power of de novo RNA design to
address a range of previously unmet design challenges, ranging from biomolecular logic
computation to the repression of endogenous genes with a high degree of predictability
and specificity.
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In summary, we have shown that translational RNA repressors can be designed in
silico using first principles with no hard sequence constraints on the trigger RNA input.
This work serves as a significant step forward in the development of a versatile toolbox
of RNA-based gene expression regulators for synthetic biology and metabolic
engineering, and provides a framework for the refinement of antisense oligonucleotide
design more broadly.

3.5

Materials and Methods

3.5.1 Cloning and plasmid construction
Toehold repressor sequences were synthesized as single-stranded fragments
(IDT DNA), amplified using common flanking primers, and introduced by Gibson
Assembly into a p15A plasmid backbone harbouring chloramphenicol resistance. All other
sequences were constructed by inverse PCR (iPCR). Trigger/LASO sequences were
cloned into ColE1 backbones harbouring carbenecillin resistance. The toehold switch
tested in Figure 7 was cloned into a CDF backbone harbouring spectinomycin resistance.
See supplemental information for plasmid architectures (Figure A.2) and key sequences
(Tables A.1 and A.2).

3.5.2 Flow cytometry data collection
All flow cytometry experiments were performed in E. coli strain TG1 (F'traD36 lacIq
Delta(lacZ) M15 pro A+B+/supE Delta(hsdM-mcrB)5 (rk- mk- McrB-) thi Delta(lacproAB)). Cells were transformed with the relevant combination of target and trigger/LASO
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plasmids or target plasmid with pJBL002 (a blank trigger plasmid). An autofluorescence
control was included by transforming blank target and trigger plasmids (pJBL001 and
pJBL002, respectively) which were both taken from Lucks et al.37. Plasmid combinations
were transformed into chemically competent E. coli TG1 cells, plated on Difco LB+Agar
plates containing 100 μg/mL carbenicillin and 34 μg/mL chloramphenicol, and grown
overnight at 37 °C. Following overnight incubation, plates were left at room temperature
for approximately 9 h. Individual colonies were grown overnight in LB, then diluted 1:50
into M9 minimal media. After 6 h, cells were diluted 1:100 in 1x Phosphate Buffered Saline
(PBS) containing 2 mg/mL kanamycin. A BD Accuri C6 Plus flow cytometer fitted with a
high-throughput sampler was then used to measure sfGFP fluorescence. Measurements
were taken for at least 6 biological replicates collected over at least two days, with one
exception; owing to the large number of transformations, data presented in Figure 3.2
represents at least 3 biological replicates collected on a single day.

3.5.3 Flow cytometry data analysis
Flow cytometry data analysis was performed using FlowJo (v10.4.1). Cells were
gated by FSC-A and SSC-A, and the same gate was used for all samples. Samples
exhibiting non-unimodal fluorescence distributions were excluded from further analysis,
and the geometric mean fluorescence was calculated for each sample. All fluorescence
measurements were converted to Molecules of Equivalent Fluorescein (MEFL) using
CS&T RUO Beads (BD cat#661414), which were run on each day of data collection. The
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average fluorescence (MEFL) over replicates of cells expressing empty plasmids
(pJBL001 and pJBL002) was then subtracted from each measured fluorescence value.

3.5.4 In vivo bulk fluorescence data collection
Bulk fluorescence experiments were performed in E. coli strain TG1 (F'traD36 lacIq
Delta(lacZ) M15 pro A+B+/supE Delta(hsdM-mcrB)5 (rk- mk- McrB-) thi Delta(lacproAB)), MG1655 (F– λ– ilvG– rfb-50 rph-1), or an MG1655-derived strain expressing
mRFP and sfGFP44. Designs targeting mRFP were transformed with a trigger plasmid
only, because the target was expressed from the genome; in this case, the parent strain
(MG1655) transformed with pJBL002 served as the autofluorescence control.
Transformed cells were plated on Difco LB+Agar plates containing 100 μg/mL
carbenicillin and grown overnight at 37 °C. Following overnight incubation on plates,
individual colonies were grown overnight in LB, then diluted 1:50 into M9 minimal media.
After 4 h, sfGFP fluorescence, mRFP fluorescence, and optical density (OD600) were
measured using a Biotek Synergy plate reader. Measurements were taken for at least 6
biological replicates collected over at least two days.
Testing of a toehold switch and toehold repressor in parallel (Figure 3.7 and Figure
A.12) was performed using a 3-plasmid system, with trigger and toehold repressor target
expressed as described previously (Figure A.2a,b). The toehold switch was expressed
from a CDF-based plasmid harbouring spectinomycin resistance (Figure A.2c). The
pCDF-Duet plasmid (Novagen) was used as the blank control plasmid for the toehold
switch. Cells were plated on Difco LB+Agar plates containing 100 μg/mL carbenicillin, 34
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μg/mL chloramphenicol, and 100 μg/mL spectinomycin. Following overnight incubation
at 37 °C, individual colonies were grown overnight in LB, then diluted 1:50 into M9 minimal
media. After 6 h, sfGFP fluorescence, mRFP fluorescence, and optical density (OD600)
were measured using a Biotek Synergy plate reader. Measurements were taken for at
least 6 biological replicates collected over at least two days.

3.5.5 Bulk fluorescence data analysis
Bulk florescence data for sfGFP and mRFP were analysed in a similar manner to
the flow cytometry experiments, except that all fluorescence values were normalized to
absorbance (OD600). First, the OD600 of a blank well (containing only M9 media) was
subtracted from the OD600 of each well. Then, FL/OD600 was calculated for each well
containing cells; the average FL/OD600 of the autofluorescence control was then
subtracted from each experimental well to determine the final, normalized value of
FL/OD600 for each condition. Following calculations of average and standard deviation for
each experimental condition, data were re-normalized such that the ON fluorescence of
sfGFP and mRFP was set to 1 (Figure 3.4a,b and Figure 3.7b,c).
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Chapter 4

Using In-cell SHAPE-Seq to Characterize a De Novo-Designed RNA Regulator4

4.1

Abstract
The development of completely synthetic (de novo-designed) riboregulators has

proceeded rapidly in recent years, enabled by design algorithms like the Nucleic Acid
Package (NUPACK). For simple design strategies, a trial-and-error approach is generally
sufficient to evaluate the performance of candidate designs in vivo. However, as the
complexity of these systems grows, measurements beyond functional characterization
will become increasing important to accelerate the design-test-learn cycle. In this work,
we use selective 2’-hydroxyl acylation analyzed by primer extension sequencing (SHAPESeq) to confirm the design mechanism of a novel synthetic RNA translational repressor
design. We then characterize a poorly-performing variant and identify mis-folding events
which contribute to its failure mode. Together, these results demonstrate the utility of RNA
chemical probing as a central component of the design and testing pipeline of synthetic
riboregulators.

4Portions

of the results presented in this chapter have been submitted for publication as indicated below.
For clarity and to specifically discuss PDC’s contributions to the publication, the text and data are
presented in a different format here than they appear in the corresponding publication.
Figure 4.5, Figure 4.6, Section 4.3.2, Section 4.3.3:
Kim, J., Zhou, Y., Carlson, P. D., Teichmann, M., Simmel, F. C., Silver, P. A., Collins, J. J., Lucks, J. B.,
Yin, P., Green, A. A. (2019) De-Novo-Designed Translational Repressors for Multi-Input Cellular Logic. In
revision (Nature Chemical Biology). DOI 10.1101/501783

96

4.2

Introduction
Natural RNA systems have evolved a range of mechanisms to control gene

expression, including the regulation of translation by the switchable occlusion of ribosome
binding to the translation start site. Taking inspiration from these natural systems, recent
work has demonstrated the successful implementation of synthetic RNA regulators which
function in cells. These de novo-designed RNAs have several distinct advantages over
their natural or chimeric counterparts, including increased dynamic range, reduced
crosstalk, and no hard sequence constraints on input RNA sequences. Such designs
include the toehold switch – a translational activator – and translational repressors like
the toehold repressor and looped antisense oligonucleotide (LASO), discussed in detail
in chapter 3. Another synthetic translational riboregulator is the three-way junction (3WJ)
repressor (Figure 4.1) developed by Kim et al. 1. The proposed design strategy of the
3WJ repressor relies on a weak, translationally-active hairpin containing the ribosome
binding site and start codon. Expression of a corresponding trigger RNA stabilizes the
target hairpin to form a 3WJ structure, repressing translation. An exciting advantage of
this design architecture is the ability to easily concatenate targets; this enables multiinput logic computation, including the evaluation of 4-input NOR and NAND gates1.

97

Figure 4.1 Design strategy of the three-way junction (3WJ) translational repressor. The ribosome binding
site (RBS) and start codon (AUG) of the output gene are contained in a weak hairpin structure between two
linear domains (a* and b*). This hairpin is sufficiently weak to be disrupted by ribosomes, leading to a
default ON state of the regulator. Expression of a trigger RNA binds across the linear region (a*-b*) and
stabilizes the hairpin to form a translationally inactive 3WJ structure (OFF).

Despite the promise of complex, de novo-designed riboregulators for carrying out
complex cellular functions2-7, several questions remain to be answered. First, does the
structure of the designed RNA, expressed in the complex environment of the cell,
accurately reflect the design strategy? Second (and more importantly), how can we
troubleshoot problematic design variants? This question is particularly urgent, because
the lengths of designed riboregulators are increasing far quicker than our ability to
accurately predict long-range and non-canonical RNA structures and interactions in silico.
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This disconnect will limit the speed at which more complex RNA-based gene regulatory
programs may be developed in cells.
A promising strategy to improve our ability to thoroughly characterize de novodesigned RNAs in cells is to incorporate structural probing data gathered through
techniques like SHAPE-Seq8 with in silico structural predictions and function data, thereby
providing a more complete picture of the structure-function link for a designed RNA. In
the SHAPE-Seq experiment, 1-methyl-7-nitroisatoic anhydride (1M7) is introduced into
the cell culture9. 1M7 covalently modifies cellular RNAs in a structure-dependent manner,
preferentially at positions that are unstructured and unconstrained by interactions. These
modifications can be detected by reverse transcription stops coupled to high-throughput
sequencing, and the mapped modification positions can then be used to calculate a
reactivity value (b) at each nt10. Higher reactivities correspond to flexible or unstructured
nts, and lower reactivities indicate constrained interactions such as base-pairing or
stacking effects (Figure 4.2a)

11.

Simultaneous measurements of GFP expression using

the same cell cultures used for structural probing allow direct links to be drawn between
the performance of repressor variants and their structures (Figure 4.2b).
In this work, we use in-cell SHAPE-Seq to study the mechanism of the 3WJ
repressor. We first study target variants alongside ribosome binding site (RBS) knockouts
(KO), and demonstrate that ribosomes are able to efficiently disrupt hairpin formation in
the translationally-active state, and that hairpin formation is restored in the RBS KO. We
then study functional target-trigger pairs with varying interaction lengths; SHAPE-Seq is
able to clearly map trigger-target binding and shows productive formation of a stabilized
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3WJ. Finally, we study a poorly-performing length variant and find that broken repression
corresponds to incomplete 3WJ formation, pointing toward a potential failure mode for
such designs.

Figure 4.2 Overview of the in-cell SHAPE-Seq pipeline to inform the structure of engineered regulatory
RNAs. (A) An RNA of interest is expressed in E. coli cell culture, which is then used for simultaneous
functional and structural testing. Using a fluorescent reporter, functional testing (such as flow cytometry)
informs the functional performance of a design. Parallel structural measurements begin by exposing cells
to a chemical probe (such as 1M7), which modifies the RNA of interest in a structure-dependent manner.
Reverse transcription (RT) encodes the position of the modifications as truncated cDNA fragments, which
are sequenced by next-generation sequencing (NGS). The mapped distribution of modifications can then
be used to calculate a reactivity value (b) at each nucleotide; higher reactivities correspond to flexible or
unstructured nucleotides, and lower reactivities indicate constrained interactions such as base-pairing or
stacking effects. (B) These simultaneous measurements of structure and function accelerate the designtest-learn cycle for de novo-designed RNA regulators.

100

4.3

Results

4.3.1 Active translation disrupts target hairpin formation
A central component of the 3WJ repressor design mechanism is an unstable
hairpin containing the RBS and start codon, which is sufficiently weak to facilitate active
translation. We sought to first confirm that the NUPACK-designed structure forms a
hairpin in the absence of an RBS, which becomes less structured in the presence of an
active RBS. To accomplish this, we mutated the RBS sequence of a target hairpin from
an active RBS sequence (5’– AGAGGAGA –3’) to an inactive sequence (5’– CUCCCUCC
–3’), maintaining the secondary structure of the hairpin (Figure 4.3a).
Characterization by flow cytometry was used to assess the functional effect of
mutating the target RBS. Briefly, cells were transformed with the relevant target plasmid
(RBS or RBS KO). Plasmid combinations were transformed into chemically competent E.
coli BL21 STAR (DE3) cells, plated on Difco LB+Agar plates overnight at 37 °C, grown
overnight in LB plus antibiotics, then diluted 1:100 into fresh LB. After 80 min, Isopropyl
β-D-1-thiogalactopyranoside (IPTG) was added at a final concentration of 100 μM. After
5 h of additional growth, cells were diluted 1:100 in 1x Phosphate Buffered Saline (PBS)
containing 34 μg/mL chloramphenicol to arrest translation. A BD Accuri C6 Plus flow
cytometer fitted with a high-throughput sampler was then used to measure GFP
fluorescence. Fluorescence measurements were then converted to Molecules of
Equivalent Fluorescein (MEFL). Functional characterization showed strong GFP
expression from cells expressing the target sequence, which was greatly reduced in the
RBS KO case (Figure 4.3b).
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Figure 4.3 Active translation alters the structure of the 3WJ target hairpin. (A) Nucleotide-level schematic
of the 3WJ target hairpin. The RBS and start codon (AUG) are outlined in purple and orange, respectively.
The sequences of the WT RBS and RBS KO are indicated. (B) Fluorescence distributions for cells
expressing the 3WJ target (yellow) and RBS KO (grey), plotted as molecules of equivalent fluorescein
(MEFL). (C) Reactivity profile for the actively-translating target shows high reactivities across the molecule.
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(D) Lower reactivities are observed in the RBS KO case. (E) Reactivity difference plot between actively
translating and RBS KO. Domains colored as in (A). (F,G) Structural models supported by SHAPE-Seq
reactivities. Active translation (F) disrupts hairpin formation, resulting in high reactivities across the target.
Inactive translation (G) allows hairpin formation, resulting in lower reactivities.

In-cell SHAPE-Seq measurements were performed in parallel with functional
measurements. After cells were removed for functional analysis by flow cytometry, 500
µL of the remaining culture was then added to 13.3 µL 250mM 1M7 or 13.3 µL DMSO
(control solvent). Cells were returned to shaking for 3 minutes to allow 1M7 to react, then
cellular RNAs were Trizol extracted and reverse-transcribed using a custom reverse
transcription primer specific for GFPmut3b (5’-CAACAAGAATTGGGACAACTCCAGTG3’). Additional 5’ and 3’ sequencing adapters were then added. Following 2 x 35 bp pairedend Illumina sequencing, β reactivities were calculated as described previously10.
In-cell SHAPE-Seq measurements of WT and RBS KO versions of the 3WJ target
provided strong evidence supporting the design hypothesis of hairpin disruption by
ribosomes (Figure 4.3). Functional measurements (Figure 4.3b) showed strong
GFPmut3b expression from the WT target which was eliminated in the RBS KO case.
The SHAPE reactivity profile for the WT target (Figure 4.3c) supports an unstructured
target, with high reactivities across much of the molecule. The RBS KO case (Figure 4.3d)
had lower reactivities, in particular within the 3’ half of the target region. Looking more
closely at the differences in reactivity at each position (Figure 4.3e), higher reactivities
were observed at 40 of 43 positions within the target stem for the WT sequence, providing
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a direct link between the functional observation (increased protein expression resulting
from increase translation) and the structure of the respective hairpins.
To confirm that the mechanistic observations for a single target are generally
applicable to other 3WJ repressor variants, we performed in-cell SHAPE-Seq
experiments on three additional 3WJ targets, using the same mutagenesis strategy the
knock out the ribosome binding site to restore hairpin formation. In every case, we
observed the identical trend of increased reactivities across the target with active
translation compared to the RBS KO case (Figure 4.4).
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Figure 4.4 Active translation correlates with increased SHAPE reactivities across multiple targets. (A)
Functional data for the target variant studied in Figure 4.3. (B) Reactivity at each position from the 3WJ
target (Figure 4.3c,d) plotted as WT reactivities (Y-axis) vs RBS KO reactivities (X-axis). Diagonal line
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corresponds to equal reactivities for the WT and KO cases. A reactivity above this line indicates an increase
in reactivity at that position with active translation. (C,E,G) Functional data for three additional 3WJ targets
similarly show active translation which is eliminated upon RBS mutation. In all cases, the SHAPE reactivities
show the same trend of increased reactivity (D,F, and H, respectively), further supporting the hypothesis of
efficient structural disruption of the target hairpin by ribosomes.

4.3.2 Trigger binding forms a stable 3WJ and represses translation
To better understand the operating mechanism of the 3WJ repressor, we
performed in-cell SHAPE-Seq9 on multiple repressors with varying repression efficiencies
and trigger-target interaction lengths.
We first studied a single 3WJ repressor target and three trigger variants, with
interaction lengths ranging from 18 to 25 nts (Figure 4.5a). Functional characterization
demonstrated active translation from the target and strong translational repression upon
trigger expression (Figure 4.5b). SHAPE-Seq reactivity measurements of these variants
showed remarkable agreement with the proposed in silico design strategy. When the
trigger RNA was not expressed, we observed a trend of high reactivities across the target
RNA sequence (Figure 4.5c). This reactivity signature supports the design hypothesis
that the target hairpin is sufficiently weak to facilitate structural disruption by ribosomes,
leading to active translation. A striking difference is seen when a trigger RNA is expressed
(Figure 4.5d). Sharp drops in reactivity are observed precisely at the predicted binding
sites of each trigger (a-a* in blue and b-b* in red), providing structural evidence of trigger
binding across the junction. Moreover, drops in reactivity also occur within the stem of the
target hairpin at regions predicted to form the hairpin structure, providing direct evidence
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that trigger binding leads to the formation of a stable, translationally inaccessible 3WJ
structure. Interestingly, higher reactivities are observed at several postions around the
base of the hairpin when the triggers are present (specifically U16-U19), suggesting slight
fraying or flexibility at the base of the trigger-target three way junction. To the best of our
knowledge, this is the first structural confirmation of the regulatory mechanism of a
completely de-novo-designed riboregulator.

Figure 4.5 In-cell SHAPE-Seq confirmation of the 3WJ repressor mechanism. (A) Design schematic for
testing 3WJ repressor variants. A 3WJ repressor target was characterized using in-cell SHAPE-Seq, either
expressed alone or co-expressed with a trigger RNA. Several triggers were tested, varying in their designed
binding length (ab) to either side of the target hairpin. (B) Functional characterization of target plasmid
expressed without trigger (green) and with triggers of increasing interaction length (blue). Strong repression
is observed upon trigger binding, with longer triggers showing increased repression efficiency. (C) In-cell
SHAPE-Seq reactivity profile of the target expressed alone. A trend of high reactivities is observed across
the molecule, consistent with the design hypothesis that the target hairpin can be disrupted by ribosome
binding, leading to active translation. (D) In-cell SHAPE-Seq reactivity profiles of the target co-expressed
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with trigger RNAs. Sharp drops in reactivity are observed at the predicted trigger binding sites (a-a* and bb*) and within the target hairpin, suggesting formation of a stable 3WJ structure when the trigger is bound.
The RBS and start codon (AUG) positions are indicated.

4.3.3 Incomplete 3WJ formation limits repression efficiency
We also studied a second 3WJ repressor that demonstrated an unusual pattern of
repression with increasing trigger length (Figure 4.6). In this case, expression of a trigger
with an 18 nt interaction length showed weak (3-fold) repression (Figure 4.6b). However,
a small increase in interaction length to 20 nt dramatically increased the repression
efficiency to 17-fold. We performed in-cell SHAPE-Seq on the target and target-trigger
complexes to identify structural explanations for these performance differences. As
expected, SHAPE-Seq of the target alone showed high reactivity across the molecule,
corresponding to a translationally-active state (Figure 4.6c). Similarly, the functional 20 nt
variant showed a reactivity pattern consistent with 3WJ formation (Figure 4.6e). However,
the poorly-repressing 18 nt variant only showed low reactivities within the b-b* binding
region, with high reactivities observed elsewhere (Figure 4.6d). This suggests that the
trigger only efficiently forms a duplex at b-b*, leaving the hairpin de-stabilized and
accessible to ribosome binding. The modest repression from this trigger likely results from
inhibition of translational elongation through b-b*, rather than inhibition of translation
initiation through 3WJ formation.
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Figure 4.6 In-cell SHAPE-Seq characterization of trigger variants with varying repression efficiencies. (A)
Design schematic for testing 3WJ repressor variants. A 3WJ repressor target was characterized using incell SHAPE-Seq, either expressed alone or co-expressed with a trigger RNA. Two triggers were tested,
with designed binding lengths (ab) of 18 nt or 20 nt. (B) Functional characterization of target plasmid
expressed without trigger (green) and with triggers of increasing interaction length (blue). Weak repression
(ON/OFF = 3) is observed when ab = 18nt. Repression efficiency increases dramatically (ON/OFF = 17)
when ab is increased to 20nt. (C) In-cell SHAPE-Seq reactivity profile of the target expressed alone. A trend
of high reactivities is observed across the molecule, consistent with the design hypothesis that the target
hairpin can be disrupted by ribosome binding and actively translated. (D) In-cell SHAPE-Seq reactivity
profile of the target co-expressed with a poorly-repressing trigger RNA (ab = 18 nt). Drops in reactivity are
only observed within the b-b* interaction domain, suggesting that trigger binding does not occur across the
predicted 3WJ. Improper formation of the 3WJ is the likely cause of the weak repression efficiency for this
target-trigger pair. (E) In-cell SHAPE-Seq reactivity profile of the target co-expressed with a longer trigger
RNA (ab = 20 nt) showing improved repression efficiency compared to the shorter trigger (D). This length
variant shows a reactivity profile more consistent with proper 3WJ formation, with reactivity drops observed
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at the a-a* and b-b* interaction regions, and within the target hairpin. The RBS and start codon (AUG)
positions are indicated.

4.4

Discussion
In this work, we have performed the most thorough characterization to date of a

de novo designed RNA regulator. Coupled fluorescence and structural measurements of
WT and RBS KO targets confirmed the design hypothesis that the 3WJ target hairpin
forms a weak hairpin structure, which can be disrupted by ribosomes to produce a
translationally active structure (Figures 4.3 and 4.3). Characterization of bimolecular
target-trigger structures demonstrated clear evidence of 3WJ formation, further
confirming the designed 3WJ repressor mechanism. Most interestingly, characterization
of a functionally broken variant (Figure 4.6b,d) revealed a mode by which the bimolecular
3WJ can mis-fold, an event which was not predicted by NUPACK.
Overall, these results highlights how SHAPE-Seq can be used to confirm design
principles and understand potential failure modes of synthetic riboregulators. Moreover,
the ability of RNA structure probing methods to detect interactions such as long-range
tertiary structures and RNA-protein binding11 will make them even more important as the
complexity of de novo-designed riboregulators continues to increase.
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4.5

Materials and Methods

4.5.1 Flow cytometry data collection
All flow cytometry experiments were performed in E. coli strain BL21 Star DE3,
which allows for endogenously-expressed, inducible production of T7 RNA Polymerase.
Cells were transformed with the relevant combination of target and trigger plasmids or
target plasmid alone. Plasmid combinations were transformed into chemically competent
E. coli BL21 STAR (DE3) cells, plated on Difco LB+Agar plates containing 30 μg/mL
kanamycin (target alone) or 30 μg/mL kanamycin plus 100 μg/mL carbenicillin (target and
trigger), then grown overnight at 37 °C. Following overnight incubation, plates were left at
room temperature for approximately 9 h. Individual colonies were grown overnight in LB
plus antibiotics, then diluted 1:100 into fresh LB. After 80 min, Isopropyl β-D-1thiogalactopyranoside (IPTG) was added at a final concentration of 100 μM. After 5 h of
additional growth, cells were diluted 1:100 in 1x Phosphate Buffered Saline (PBS)
containing 34 μg/mL chloramphenicol to arrest translation. A BD Accuri C6 Plus flow
cytometer fitted with a high-throughput sampler was then used to measure GFP
fluorescence.

4.5.2 Flow cytometry data analysis
Flow cytometry data analysis was performed using FlowJo (v10.4.1). Cells were
gated by FSC-A and SSC-A, and the same gate was used for all samples. All
fluorescence measurements were converted to Molecules of Equivalent Fluorescein
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(MEFL) using CS&T RUO Beads (BD cat#661414), which were run on each day of data
collection.

4.5.3 In-cell SHAPE-Seq measurements and data analysis
In-cell SHAPE-Seq measurements were carried out as described by Watters et
al.9. Briefly, 3WJ repressor variants were transformed into BL21 Star DE3. Overnight
cultures were diluted by a factor of 100 into 1.2 mL fresh LB with antibiotics. Following
IPTG induction and 5 h additional subculture, 100 µL cells were removed and diluted by
a factor of ~100 for functional characterization, which was performed using a BD Accuri
cell analyzer with a high-throughput sampler (see sections 4.5.1 and 4.5.2 for further
details). 500 µL of the remaining culture was then added to 13.3 µL 250mM 1M7 or 13.3
µL DMSO (control solvent). Cells were returned to shaking for 3 minutes to allow 1M7 to
react, then cellular RNAs were Trizol extracted and reverse-transcribed using a custom
reverse

transcription

primer

specific

for

GFPmut3b

(5’-CAACAAGAATTGGG

ACAACTCCAGTG-3’). Additional 5’ and 3’ sequencing adapters were then added.
Following 2 x 35 bp paired-end Illumina sequencing, β reactivities were calculated as
described previously10. Error bars represent the standard deviation of three samples,
each probed from a separate transformation on a separate day. Replicate samples were
only processed in parallel during final sequencing.
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Chapter 5

Computational Design of Orthogonal Ribosomes

5.1

Abstract
In addition to riboregulators, an approach to control translation in E. coli is

the orthogonal ribosome; this strategy uses complementary sequence changes in the
Shine-Dalgarno sequence of an mRNA and anti-Shine-Dalgarno sequence of the 16S
rRNA to create sets of mRNA-ribosome pairs that act independently of host ribosomes
and mRNAs. Previous strategies to generate orthogonal ribosome-mRNA pairs have
largely focused on genetic selection strategies. In this work, we characterize a set of
previously-identified mRNA-ribosome pairs and show that selection leads to high
activation and high cross-talk between pairs. We then develop a de novo design strategy
to generate additional pairs with reduced performance but improved orthogonality.
Together, these results highlight the trade-offs between selection and design in RNA part
development.

5.2

Introduction
The reliable and predictable control gene expression in living cells is a critical

ability for a wide range of bioengineering efforts1-5. Given the widespread use of proteins
for myriad purposes including as cataysts (enzymes), reporters, regulatory molecules,
and high-value products for downstream applications, controlling gene expression at the
point of translation (protein synthesis) is of particular importance.
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In bacteria, protein synthesis is carried out in three basic steps. First, the ribosome,
which is primarily comprised of two RNA-based subunits, binds to the messenger RNA
(mRNA) at a site called the ribosome binding site (RBS), which contains the purine-rich
Shine-Dalgarno (SD) sequence6. This interaction occurs via Watson-Crick base-pairing
between the SD and the 3’ end of the 16S ribosomal RNA (rRNA), called the anti-SD
sequence. Translation is then initiated at a start codon (typically AUG). Translational
elongation proceeds until a stop codon (UAG, UAA, or UGA in E. coli) is reached, at which
point the mRNA-ribosome-protein complex disassembles.
Until this point, the discussion of controlling translation has focused on the
modulation of RNA secondary structure around the RBS, thereby regulating translation
initiation rates and ultimately protein synthesis rates (Figure 1.4)

7-11.

However, another

requirement of efficient translation is the ability of the 3’ end of the small ribosomal subunit
to base-pair with the Shine-Dalgarno sequence upstream of a start codon (Figure 5.1a)12.
By changing the Shine-Dalgarno sequence, an mRNA can be made virtually untranslatable by endogenous ribosomes. However, expression of small subunit ribosomes
whose anti-SD sequence contains compensatory mutations to restore complementarity
with the mutated mRNA can recover protein expression. This creates the basis for what
are termed orthogonal ribosomes, which allow for the translation of mRNAs that are not
readable by endogenous ribosomes; in this way, cellular ribosomes are free to translate
the natural proteome of the cell, supporting cell growth, and one or more orthogonal
ribosome-mRNA pairs can be deployed for specialized function, thereby decoupling
cellular fitness from specialized function (Figure 5.1b)13-15.
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Figure 5.1 Orthogonal ribosomes enable the decoupling of cellular fitness and specialized function. (A)
Translation initiation in part requires the physical base-pairing between the Shine-Dalgarno sequence of
the messenger RNA and the 3’ end of the 16S rRNA. (B) Mutating the sequences of the 16S rRNA and
mRNA away from wild-type sequences enables the creation of orthogonal ribosome-mRNA pairs. This
facilitates the division of cellular fitness and specialized function.

The development of o-ribosome/SD pairs has several potential challenges. First,
the sequences of orthogonal aSD and SD sequences must be sufficiently different from
wild-type ribosomes and SD sequences (and vice versa) to avoid undesirable cross-talk.
Second, if multiple o-ribosome/SD pairs are to be deployed in the same cell, their
sequences must also be distinct from one another16. These challenges, coupled with the
fact that aSD/SD interactions occur over a range of only ~6nt and that even partial
complementary can initiate a significant number of translation events, create a much
smaller sequence design space for o-ribosomes than for riboregulators like toehold
switches.
Most efforts to develop orthogonal ribosomes have relied on selection strategies,
wherein the production of toxic (negative selection) and/or essential (positive selection)
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proteins are used to identify aSD/SD pairs, where the SD has low activity against
endogenous ribosomes and the cognate aSD/SD shows high expression14. However, an
alternative route to identify orthogonal ribosomes is to use prediction and design tools
such as the Ribosome Binding Site Calculator (RBS Calculator)17 to design aSD/SD pairs
de novo.
In this work, we demonstrate the ability to use RBS Calculator to design orthogonal
ribosomes. We also compare the performance of designed ribosomes against a panel of
o-ribosomes identified by a two-step selection, which illuminates the trade-offs between
selection and design.

5.3

Results

5.3.1 Orthogonal ribosomes identified by selection show high activation but poor
orthogonality with one another
A powerful strategy to identify orthogonal ribosomes is through the coupling of cell
survival to the proper expression of orthogonal ribosomes14. This generally consists of
two selection steps. In the first, a randomized Shine-Dalgarno region is inserted upstream
of a gene which is toxic to cell growth. Only library members which are translated at a low
level by endogenous ribosomes will survive, since active translation will result in lethal
protein expression. In the second step, this library is placed upstream of a gene essential
for cell survival (such as an antibiotic resistance gene) and is co-transformed with a library
of ribosomes with randomized aSD sequences. The cells are then grown in the presence
of antibiotics such that only o-ribosomes that can actively translate the downstream
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message are able to produce the resistance gene and survive. This method ensures both
low cross-talk between WT ribosomes and candidate orthogonal mRNAs (step 1) and
strong activation of the cognate mRNA/o-ribosome pair (step 2). Recent work used
selection to identify a set of o-ribosome/mRNA pairs showing high activation (ED Carlson
et al., submitted). Characterization in an sfGFP reporter assay showed strong activation
of sfGFP translation from the orthogonal SD sequences when the cognate orthogonal
ribosome was also expressed (Figure 5.2a), consistent with previous work.
We were then interested in testing the mutual orthogonality of these selected pairs;
that is, whether an orthogonal mRNA was untranslatable by both WT ribosomes and noncognate o-ribosome variants. This condition of mutual orthogonality is critical for the
deployment of more than one o-ribosome/mRNA pair in the same cell (Figure 5.1b). We
tested all o-ribosome/mRNA pairs (versus the expression of the mRNA with no oribosome expressed) to identify mutually orthogonal sets. In the original screen, several
mRNA variants were selected multiple times with slightly different o-ribosome sequences;
for the sake of thoroughness, all combinations were tested. Disappointingly, we found
that every combination of o-ribosome and mRNA significantly activated gene expression;
only a single combination resulted in less than a 10-fold change in sfGFP expression
(Figure 5.2b), meaning that no more than a single o-ribosome/mRNA pair could be
deployed in the same cell without crosstalk.
To understand the reason for the high levels of crosstalk, we investigated the
sequences pulled out of the screen. Interestingly, many variants had sequences which
appeared by eye to be similar. A frequency distribution sequence logo of the WT
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sequence (Figure 5.2c) compared to the members of this library (Figure 5.2d) clarifies
this point. Many residues within the aSD of the library members (which were initially
randomized) are highly conserved between each library member. In hindsight, this result
is unsurprising; a well-designed selection scheme will favor the best-performing variant,
which in the case of o-ribosomes is the sequence most different than the WT sequence
(Figure 5.2c,d). This convergence on a similar solution naturally results in high-performing
variants with high cross-talk to one another.
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Figure 5.2 Orthogonal ribosomes identified by selection show high performance and high crosstalk with
one another. (A) The expression of orthogonal mRNA variants against endogenous ribosomes (grey) and
with cognate o-ribosome expression (green). The induction ratio (ON/OFF) is shown in blue. (B) Crosstalk
map of all mRNA and o-ribosome sequences identified by screening. Every combination shows significant
activation of gene expression, indicating high cross-talk between all library members. An analysis of the
aSD sequence of WT ribosomes (C) and the selected aSD library (D) helps explain the functional trends
observed. Each library member converged to a similar sequence, which is very different from the WT aSD
sequence, in particular at important residues for mRNA recognition.
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5.3.2 A computational strategy to design orthogonal ribosomes
The identification and deployment of multiple o-ribosome/mRNA pairs in the same
cell requires the balancing of low cross-talk with WT ribosomes and low cross-talk with
non-cognate o-ribosomes. This capability will enable the evolution and development of
specialized ribosomes to carry out specific functions within the cell, vastly expanding the
capacity for the cell to act as a bio-foundry for the production of complex polymers beyond
canonical amino acid-based polypeptides (Figure 5.1b)18.
To accomplish this, we sought to use an alternative approach to screening.
Previous work in o-ribosome design showed that the duplex binding energy between the
SD and aSD sequence correlates with expression16. We calculated the binding energy
between all pairs from the screen and plotted those values against measured sfGFP
expression (Figure 5.3a). Indeed, there appeared to be a general trend of decreasing
(stronger) binding energy and increasing sfGFP expression. Recent work by Salis and
colleagues developing the RBS Calculator17,19,20 has shown the power of computational
tools to both predict the relative translational expression of proteins and design synthetic
ribosome binding sites for desired expression levels. As part of the calculation, RBS
Calculator accounts for the specific organism of interest, which is indicated by specifying
the aSD sequence of that particular organism (which varies across bacterial species). We
therefore hypothesized that this tool could be used to design synthetic o-ribosome/mRNA
pairs by leveraging the forward design mode of RBS Calculator.
To assess the feasibility of using RBS Calculator to design synthetic o-ribosomes,
we first compared the measured sfGFP expression from each o-ribosome/mRNA pair
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tested (Figure 5.2b) against the predicted expression level from RBS Calculator. To
calculate expression levels, the entire 5’ UTR and first 100nt of the sfGFP coding region
were specified as the mRNA, and the last 10nt of the 16S rRNA was specified for the oribosome (See Tables B.2 and B.3 for sequence information). A general trend of
increasing predicted expression and sfGFP expression was observed, providing
promising evidence for the use of the RBS Calculator as a tool for o-ribosome design.

Figure 5.3 Expression of orthogonal ribosomes identified by screening shows moderate correlation with
computational predictions. Superfolder GFP expression (Y-axis) plotted against the SD-aSD binding energy
(A) and predicted expression from RBS Calculator (B) shows a moderate negative and positive correlation,
respectively. Binding energy calculated using the bifold function from the RNAStructure webserver21
(http://rna.urmc.rochester.edu/RNAstructureWeb/). Predicted expression in (B) calculated using the RBS
Calculator v2.1 webserver (https://salislab.net/software/reverse).
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An in silico strategy to design o-ribosome/mRNA pairs is outlined in Figure 5.4.
Given the fact that the high-crosstalk library identified by screening (Figure 5.2) displayed
limited sequence diversity, we hypothesized that the most promising strategy to identify
mutually orthogonal sets would be to start with a randomized library of aSD sequences
which could be used as the starting point for mRNA design. First, a custom excel script
is used to generate a random string of 9nt (Figure 5.4). Then, the forward design mode
of RBS Calculator is used to design a corresponding mRNA against the randomized aSD
sequence. Following this step, the reverse mode of RBS Calculator is used to predict the
relative expression level of the mRNA against the randomized aSD (ON) and against wildtype ribosomes (OFF). If the predicted ON level is below a heuristically-determined
threshold (25,000 AU) or the ratio of ON to OFF expression is below 20-fold, the design
is rejected and a new aSD sequence generated. If the ON level is above 25,000 AU and
the ratio of ON/OFF was greater than 20, the design is accepted and subjected to further
testing.
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Figure 5.4 A computational method to design synthetic aSD/SD pairs for orthogonal ribosomes. A random
string of 9nt serves as a candidate aSD sequence. RBS Calculator then designs a corresponding mRNA
against the randomized aSD sequence. Following this step, the reverse mode of RBS Calculator is used to
predict the relative expression level of the mRNA against the randomized aSD (ON) and against wild-type
ribosomes (OFF). If the predicted ON level is below a heuristically-determined threshold (25,000 AU) or the
ratio of ON to OFF expression is below 20-fold, the design is rejected and a new aSD sequence generated.
If the ON level is above 25,000 AU and the ratio of ON/OFF was greater than 20, the design is accepted
and subjected to further testing.

A set of 12 candidate designs was generated using the method outlined in Figure
5.4, which were cloned and tested in vivo in the same manner as the original library of
selected o-ribosome/mRNA pairs (Figure 5.5). Half of the designs (6/12) showed
significant activation upon addition of the o-ribosome plasmid, with the best design giving
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~40-fold activation. While the activation of each functional variant was less than the pairs
identified by selection (Figure 5.2), orthogonality testing revealed greatly reduced
crosstalk between designed pairs (Figure 5.5b). This reduced crosstalk is reflected in the
sequence diversity of the designed library members (Figure 5.5c).

Figure 5.5 Orthogonal ribosomes identified by design are functional and can create orthogonal libraries.
(A) The expression of orthogonal mRNA variants against endogenous ribosomes (grey) and with cognate
o-ribosome expression (green). The induction ratio (ON/OFF) is shown in blue. (B) Crosstalk map of all
mRNA and o-ribosome sequences identified by design. This strategy shows reduced crosstalk compared
to designs identified by selection. (C) High aSD sequence diversity is observed among the designs.
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5.4

Conclusions and future directions
The results presented in this chapter highlight and interesting trade-off in the

selection vs. design of o-ribosome/mRNA pairs. In the case of a selection-driven
approach (Figure 5.2), high levels of activation can be achieved, but this performance is
achieved at the expense of mutual orthogonality between evolved pairs. Conversely, we
have demonstrated that o-ribosomes can be designed in silico to achieved greatly
improved orthogonality, however this improvement comes at the expense of reduced
activation of cognate pairs.
This trade-off highlights an interesting challenge in orthogonal ribosome design.
The interaction region between the 16S rRNA and the mRNA is very short (< 10nt), and
even partial complementary can be sufficient to initiate translation. This results in a small
sequence space in which to generate o-ribosome/mRNA pairs which are not crossreactive with orthogonal ribosomes and each other.
Moving forward, this design problem may benefit from the addition of a second
layer of regulation. Toehold switches, which are translational activators (discussed in
detail in Chapter 1 and Chapter 3), also regulate gene expression at the level of
translation, but do so in a complementary manner. Whereas orthogonal ribosomes rely
on base-pairing mismatches to assert their function, toehold switches rely on the
modulation of structural inhibition around the ribosome binding site. Therefore, a method
to potentially improve both the activation and orthogonality of orthogonal ribosomes could
be the addition of a toehold switch element into their function (Figure 5.6).
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Standard toehold switches rely on trigger RNAs to unwind a hairpin structure
around the ribosome binding site (grey, Figure 5.6a). Altering the RBS sequence to match
that of an orthogonal mRNA (red, Figure 5.6b) creates a dual requirement for translational
activation of the downstream gene. Both the corresponding trigger RNA and o-ribosome
must be expressed to overcome the structural inhibition and sequence mis-match of the
dual control strategy. Coupling orthogonal toehold switch-trigger pairs with o-ribosome
pairs could feasibly improve the fold activation of cognate target-trigger-16S sets and
minimize crosstalk between off-target sets, owing to the dual requirement of structural
change and sequence matching to activate gene expression (Figure 5.6c,d).
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Figure 5.6 A proposed method to improve the performance of orthogonal ribosomes. (A) Toehold switches
regulate translation by the displacement of structure around the translation start site, increasing
downstream gene expression upon binding of a cognate trigger RNA. (B) A proposed strategy for layered
riboregulation. A toehold switch target containing an orthogonal SD sequence inhibits translation by both
structural inhibition and sequence mismatch. Expression of both an orthogonal small subunit and trigger
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RNA is required for downstream gene activation. (C,D) This dual-control strategy could further improve the
orthogonality of aSD/SD pairs (C) by coupling orthogonal toehold switches and orthogonal ribosomes (D).

5.5

Materials and methods

5.5.1 Cloning and plasmid construction
All sequences were constructed by inverse PCR (iPCR). Reporter sequences were
cloned into a p15A plasmid backbone harbouring chloramphenicol resistance, and aSD
sequences were cloned into ColE1 backbones harboring carbenicillin resistance. See
appendix B for plasmid architectures (Figure B.1) and key sequences (Tables B.1, B.2,
and B.3).

5.5.2 Flow cytometry data collection
All flow cytometry experiments were performed in E. coli strain MG1655. Cells
were transformed with the relevant combination of reporter and reporter/ribosome
plasmids or reporter plasmid with pJBL002 (a blank trigger plasmid). An autofluorescence
control was included by transforming blank reporter and ribosome plasmids (pJBL001
and pJBL002, respectively) which were both taken from Lucks et al.1. Plasmid
combinations were transformed into chemically competent E. coli MG1655 cells, plated
on Difco LB+Agar plates containing 100 μg/mL carbenicillin and 34 μg/mL
chloramphenicol, and grown overnight at 37 °C. Following overnight incubation, plates
were left at room temperature for approximately 9 h. Individual colonies were grown
overnight in LB, then diluted 1:50 into LB. After 6 h, cells were diluted 1:100 in 1x
Phosphate Buffered Saline (PBS) containing 2 mg/mL kanamycin. A BD Accuri C6 Plus

130

flow cytometer fitted with a high-throughput sampler was then used to measure sfGFP
fluorescence. Measurements were taken for at least 3 biological replicates.

5.5.3 Flow cytometry data analysis
Flow cytometry data analysis was performed using FlowJo (v10.4.1). Cells were
gated by FSC-A and SSC-A, and the same gate was used for all samples. Samples
exhibiting non-unimodal fluorescence distributions were excluded from further analysis,
and the geometric mean fluorescence was calculated for each sample. The average
fluorescence (MEFL) over replicates of cells expressing empty plasmids (pJBL001 and
pJBL002) was then subtracted from each measured fluorescence value.
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Chapter 6

A Directed Randomization Approach to Generate Functional RNA Thermometers5

6.1

Abstract
A class of naturally-occurring RNA translational regulators - called RNA

thermometers (RNATs) - rely on temperature changes to melt cis-inhibitory structures,
resulting in temperature-dependent changes in downstream gene expression. This
simple regulatory mode makes RNATs an attractive mechanism to control gene
expression. In this chapter, we first use SHAPE-Seq to characterize the structural
transitions for a naturally-occurring RNAT. These structural studies highlight the
challenge that designing synthetic RNATs presents, as RNAT function relies on subtle
structural transitions. Instead of undertaking a strategy of de novo design of individual
variants, we show how NUPACK can be used to inform a randomization scheme for a
library of synthetic RNATs. This library can then be screened to identify thermometers
with a range of function. This work demonstrates an integrated strategy leveraging both
structural measurements and in silico predictions to solve a difficult design challenge.

5

Portions of the results presented in this chapter have been published as indicated below. For clarity and
to specifically discuss PDC’s contributions to the publication, the text is presented in a different format
here than the corresponding publication.
Figure 6.2, Figure 6.3, Section 6.3.1:
Meyer, S. I., Carlson, P. D., and Lucks, J. B. (2017) Characterizing the Structure-Function Relationship of
a Naturally Occurring RNA Thermometer. Biochemistry 56 (51), 6629-6638.
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6.2

Introduction
Nature has evolved a variety of RNA-based mechanisms to control gene

expression in response to environmental signals, which include changes in temperature.
In order to increase the production of heat-shock genes in response to increases in
temperature, cells often rely on translational RNA thermometers (Figure 6.1)

1-3.

RNA

thermometers (RNATs) regulate translation by a conceptually simple mechanism: at low
temperatures, the Ribosome Binding Site (RBS) is occluded in a structured hairpin,
preventing translation of the downstream heat-shock gene. Upon an increase in
temperature, the structure around the RBS is sufficiently melted such that the ribosome
is able to bind and initiate translation. This leads to a temperature-dependent increase in
gene expression (Figure 6.1). This simple mechanism and easy-to-implement stimulus
(temperature change) has made RNATs an attractive target for bioengineering efforts to
control cellular protein production.

Figure 6.1 Putative mechanism of a translational RNA thermometer (RNAT). At low temperatures, the
ribosome binding site (RBS) is occluded within a hairpin structure, inhibiting translation initiation (OFF).
Upon an upshift in temperature, the hairpin is sufficiently de-stabilized to enable ribosome binding, leading
to an increase in downstream gene expression (ON).
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While conceptually simple, RNATs have several drawbacks. First, the activation
observed from natural RNATs (such as the agsA RNAT from Salmonella enterica)2,4 is
low compared to other translational regulatory devices like toehold switches (Figure 6.2)5.
Second, even small sequence changes (like single point mutations) can drastically alter
the function of natural RNATs, and can even eliminate temperature-dependent activation
altogether6. These features make RNATs difficult systems to design.
In this work, we aim to improve the method for identifying RNATs with desired
properties. First, we study the temperature-dependent unfolding of the natural agsA
RNAT, and find that the function of this thermometer is linked to subtle changes in
structure even in the regime of large temperature changes and experimental conditions
which should be favorable to unfolding. These results provide an argument against the
de novo design of new RNATs, and point toward the need for an alternative identification
strategy. We then develop an alternative strategy for RNAT identification, by first
performing an in silico study of hairpin unfolding in NUPACK7,8. This informs the design
of a degenerate library of candidate RNATs, which can then be screened in highthroughput to identify a number of functional RNATs with diverse behaviors.
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Figure 6.2 Naturally-occurring RNA thermometers exhibit limited performance and high sensitivity to single
point mutations. (A) Secondary structure of the naturally-occurring agsA RNAT from Salmonella enterica,
comprised of two hairpins (P1 and P2). P2 contains the Shine-Dalgarno region (SD) in the fourU structural
motif. (B) Temperature-induced expression of superfolder GFP in cells by the agsA RNAT. Heat shock from
30 °C to 42 °C for 30 min yields a modest ~2-fold change in gene expression. Single point mutations can
drastically alter the expression level (G21C) or eliminate temperature responsiveness altogether (A29C).
An unstructured, temperature-unresponsive 5’ UTR (control) is shown for comparison. Figure adapted from
Meyer, Carlson, and Lucks6.
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6.3

Results

6.3.1 SHAPE-Seq reveals subtle temperature-dependent structural changes in the
agsA 5’ UTR
Given the subtle functional changes observed for the agsA RNAT, we were first
interested in studying the high-temperature melting of the agsA 5’ UTR in order to
determine the regime in which hairpin melting occurs, with the hope of using this
information to inform de novo RNAT design.
To predict the temperature at which melting of the RBS should occur, we first
calculated the base-pairing probabilities of the Shine-Dalgarno nucleotides (A47-G51) as
a function of increasing temperature using RNAStructure (Figure 6.3a)9. These results
suggested that near-complete unfolding of the RBS should occur between 60 °C – 80 °C.
We then performed in vitro SHAPE-Seq on purified agsA mRNA at 30 °C and 80 °C to
determine if we could observe large changes in reactivity at these positions (which would
point toward dramatic structural changes). We found that the increase in temperature
corresponded to distinct increases in reactivity (Figure 6.3b), although the magnitude of
this change was small-to-moderate (Figure 6.3c), suggesting that even large temperature
changes lead to a structure which still transiently forms a hairpin structure.
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Figure 6.3 Large temperature shifts correspond with modest reactivity changes within the agsA RNAT. (A)
Predicted base-pairing probability plot for the agsA RNAT Shine-Dalgarno sequence in the P2 hairpin at
60-80 °C to determine temperature at which Shine-Dalgarno sequence could show increased reactivity to
SHAPE probing. Probabilities determined based on the partition function calculated using RNAStructure.
(B) SHAPE-Seq normalized reactivity (ρ) plots for agsA from in vitro experiments in folding buffer performed
at 30 °C and 80 °C. Inset on the left shows the full scale of reactivities at nucleotide position 2, while the
inset on the right shows the reactivities of the SD sequence. (C) Reactivity differences between 80 °C and
30 °C (∆ρ) overlaid with the predicted agsA 5’ UTR structure. Figure adapted from Meyer, Carlson, and
Lucks6.

We next sought to determine if the subtle structural changes observed in the agsA
5’ UTR were the result of the specific folding and modification reagent used, or if they
indeed point toward a structure which remains only transiently unfolded at high
temperatures. To do this, we investigated the same high-temperature changes under two
protocol changes which should encourage SHAPE modification and hairpin unfolding
(Figure 6.4). First, we used a SHAPE probe with an increased half-life (N-Methylisatoic
anhydride, NMIA)10. If the high-temperature structure is transiently unstable, then a probe
with a longer half-life should be able to modify nucleotides when they are briefly in an
accessible conformation (Figure 6.4a). Second, we reduced the concentration of Mg2+ in
the folding buffer. High cation concentrations shield the repulsive interactions of adjacent
RNA strands, promoting the formation of secondary and tertiary structures. We predicted
that lowering the cation concentration should favor structural disassociation at elevated
temperatures (Figure 6.4b).
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Figure 6.4 Subtle temperature-dependent RNAT reactivity changes are observed across SHAPE reagents
and cation concentrations. (A) NMIA has a longer half-life (~430s at 37 °C) than 1M7 (~14s at 37 °C). This
increased half-life should promote the modification of transiently-accessible nucleotides in the P2 stem of
agsA. (B) Lowering the concentration of Mg2+ in the folding buffer may promote the unfolding of the P2 stem
by reducing the shielding effect of the negatively-charged RNA. (C) Reactivity data for the region spanning
the Shine-Dalgarno (SD) sequence of agsA for all combinations of 1M7/NMIA and low/high [Mgg+]. Only
G52 is highly accessible in certain conditions, although the remainder of the SD sequence only shows
modest reactivity increases across all conditions.
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Disappointingly, we found that no combination of NMIA and/or low [Mg2+] caused
the reactivities to be high, except at the terminal G of the SD seuqnece. This points toward
a mechanism of subtle weakening of interactions, which can then be disrupted by
ribosomes. These types of subtle structural changes make de novo design difficult,
because the structures and free energies of the relevant designed states are so similar.

6.3.2 An in silico study of structural features affecting RNA hairpin melting
The structural characterization studies of agsA point toward the need for an
alternative method for the de novo construction of RNATs, as the subtle structural
transitions observed make de novo design difficult. An advantage of RNATs over
riboregulators is that RNATs do not require the interaction of two complementary strands
(trigger and target); instead, a temperature change initiates switching. This feature makes
the randomization and screening of RNATs a much easier process than for riboregulators.
We therefore sought to use a randomization and screening strategy to select RNATs with
improved and expanded function, instead of designing each individual variant. To inform
the randomization scheme and maximize the likelihood of identifying functional RNATs,
we first used NUPACK to study the general effects of sequence changes on the unfolding
of a designed RNA hairpin structure (Scheme 6.1). This hairpin is designed to form a 8
bp stem and 6 bp loop. To minimize the likelihood of off-target pseudoknot formation
(which is not considered in the NUPACK design algorithm), the single-stranded loop was
further required to not base-pair with each side of the stem11,12.
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# design material, temperature, and trials
material = rna
temperature[C] = 25 # optional units: C (default) or K
trials = 10
# target structures
structure hairpin = D8 (U6)
structure A = U8
structure B = U6
structure Astar = U8
structure AAstar = D8 +
# sequence domains
domain a = SWWWWWWS
domain b = N6
# strands (optional, used for threading sequence information
# and for displaying results)
strand Hpinstrand = a b a*
strand Astrand = a
strand Bstrand = b
strand Astarstrand = a*
# thread strands onto target structures
hairpin.seq = a b a*
A.seq = a
B.seq = b
Astar.seq = a*
AAstar.seq = a a*
# target test tubes
tube hairpintube = hairpin
tube strandstube = A B Astar AAstar
# target concentrations for target structures in test tubes
# default concentration: 1.0e-6 M
hairpintube.hairpin.conc[uM] = 1.0
strandstube.A.conc[uM] = 0
strandstube.B.conc[uM] = 1.0
strandstube.Astar.conc[uM] = 0
strandstube.AAstar.conc[uM] = 1.0
#design against off-target complexes
hairpintube.maxsize = 3
strandstube.maxsize = 3
# stop conditions for normalized ensemble defect
hairpin.stop[%] = 1
A.stop[%] = 5
B.stop[%] = 5
Astar.stop[%] = 5
AAstar.stop[%] = 5
# stop conditions for test tubes
hairpintube.stop[%] = 5
strandstube.stop[%] = 5
# prevent sequence patterns
prevent = AAA,CCC,GGG,TTT,RRRR,YYYYYY,MMMMMM,KKKKKK,SSSSSS,WWWWWW
Scheme 6.1 NUPACK design strategy for a simple hairpin with minimized off-target structures.
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Using this hairpin design as a starting point, we then used the analysis feature of
NUPACK7 to study the predicted hairpin structure over a wide range of temperatures
(Figure 6.5a). As temperature increases from 0 °C to 100 °C, the hairpin transitions from
a stable structure to a fully-opened, single-stranded structure (Figure 6.5b). Next, we
introduced sequence changes to this design to determine their effects on the unfolding
profile (Figure 6.5c-h). Unsurprisingly, the GC-content (Figure 6.5c) and stem length
(Figure 6.5d) had the most pronounced effect on hairpin melting, with long or GC-rich
hairpins remaining partially folded even at 100 °C. Hairpin loop size only had a small
effect on melting (Figure 6.5e). The identity of the terminal base-pairs (Figure 6.5f), the
introduction of G-U wobble pairs (Figure 6.5g), and the introduction of symmetrical or
asymmetrical bulges (Figure 6.5h) all had a moderate-to-large effect on reducing the
temperature at which the hairpin is predicted to unfold.
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Figure 6.5 An in silico study of the effects of sequence changes on hairpin melting. (A) The unfolding
trajectory of a simple hairpin, measured by the base-pairing probably of stem bases. (B) Corresponding
predicted minimum free energy (MFE) structures along the unfolding trajectory in (A). (C-H) The effects of
sequence changes on the predicted unfolding profile for the starting hairpin. For each condition, the starting
hairpin is indicated with a dashed line.
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6.3.3 A directed randomization strategy identifies hundreds of functional RNA
thermometers
RNATs in most organisms should undergo a structural transition at modest
temperatures, typically 30 °C to 42 °C. Given this relatively low structural transition
temperature range, we focused our randomization scheme on several criteria: avoiding
extended runs of GC base pairs, altering the length of duplexes (up to 8bp), and
introducing alternating wobble pairs (G – U followed by U – G).
The randomization scheme used is shown in Figure 6.6a. To characterize the
diversity of potential unfolding behavior from this library, 100 randomly-generated
sequences matching the randomization scheme in Figure 6.6a were analyzed in
NUPACK. The unfolding trajectories display a wide range of temperature-dependent
behavior (Figure 6.6b), providing evidence that the randomization scheme may result in
diverse temperature-dependent behavior.
We then experimentally tested candidate RNAT designs (see Materials and
Methods for screening details). Of the 336 colonies screened, 243 (~72%) showed
temperature-dependent gene activation above that observed for an unstructured 5’ UTR
control; this control accounts for the slight increases in expression resulting from
increased cell growth at elevated temperatures (Figure 6.6c). Many designs showed
induction ratios (ON/OFF) exceeding that seen for the naturally-occurring agsA
thermometer. Moreover, despite using a common RBS sequence, the library members
showed basal expression levels that ranged over 2.5 orders of magnitude. This ability to
rapidly screen RNATs with diverse expression levels is useful for an array of applications.
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Figure 6.6 A directed randomization approach generates hundreds of functional RNATs with diverse
temperature-responsive expression changes. (A) The randomization scheme employed in this study, with
nucleotide identities color-coded. (B) Predicted unfolding trajectory of 100 randomly-generated variants
corresponding to the randomization scheme. The relevant experimental temperature range (30 °C to 42
°C) is shaded in blue. (C) An experimental screen for functional RNATs. The low temperature (30 °C, blue)
and heat shock (42 °C, red) sfGFP expression is shown for 243 identified variants which display
temperature-dependent gene activation beyond the activation seen in a constitutively-expressed sfGFP
control. Fold induction (42 °C / 30 °C) is plotted above, with the activation from the constitutive control in
green.
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6.4

Conclusions and future directions
In this work, we have used a combination of structural measurements, in silico

predictions, and randomized library design to better understand both the mechanism and
design pitfalls of RNA thermometers. SHAPE-Seq measurements revealed that even
under non-physiological temperature changes of 50 °C, the regulatory hairpin of a
naturally-occurring RNAT only undergoes modest structural transitions; these transitions
are even less pronounced when probed in cells at relevant temperatures6. This subtly
presents an interesting design challenge when we consider the creation of synthetic
RNATs with enhanced function. How can one reliably design a structural transition in
silico when the relevant structural states are subtle fluctuations in hairpin melting, rather
than the large free energy transitions in the RNA-RNA interactions which form the core of
synthetic riboregulatory design5,13-17? This complication, coupled with the experimental
ease of screening RNAT variants, led us to propose an alternative development approach
to the de novo design strategies outlined in chapters 2, 3, 4, and 5 of this work.
Instead of using NUPACK as a tool for de novo design, we instead used it to study
the effects of individual sequence elements on RNA melting. This simple approach
clarified the relative effects of individual sequence and structural changes on RNA
melting. This study in turn informed the design of a randomized library of potential RNATs;
A single randomized library coupled with medium- to high-throughput screening enabled
the identification of over 200 functional RNATs, with greater than 70% of screened
designs showing temperature-dependent increases in reporter expression (above
background), and basal expression levels spanning several orders of magnitude. This
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approach therefore represents a simpler (and far less expensive) approach to
thermometer design, which relies on iterative design, cloning, sequence-verifying, and
testing of individual candidate designs, and requires iterative rounds of design tuning to
identify highly-functional variants1,18-20.
One outstanding challenge in RNAT identification is that even the best-performing
variants identified in this study show activation levels of less than 5-fold. Despite being a
marked improvement over the performance of the natural agsA RNAT (Figure 6.2b), this
performance still lags considerably behind that of other engineered RNA-based regulators
of gene expression5,21-23. It is not implausible that, given the small free energy change
associated with thermometer induction (typically 30 °C to 42 °C ), it is not possible to
achieve high levels of activation through single-step RNAT melting alone. One avenue of
future investigation may be to couple RNAT regulation with a second mode of
temperature-based gene expression control. Specifically, expression of the sigma factor
s32 is upregulated under heat shock conditions (Figure 6.7a,b). Extensive work has been
done to characterize s32 promoters and identify its consensus sequence24-26. A similar
randomized library approach couple be taken to identify synthetic s32 promoters with
diverse induction behavior. Coupling these promoters (that regulate transcription with
different basal expression) and the RNATs identified in this study (that regulate translation
with similarly varied basal expression) could generate a large library of highly-functional
temperature responsive gene expression units (Figure 6.7c,d). This general strategy of
redundant regulation to improve performance is not without precedent; previous work has
shown that coupling transcriptional and translational regulation enhances the
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performance of riboregulators27, and that combining translational regulation and copy
number control improves the activation of a riboswitch28.

Figure 6.7 A dual transcription-translation approach to tightly regulate temperature-responsive gene
expression. (A) At low temperatures, s32 is minimally produced in the cell; s32-responsive promoters are
therefore weakly-expressed at these temperatures. (B) Upon an increase in temperature, s32 synthesis is
increased through the cellular heat-shock response, increasing the rate of transcription initiation from s32
promoters. (C,D) Coupling temperature-responsive s32 promoters with RNATs regulates gene expression
at two distinct steps, increasing the temperature-dependent fold activation of gene expression.

151

6.5

Materials and Methods

6.5.1 SHAPE-Seq measurements
Purified agsA mRNA was characterized using SHAPE-Seq was performed
following the in vitro SHAPE-Seq method described by Watters et al.29. 10 pmol of purified
mRNA was folded and probed at either 30 °C or 80 °C in a folding buffer containing 10
mM MgCl2, 100 mM NaCl, and 100mM HEPES. The RNA was probed with either 1methyl-7-nitroisatoic anhydride (1M7) or N-Methylisatoic anhydride (NMIA). A reverse
transcripton primer specific to sfGFP was used for reverse transcription, as demonstrated
in Watters et al.30.

6.5.2 Cloning and plasmid construction
Randomized thermometer libraries were generated by degenerate PCR cloning.
Two degenerate primers were used to accomplish this randomization (forward primer: 5’
– DTBAGAGGAGAYYTRDWATGagcaaaggagaagaacttttcactggagtt – 3’, reverse primer:
5’ – TGAACACCARARGGCCTRRRactagtattatacctaggactgagctagctgtcaa – 3’) creating
the pool of variants used in Figure 6.6 in only a single PCR step. The starting plasmid for
this randomization was the agsA

construct tested in Figure 6.2 (pJBL 3048) and

described in detail in Meyer, Carlson, and Lucks6.
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6.5.3 In vivo bulk fluorescence data collection
Bulk fluorescence experiments were performed in E. coli strain TG1 (F'traD36 lacIq
Delta(lacZ) M15 pro A+B+/supE Delta(hsdM-mcrB)5 (rk- mk- McrB-) thi Delta(lacproAB)). Cells were transformed with the degenerate plasmid library, then

grown

overnight on Difco LB+Agar plates containing 34 μg/mL chloramphenicol. Individual
colonies were then picked and grown overnight in LB at 37 °C with shaking. Following
overnight incubation, duplicate subcultures were diluted 1:50 and grown for 4h at 30 °C.
One of the duplicate subcultures was then heat-shocked at 42 °C for 30 min, after which
sfGFP fluorescence and optical density (OD600) were measured using a Biotek Synergy
plate reader. The randomization measurements shown in Figure 6.6 represent the pooled
results of two independent experiments.

6.5.4 Bulk fluorescence data analysis
To analyze the bulk fluorescence measurements, the OD600 of a blank well
(containing only M9 media) was first subtracted from the OD600 of each well. Then,
FL/OD600 was calculated for each well containing cells; the average FL/OD600 of the
autofluorescence control was then subtracted from each experimental well to determine
the final, normalized value of FL/OD600 for each condition.
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Chapter 7

Design of Co-transcriptional RNA Folding Pathways

7.1

Abstract
RNA design has largely been focused on the equilibrium design of structures to

control translation, as RNA folding and design algorithms are based on an underlying
assumption of equilibrium folding. However, many RNAs in the cell fold and regulate gene
expression co-transcriptionally. In this chapter, we outline design strategies for synthetic,
co-transcriptionally folded RNAs in living cells. Leveraging the design breakthrough that
intrinsic terminators can be functional outside of the canonical stem-loop structure
enables a number of novel co-transcriptional folding topologies to create new types of cotranscriptional RNA regulators. These include synthetic transcriptional attenuators, small
transcription activation RNAs (STARs) with no sequence constraints, and functionalized
terminators.

7.2

Introduction
Controlling gene expression at the level of mRNA synthesis (co-transcriptional

regulation) is an important strategy to regulate gene expression found in nature1,2. At the
core of this class of gene regulation is the halting of mRNA synthesis at rho-independent
(intrinsic) terminators3-6. Intrinsic termination requires two basic sequence-level and
structural-level features. First, RNA polymerase (RNAP) encounters a polyU tract, which
causes the polymerase to pause. Next, a strong stem-loop structure forms behind the
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polymerase, ratcheting the polymerase off of the DNA template. This is aided by the
presence of weak dA-rU base pairs (Figure 7.1).

Figure 7.1 The steps of intrinsic termination. Formation of a hairpin structure behind the RNA polymerase
and the presence of weak dA-rU base pairs causes the polymerase to be ratcheted off the template, halting
transcription.

A number of natural and synthetic mechanisms exist to regulate gene expression
through the conditional formation of intrinsic terminators3,5-11. Transcriptional attenuators
(such as the well-studied Staphylococcus aureus pT181 plasmid copy number control
element) undergo a default co-transcriptional folding pathway that favors an antiterminated structure (Figure 7.2a). Binding of a complementary trans-acting antisense
(trigger) RNA during transcription sequesters the anti-terminator and leads to the
preferential formation of a terminated structure, which halts downstream mRNA
synthesis.
Recent work has demonstrated the de novo design of synthetic transcriptional
activators, called Small Transcription Activating RNAs (STARs)

8,9,11.

In this strategy, a

designed toehold sits upstream of an intrinsic terminator (Figure 7.2b). Binding of a
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complementary STAR, initiated at the toehold, sequesters the 5’ terminator stem, leading
to an anti-terminated structure that enables transcriptional readthrough.

Figure 7.2 State-of-the-art regulatory strategies for transcriptional attenuation and activation. (A) The
pT181 transcriptional attenuator. In the default folding pathway, an anti-terminator sequence sequesters
the 5’ terminator stem, preventing terminator formation. Binding of the antisense sequesters the antiterminator, causing formation of the terminator and halting downstream transcription. (B) Small
Transcription Activating RNAs (STARs) are transcriptional activators. In the absence of STAR expression,
the target forms a terminated product. STAR expression and binding to the 5’ side of the terminator hairpin
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prevents terminator formation and leads to transcriptional readthrough of the terminator and expression of
the downstream mRNA.

Together, transcriptional attenuators and STARs represent an important class of
riboregulatory tools to control gene expression. Their co-transcriptional mode of
regulation, which bypasses protein intermediates, gives them several potential
advantages over their translational counterparts. These advantages include faster
regulator response times12,13 and the ability to generate straightforward computational
models to understand and predict transcriptional riboregulatory function12,14.
While they hold immense potential, several gaps exist in the design of cotranscriptionally regulated RNAs. The de novo design of transcriptional repressors has
not been demonstrated, limiting their utility. Additionally, sequence restrictions exist in
current co-transcriptional riboregulatory designs. In this work, we first sought to address
these challenges; in the process, we uncovered a unique element of co-transcriptional
design, namely that functional terminators can be formed outside of the canonical stemloop structures found in nature. This finding opens up a broad range of additional
applications of co-transcriptional RNA design.
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7.3

Results

7.3.1 A toehold-based transcriptional attenuator
A shortcoming in co-transcriptional RNA design is the complexity of currentlyavailable transcriptional attenuators. Extensive work has been done to engineer variants
of pT181 and understand the design rules underlying its function (see Chapter 2), but the
design flexibility of transcriptional attenuators still lags behind transcriptional activators.
Inspired by our success developing de novo-designed translational activators, we
sought to apply similar design methodologies to create de novo-designed translational
repressors. An analogous design strategy to translational toehold repressors is outlined
in Figure 7.3a. In this design, a toehold sequence is followed by an anti-terminator, which
sequesters the 5’ side of a transcriptional terminator, resulting in a default ON state to the
regulator. Binding of a trigger RNA at the linear toehold sequesters the anti-terminator,
allowing the terminator to form. We tested a range of toehold lengths, and found that a
longer, 29nt toehold maximized repression efficiency, yielding 88% repression (Figure
7.3b). Moreover, this design strategy was found to be orthogonal with a library of
previously-developed pT181 variants, yielding an 8x8 library of orthogonal repressors
(Figure 7.3c).
While this design follows the same structural logic as the pT181 attenuator, the
linear toehold and simplified binding domains makes the folding pathway much simpler,
creating the possibility of improving the performance by changing the parent terminator
or altering the binding strength and length of the various domains; these optimizations,
straightforward in this context, were intractable for the complex pT181 system.
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Figure 7.3 A toehold attenuator design for transcriptional repression. (A) Design schematic. In the absence
of a trigger RNA, an anti-terminator sequesters the terminator, leading to a default ON state. Trigger binding
sequesters the anti-terminator, allowing the terminator to form and leading to an OFF state. (B) A toehold
is required for efficient switching. A range of toeholds (from 0nt to 29nt) were tested, with longer toeholds
leading to stronger repression. (C) The toehold attenuator is functionally orthogonal to previouslycharacterized transcriptional attenuators based on pT181.
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7.3.2 Split terminators enable simplified transcriptional repression
We were next interested in determining if the design for a transcriptional repressor
could be simplified even further. We were curious if a functional attenuator could be
created in which the target contains the 3’ stem and polyU of a terminator, but lacks the
5’ terminator stem. In turn, the 5’ side of the stem could be supplied in trans by the trigger
RNA, thereby re-constituting a terminator-like structure (Figure 7.4a,b). Encouragingly, a
previous in vitro study showed that termination could be induced in trans by a DNA oligo,
although this study was performed under nucleotide-limiting conditions to slow the rate of
transcription15.
We tested this design scheme in cells, adding an unstructured region upstream of
the 3’ stem and polyU to help promote trigger-target binding before the polymerase
reached the polyU. However, we did not observe significant repression (Figure 7.4c).
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Figure 7.4 Design of a split terminator. (A) The basic features of a rho-independent terminator are a GCrich stem and a polyU tract. (B) Proposed mechanism of a split terminator. Binding of a trigger RNA at an
unstructured linear region reconstitutes a terminator in trans, leading to attenuation only the presence of
the trigger RNA. (C) In vivo testing of this design strategy leads to insignificant repression. Performance of
the wild-type pT181 attenuator included as a control6.
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We hypothesized that the cause of poor performance for our split terminator design
may be the slow timescale of inter-strand diffusion and binding relative to transcription.
Since actuation (“terminator” formation) occurs close to the 5’ end of the transcript, it is
possible that poor performance resulted from inefficient capture of targets by triggers,
rather than an inability of functional duplexes to terminate.
A re-designed split terminator is outlined in Figure 7.5a. In this scheme, the
unstructured trigger-target interaction region is followed by a structured spacer sequence,
which serves as a timing delay to allow additional time for the trigger to bind its target.
Only after the spacer is synthesized does the 3’ terminator stem form, at which point the
trigger is bound and “primed” to initiate termination.
When tested in cells, this design showed substantially improved repression
compared to the no-spacer version, surpassing 80% repression (Figure 7.5b).
Interestingly, substantially higher ON state fluorescence was observed from the split
terminator target compared to pT181, despite being tested in the same context (plasmid
backbone, promoter, ribosome binding site, reporter, etc). This could be the result of
several factors. First, no anti-termination is expected for the split terminator, since the
target doesn’t contain the sequence required to form a terminator. Second, the pT181
target contains a fragment of the repC protein6,16, which may compete for the sfGFP gene
for ribosomes.
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Figure 7.5 A functional split terminator is the simplest transcriptional riboregulator design strategy to date.
(A) Design scheme for a split terminator, incorporating a timing delay between the target-trigger binding
region and the “terminator”. (B) Functional performance of the split terminator design surpasses 80%
repression.
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7.3.3 A small transcription activating RNA (STAR) with no sequence constraints
Having addressed the need for simplified transcriptional attenuators, we next
turned to the challenge of sequence restrictions in co-transcriptional design. An
advantage of translational riboregulatory designs, such as toehold switches and
repressors, is a lack of hard sequence constraints on trigger RNA sequence; this feature
makes such systems useful for detection of endogenous mRNAs in cells and pathogenic
nucleic acids in cell-free systems17-22. However, transcriptional riboregulators have
sequence constraints dictated by the sequence of the terminator.
Our split terminator system demonstrated that transcriptional termination can be
achieved outside of the canonical stem-loop structure; in that case, formation of a
“terminator” occurs in trans, rather than in cis. We therefore sought to use this feature to
re-frame the STAR design problem to avoid direct binding to the 5’ terminator stem,
thereby removing sequence restrictions (Figure 7.6a). Our solution to this challenge is
outlined in Figure 7.6b. In this strategy, the target sequence is placed between the two
halves of a terminator stem. In the absence of STAR expression, the 5’ and 3’ ends of the
target are brought close together to promote termination. This design topology does not
place any hard sequence constraints on the target region, since RNAs generally form
short end-to-end distances (outside of the regime of extreme sequence homogeneity)23.
Upon STAR expression, the STAR and target form a duplex with increased rigidity,
sequestering the 3’ end of the target away from the 5’ end, thereby kinetically disfavoring
terminator nucleation.
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To test the feasibility of this design strategy, a degenerate target region (N40) was
introduced between the 5’ and 3’ stem of the pAD1 terminator. Colonies were sequenced,
and STARs corresponding to the target regions were cloned and tested for activation. Of
the 14 designs tested, 10 were found to activate expression up to 14-fold. While further
work is needed to uncover more details about the optimal structure of the target region,
this result provides a proof-of-principle that sequence-independent STARs can be
constructed by this method.
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Figure 7.6 A sequence-independent small transcription activating RNA (STAR). (A) The conventional
STAR design is sequence-restricted by the 5’ terminator stem. (B) A design strategy for a sequenceindependent STAR, in which the two halves of the terminator are separated by the target region. STAR
binding sequesters the 5’ and 3’ ends of the target region, disfavoring terminator nucleation. (C) Functional
performance of 14 tested variants yields activation in 10 of 14 designs, with activation reaching 14-fold.
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7.3.4 An efficient, functionalizable T7 transcription terminator
In the process of developing the transcriptional regulators discussed in Sections
7.3.2 and 7.3.3, we discovered that functional terminators can be formed outside of the
canonical stem-loop structure typically found in nature. This ability to split terminators or
add sequence between the 5’ and 3’ stems opens up the possibility of expanding the
utility of terminators in ways outside of riboregulation.
Terminators are almost ubiquitous in molecular biology, being required to halt
mRNA synthesis in protein expression applications. A particularly widespread systems is
the RNA polymerase from the T7 bacteriophage. T7 RNAP is highly processive and is
functional across domains of life, as it is just a single subunit. Moreover, T7 RNAP is
responsive to rho-independent terminators. Given its widespread utility, we sought to
determine if we could create a variant of the natural T7 terminator that contains a
functional scaffold in place of the loop, thereby dual-purposing the terminator for both
transcript termination and as a site where functional RNA segments could be
incorporated. These include RNA-binding protein (RBP) binding sites or fluorescent
aptamers for RNA tracking in live cells24-27.
To assess terminator function, we first developed an assay to measure termination
efficiency in vivo (Figure 7.7). This systems is based on the dual-reporter assay
developed by Chen et al.4, but modified to study termination by T7 RNAP (Figure 7.7a).
In this system, a terminator is placed between two fluorescent proteins. The first protein
helps establish a normalization factor for each construct (compared to a control that lacks
a terminator sequence). The normalized expression of the downstream reporter relative
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to the control therefore serves as a measure of the termination efficiency of the terminator
(Figure 7.7b,c).

Figure 7.7 Testing and validation of T7 terminators containing 3WJ spacers. (A) Plasmid design to
characterize terminator efficiency. (B) No termination results in both sfGFP expression and mRFP
production, whereas a terminated mRNA only produces mRFP. (C) Normalized sfGFP expression serves
as a measure of termination efficiency. (D) Terminator validation characterizing 6 terminators using both E.
coli RNAP and T7 RNAP. (E) Design of candidate terminators containing part or all of the Phi29 3WJ RNA.
(F) Termination efficiency of the designs tested in (E).
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We first tested a panel of 6 terminators using both E. coli and T7 promoters, and
confirmed that their relative termination efficiencies were consistent with previous reports
and our previous experience working with them (Figure 7.7d) 5,6,11,28,29. Next, we took the
best-performing T7 terminator - the WT rho-independent T7 terminator30 – and inserted
the core phi29 3WJ in various orientations (Figure 7.7e). This structure is highly stable,
and can be used as the scaffold point for two separate RNA domains on each arm of the
3WJ24,31-33. We found that several orientations maintained the termination efficiency of
the terminator. This result demonstrates that the T7 terminator can remain functional
while simultaneously serving as a scaffold site for functionalized RNA domains.
Next, we wanted to see if we could improve the termination efficiency of our
functionalized T7 terminator. To do this, we randomized the terminator sequence and
screened the resulting library for termination efficiency (Figure 7.8a,b). We were able to
identify library members with improved repression efficiency over the starting terminator,
with the best-performing variant showing 93% termination efficiency (Figure 7.8c). This
terminator represents a better-terminating variant than the wild-type T7 terminator, and
contains two sites that could be functionalized for a number of applications.
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Figure 7.8 A randomization strategy to identify scaffold-containing T7 terminators with enhanced
termination efficiency. (A) Randomization scheme for terminator testing. (B) Measured termination
efficiency for over 100 variants. The wild-type T7 terminator (yellow) and scaffolded WT terminator (red)
are included for comparison. (C) Sequence and predicted structure of the best-performing variant, giving
93 ± 2% repression efficiency.
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7.4

Conclusions and future directions
The functional designs presented in this work represent a small subset of the wide

array of co-transcriptional folding topologies that could be designed. Expanding the range
of folding schemes that can be implemented in cells will in turn broaden the scope of
complex behaviors that we could engineer in both cellular and cell-free systems. In this
final section, design schemes for additional regulatory motifs and their potential uses are
discussed; it should be noted, however, that these designs have not yet been
implemented and tested in vivo.

7.4.1 A temporally-inactivated STAR
The design of co-transcriptionally-regulated RNA structures assumes that only one
of the interacting strands (the target) is regulated co-transcriptionally; for the case of
transcriptional attenuators (both natural and synthetic) and activators, the trigger/STAR
strand is assumed to be fully-synthesized. An interesting design problem is to consider
the interaction of two strands where the co-transcriptional folding of both species is a
critical component of their function. A simple illustrative example is shown in Figure 7.9.
In this scheme, a STAR target is synthesized as described previously9. The 5’ to 3’ design
of the corresponding STAR is such that the functional domains (in this case b*-a*) are
synthesized first, allowing the STAR to activate gene expression if an actively-transcribing
target is nearby and available to bind. A neutral spacer sequence (t) is then transcribed,
after which complementary regions a and b are synthesized, forming intramolecular basepairs with b*-a* and rendering the STAR unable to productively bind targets and therefore
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functionally inactive. The length of time that the STAR remains active should be
proportional to the length of the spacer sequence t, which thereby acts as a tunable timing
element.

Figure 7.9 A proposed design strategy for transiently-functional trigger RNAs. Transcriptional activation
using a small transcription activating RNA (STAR) is used as an illustration, but any toehold-mediated
transcriptional regulator should also be functional in this manner.

This type of design - where STARs (or triggers) are transiently active - creates a
second control point for RNA design in cells beyond that achievable by equilibrium design
alone; the trigger and target RNAs must be both complementary and synthesized
simultaneously. A potential application of this design is the development of systems in
which activation occurs only when STAR and target are synthesized in the same
subcellular organelle; STARs that diffuse into other regions of the cell are already
rendered non-functional and are therefore unable to activate gene expression. Much like
the examples of DNA strand exchanged coupled to spatial patterning, this added
dimension of temporal control could greatly expand the complexity of RNA regulation in
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cells, or enable the recycling of interaction domains in the same cell without the crosstalk
that would result from the free diffusion of functional STARs.

7.4.2 Sequence-independent attenuation and activation using kinetic barriers to
strand exchange
As discussed in section 7.3.3, sequence-independent transcriptional activation can
be achieved by placing a partially-structured target sequence between two halves of an
intrinsic terminator. STAR binding to the target sequesters the 5’ and 3’ ends of the spacer
away from each other, proving a kinetic barrier to efficient terminator nucleation.
An alternative strategy that could be implemented for both transcriptional activation
and repression is outlined in Figure 7.10. These designs rely on the use of trigger – target
interactions to overcome kinetic barriers to strand exchange, thereby allowing for
switching between co-transcriptional folding pathways without needing to bind across a
sequence-restricted subregion of the target.
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Figure 7.10 Proposed design strategies for sequence-independent transcriptional repression and activation
using kinetic barriers to strand exchange. (A) Transcriptional attenuation. (B) Transcriptional activation.

7.4.3 A species-independent STAR design using T7 RNA polymerase
The terminator design outlined in section 7.3.4 is a promising starting point for the
development of STARs which are compatible with alternative RNA polymerases, such as
the RNAP from the T7 bacteriophage. The primary advantage of using the simple T7
RNAP for transcriptional regulation is the possibility of creating riboregulators that are
functional in diverse hosts. E. coli RNAP, which is complex and consists of multiple
subunits, is non-transferable to other organisms (such as archaea or eukaryotes).
However, T7 RNAP can easily be transferred into a variety of hosts, allowing for T7-driven
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gene expression. If a transcriptional regulator could be optimized to function with T7
RNAP, then it should also be transferable to other hosts.
The primary complication of using T7 RNAP is its increased transcription speed
relative to E. coli RNAP. Since transcriptional regulation is time-dependent, T7-driven
expression leaves far less time for trigger-target interactions to be initiated, resulting in
poorly-performing regulators. A possible method to overcome this challenge is to
incorporate a time delay into a STAR (or repressor) target, counteracting the effect of
increased transcription speed (Figure 7.11). In fact, the improved T7 terminator shown in
Figure 7.8c will be an excellent starting point to build T7-STARs, using the 3WJ as a
spacer element.

Figure 7.11 Incorporation of a time delay may enable transcriptional activation by T7 RNA polymerase.
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7.5

Materials and Methods

7.5.1 Cloning and plasmid construction
Plasmids were constructed using standard cloning techniques, including PCR and
Gibson Assembly. For all experiments, target sequences were expressed from plasmids
harboring chloramphenicol resistance and a p15A origin of replication. Trigger sequences
were expressed from plasmids harboring carbenicillin resistance and a ColE1 origin of
replication. Plasmids were constructed from plasmids used for attenuator characterization
in previous work5,6.

7.5.2 In vivo bulk fluorescence data collection
Bulk fluorescence experiments were performed in E. coli strain TG1 or BL21*(DE3)
for T7 experiments. Transformed cells were plated on Difco LB+Agar plates containing
100 μg/mL carbenicillin and 34 μg/mL chloramphenicol, and grown overnight at 37 °C.
Following overnight incubation, plates were left at room temperature for approximately 9
h. Individual colonies were grown overnight in LB, then diluted 1:50 into M9 minimal
media. After 4 h, sfGFP fluorescence and optical density (OD600) were measured using
a Biotek Synergy plate reader.

7.5.3 Bulk fluorescence data analysis
To analyze the bulk fluorescence measurements, the OD600 of a blank well
(containing only M9 media) was first subtracted from the OD600 of each well. Then,
FL/OD600 was calculated for each well containing cells; the average FL/OD600 of the
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autofluorescence control was then subtracted from each experimental well to determine
the final, normalized value of FL/OD600 for each condition.

7.5.4 Flow cytometry data collection
All flow cytometry experiments were performed in E. coli strain TG1 (F'traD36 lacIq
Delta(lacZ) M15 pro A+B+/supE Delta(hsdM-mcrB)5 (rk- mk- McrB-) thi Delta(lacproAB)). Cells were transformed with the relevant combination of target and trigger/STAR
plasmids or target plasmid with pJBL002 (a blank trigger plasmid). An autofluorescence
control was included by transforming blank target and trigger plasmids (pJBL001 and
pJBL002, respectively) which were both taken from Lucks et al.6. Plasmid combinations
were transformed into chemically competent E. coli TG1 cells, plated on Difco LB+Agar
plates containing 100 μg/mL carbenicillin and 34 μg/mL chloramphenicol, and grown
overnight at 37 °C. Following overnight incubation, plates were left at room temperature
for approximately 9 h. Individual colonies were grown overnight in LB, then diluted 1:50
into M9 minimal media. After 6 h, cells were diluted 1:100 in 1x Phosphate Buffered Saline
(PBS) containing 2 mg/mL kanamycin. A BD Accuri C6 Plus flow cytometer fitted with a
high-throughput sampler was then used to measure sfGFP fluorescence.

7.5.5 Flow cytometry data analysis
Flow cytometry data analysis was performed using FlowJo (v10.4.1). Cells were
gated by FSC-A and SSC-A, and the same gate was used for all samples. Samples
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exhibiting non-unimodal fluorescence distributions were excluded from further analysis,
and the geometric mean fluorescence was calculated for each sample.
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Chapter 8

Optimizing the SHAPE-Seq Protocol to Study RNase P from a Hyperthermophilic
Archaea

8.1

Abstract
As RNA design advances toward applications in non-model organisms, new

challenges will arise. A class of organisms of particular interest are extremophiles, which
grow and thrive and extreme temperatures and pressures. The genomes of these
organisms are highly GC-rich and structured, which creates a technical roadblock to
implement reverse transcription-based chemical probing methods in such organisms. In
this chapter, we study the RNase P RNA (RPR) from the hyperthermophile Pyrococcus
furiousus (Pfu). Adjustments to the SHAPE-Seq protocol enable structural studies of this
RNA, providing a roadmap for the study of natural and engineered RNAs from atypical
organisms.

8.2

Introduction
Microorganisms have evolved to grow at thrive in a wide array of environmental

conditions including extreme cold, heat, and high salt environments1-4. These
extremophiles therefore serve as both interesting model systems as well as potential
hosts for specialized applications including biomanufacturing and bioremediation. Our
ability to inexpensively synthesize, sequence, and edit DNA makes the engineering of
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novel hosts even more tractable, and advances in RNA regulator design will facilitate the
application of generalizable regulatory strategies in novel systems.
The potential transition of RNA synthetic biology into new organisms requires the
ability to carry out RNA structure probing experiments on both endogenous and designed
RNAs in these new systems. This is a particular challenge for thermophiles, whose GCrich genomes make reverse transcription-based structure probing methods more difficult
to implement, as nucleic acid structure can inhibit both reverse transcription (RT) as well
as PCR-based library processing steps5.
In this chapter, we focus on studying the RNase P RNA (RPR) from the archaeal
hyperthermophile Pyrococcus furiosus (Pfu), which grows at temperatures around 100 °C
(Figure 8.1) 4. This particular RNA is a compelling test case for several reasons. First, its
high genomic GC content (~62%) makes it well-suited as a test case to study the
limitations of structure probing in GC-rich RNAs. Second, Pfu RPR is a biologically
compelling target to study from an evolutionary standpoint. RNase P is one of the RNA
molecules found in all domains of life, and is responsible for carrying out cleavage of
precursor tRNAs. In bacteria, RNase P is comprised of both an RNA chain and a single
protein subunit, and the RNA component alone is capable of catalyzing RNA cleavage
without the protein in vitro (in the presence of divalent cations). RNase P in higher
organisms is comprised of a smaller RNA core and additional proteins, and the RNA alone
is non-functional. Archaeal RNase P is an interesting intermediate between these two
extremes, and it has been shown that Pfu RPR can regain catalytic activity under nonphysiologically high [Mg2+]6. A thorough understanding of archaeal RNase P will help fill
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in gaps in our understanding of the evolutionary relationship of this important systems
across domains of life, and help inform the experimental pitfalls of studying natural or
designed RNAs from non-model organisms.

Figure 8.1 Ribonuclease P (RNase P) from the hyperthermophile Pyrococcus furiosus (Pfu). Pfu grows at
an optimal temperature of 100 °C, and has a genomic GC content of approximately 62%. The RNase P
RNA (RPR) from this organism is 330 nt long, and consists of two domains. S: substrate specificity domain.
C: catalytic domain. Figure adapted from Lai et al. 7.
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8.3

Results

8.3.1 Pfu RPR shows [Mg2+]-dependent changes in structural conformation
To study the Pfu RPR, we first performed in vitro SHAPE-Seq as described by
Watters et al.8. Because Pfu RPR without RPPs performs multiple turnover at ≥0.1 M
Mg2+ and 2 M NH4+6, we first wanted to obtain RPR SHAPE-Seq profiles over a range of
[Mg2+]. To accomplish this goal, Pfu RPR was first in vitro transcribed and purified. Single
replicate experiments were performed by folding the Pfu RPR in buffer containing 50mM
HEPES, 2M NH4(OAc), and MgCl2 to give a range of [Mg2+] from 10mM to 500mM. As
shown in Figure 8.2, our preliminary data from these experiments reveal distinct [Mg2+]dependent structural changes in catalytically important regions, including C105-A115 and
G200-G210, which form interdigitated T-loops that are required for substrate binding6,7.
Increasing [Mg2+] also correlates with a sharp drop in reactivity across the GNRA tetraloop
spanning G74-A77, as well as a moderate increase at U45.
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Figure 8.2 Portions of the SHAPE-Seq v2.1 reactivity spectrum of in vitro folded Pfu RPR with a range of
[Mg2+] spanning 10 mM to 500 mM. Very high, high, moderate, low, very low, and no SHAPE reactivities
are color-coded. Numbering above plots corresponds to the structure shown in the center, and regions of
significance are highlighted in grey.

8.3.2 SHAPE-Seq optimizations to improve read coverage across Pfu RPR
While our initial results were very promising, a technical challenges arose in the
process. Very high rates of reverse transcription drop-off were observed in the (-) SHAPE
control channel, requiring high sequencing read coverage to obtain usable data. This is
not a sustainable solution in the long run, as it is expensive to use high sequencing
coverage to study a single RNA. We therefore set out to identify protocol improvements
to the SHAPE-Seq pipeline that could be applied in the case of difficult-to-study RNAs
like Pfu RPR.
First, we investigated strategies to reduce the high rates of signal drop-off in the
no SHAPE control channel (Figure 8.3). Dropoff can occur as the result of highlystructured regions interfering with reverse transcriptase processivity. It is also a natural
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feature of long RNAs, since there is always a chance of dropoff at each position, making
it difficult to achieve even read coverage across a long RNA even in the absence of a
high GC content. The strategies we pursued including bypassing the first adapter ligation
and priming directly off of the 3’ end of the RNA. While this leads to information loss about
the reactivity in those nucleotides, it greatly reduced drop-off (Figure 8.3a,b). Next, we
tried adding a second internal reverse transcription priming site (Figure 8.3c); this
improved the read coverage of the 5’ end of the RNA (Figure 8.3d). Finally, we tried using
a different reverse transcriptase enzyme (experiments until this point used Superscript III
RT [Thermo Fisher]), although this did not reduce dropoff (Figure 8.3e).
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Figure 8.3 Strategies to improve the library quality from Pfu RPR SHAPE-Seq experiments. (A) Direct
reverse transcription priming from the 3’ end of the RNA bypasses the need for a linker ligation step. This
increases the proportion of full-length reads in no SHAPE control condition (B). The addition of a second,
internal priming site (C) also improves read distribution (D). (E) Using a different reverse transcriptase does
not improve library quality.

8.3.3 A splinted adapter ligation strategy reduces ligation bias compared to a
ssDNA-ssDNA ligation
A challenge in constructing chemical probing libraries is the potential for the
introduction of bias into the ligation steps which are necessary to prepare cDNA for
sequencing. Ligation bias can alter the distribution of fragments that make it through to
final sequencing; this distribution in turn informs the calculation of chemical reactivities,
so a step that introduces a bias in this distribution is a concern.
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One of the standard steps across SHAPE-Seq experiments is a ssDNA-ssDNA
ligation using the Circligase enzyme8-11. Recent work has shown that the Circligase
reaction has a strong dependence on the identify of the nucleotide at the 3’ end of the
cDNA fragment being ligated, which is the nucleotide that encodes the position of the
modification12. Of particular concern for Pfu RPR (and other GC-rich RNAs) is the strong
bias against G when using Circligase.
We investigated whether using the splinted T4 ligation described by Ritchey et al.
12

reduces nucleotide-dependent ligation bias for Pfu RPR. To do this, we prepared a (-)

channel (no 1M7) library, which was split after reverse transcription. Half of the sample
was subjected to a standard Circligase ligation, and the other half was subjected to a T4
splinted ligation12. We then sequenced the libraries and calculated the distribution of the
mapped 3’ ends compared to the true nucleotide distribution in the RNA; if there is no
nucleotide-dependent bias in this ligation, one would expect the mapped distribution to
more closely match the distribution in the RNA.
We found that a splinted ligation using T4 DNA ligase indeed improved the
nucleotide distribution to more closely match the true distribution within the RNA (Figure
8.4). However, it should be noted that it is difficult to completely de-couple this
phenomenon from structure-dependent RT falloff. It is possible that some of the bias still
observed in the T4 DNA ligase case is an artifact from structure-depended RT falloff,
which is more likely to occur at strong (G-C) base pairs. However, since the data
presented in Figure 8.4 were only split after RT means that the T4 ligation does indeed
improve library quality, as the distribution is less biased than when using Circligase.
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Figure 8.4 A splinted T4 DNA ligation strategy reduces ligation bias compared to a Circligase ssDNAssDNA ligation. The distribution of reads from a library prepared using T4 DNA ligase (dark blue) more
closely matches the true nucleotide distribution of Pfu RPR (light blue) compared to Circligase (red).

8.4

Conclusions
In this chapter, we have shown that SHAPE-Seq can be used to study the cation-

dependent structural transitions in an archaeal RNase P. An increase in [Mg2+], which
has been shown correlate with a gain of activity for this RNA, corresponds to reactivity
changes that suggest long-range structural transitions of the RNA, including the
movement of the S and C domains relative to one another. Future work will investigate
whether the addition of RNase P proteins (RPPs) results in the same sorts of reactivity
changes; this work will help elucidate the role of RPPs in promoting the cleavage activity
of the Pfu RPR even at low [Mg2+].
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We have also shown how protocol changes can be used to improve the quality of
SHAPE-Seq libraries for difficult-to-study RNAs. These changes include direct priming to
the target RNA, the introduction of multiple priming sites, and alternative ligation
strategies to the biased ssDNA-ssDNA ligations which have historically been used. While
new systems will present their own challenges, this work serves as a test case and
potential roadmap for how to troubleshoot the SHAPE-Seq workflow when library quality
is poor.
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Chapter 9

Conclusions and Perspectives6

9.1

Conclusions
In this work, we have expanded our ability to design RNA machines to perform

regulatory functions in cells by leveraging computational nucleic acid design algorithms.
We also demonstrated the power of chemical probing technologies such as selective 2’hydroxyl acylation analyzed by primer extension sequencing (SHAPE-Seq) to
characterize and understand the mechanisms by which natural and designed RNAs carry
out their functions.
SHAPE-Seq studies of two chimeric RNAs – the pT181 transcriptional attenuator
and the tethered ribosome (Ribo-T) – revealed the importance of local nucleotide flexibility
in the function of dynamic RNA regulators. In the case of pT181, this flexibility likely
facilitates efficient trans-acting RNA binding between the sense (target) RNA and
antisense (trigger) RNA. In the case of Ribo-T, linker flexibility enables inter-subunit
ratcheting for efficient translation.
Building from our studies of chimeric RNAs, we were able to extend the design
principle of nucleotide flexibility to de novo-designed translational RNA repressors,
toehold repressors and looped antisense oligonucleotides (LASOs). These novel

6Figure

9.1 and Section 9.2 have been published as the following manuscript:

Carlson, P. D., and Lucks, J. B. (2018) Elements of RNA Design. Biochemistry. (Issue Cover Article)
DOI 10.1021/acs.biochem.8b01129
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riboregulators outperform previous translational repression strategies and have
widespread applications in synthetic biology and metabolic engineering. We then
demonstrated the utility of integrating chemical probing into the evaluation of designed
RNAs by characterizing the structure-function relationship of the three-way junction (3WJ)
repressor. Not only were we successful in confirming the structural design strategy of
3WJ repressors, but we identified a mode of failure for a poorly-functioning variant. These
types of insights will become increasingly important as the complexity of designed RNA
machines continues to out-pace our ability to predict by computation alone the nuanced
structural interactions which arise in complex systems.
Moving beyond our studies of translational riboregulators, we demonstrated the
successful design of other regulatory RNAs, including orthogonal ribosomes, RNA
thermometers, and transcriptional regulators. These advancements in de novo RNA
design have helped lay the groundwork for more sophisticated applications of synthetic
RNAs in areas spanning molecular diagnostics, dynamic control of cellular metabolism,
and complex logic computation.

9.2

Perspective: The Elements of RNA Design
The versatility of naturally-occurring RNAs that perform central cellular functions

has generated intense interest in designing engineered RNAs to control these
processes1,2. Mechanistic studies of natural RNA systems that sense and respond to
changes in temperature, small molecule or metabolite concentration, and the expression
of other RNA and protein species in the cell have been combined with advances in

199

computational nucleic acid design to enable the de novo design of synthetic RNA
regulators to control gene expression. While progress has been remarkable2-4, challenges
remain. Here we outline important progress and emerging technologies for state-of-theart RNA design, and challenges which must be addressed to enable the next generation
of synthetic RNA devices that can be used in applications including biomanufacturing,
therapeutics and diagnostics (Figure 9.1).
A primary consideration in RNA design is the RNA folding regime most appropriate
for a desired function. Two principle RNA folding regimes are most important, depending
on which point in its lifecycle the RNA performs its function. Kinetic design focuses on the
out-of-equilibrium folding processes that occur during RNA synthesis, where interactions
and refolding events must occur during the fast process of transcription. Examples of
RNAs that need kinetic design include riboswitches that make transcriptional regulatory
decisions as a function of intracellular ligand concentration. On the other hand,
thermodynamic design focuses on RNA functions that can occur over longer timescales,
and is typically appropriate when interactions occur post-transcriptionally and are driven
by free energy differences between possible RNA structures and interactions.
Most work in RNA synthetic biology to date has focused on thermodynamic design,
primarily because we know the most about equilibrium RNA folding. One example is the
toehold switch, a computationally designed RNA system that controls translation in
response to the binding of a designed RNA trigger. Toehold switches allow tight control
of translation, and have enabled the most complex RNA-based synthetic gene regulation
to date that can implement the in vivo evaluation of a 12-input logic function4. Kinetic RNA
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folding pathways on the other hand are generally more difficult to computationally predict,
and therefore designing in the kinetic regime has remained a challenge for RNA synthetic
biology. If this challenge can be overcome however, the kinetic RNA folding regime has
several potential advantages, including the ability to regulate transcription with designed
RNAs that would enable RNA-only genetic circuits. For example, de novo-designed
transcriptional activators called small transcription activating RNAs (STARs) have been
used to create genetic networks that display sophisticated temporal patterns of gene
expression, including an incoherent feed forward loop governed by the STAR-mediated
control of guide RNA synthesis for downstream CRISPR interference3. Both of these
examples are evidence that there has been strong progress in RNA synthetic biology,
with computationally designed STARs and toehold switches achieving dynamic ranges
exceeding those of many protein-based systems3,4.
Another element to consider is the design of RNA interactions with small
molecules, ions, and proteins. These interactions allow natural RNA regulators to serve
as biosensors of cellular state. However, ligand-RNA and protein-RNA interactions are
difficult to model in silico, as design algorithms cannot currently capture the many noncanonical structural contexts often needed to create specific binding interactions.
Recently, progress was made in the computational design of synthetic riboswitches by
forcing the fold of the aptamer domain and accounting for the additional energy of
stabilization from ligand binding, representing an important step forward in effectively
modeling these complex RNA-ligand interactions in synthetic systems2. However,
substantial work remains to enable the completely de novo design of such interactions,
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and will require advancements such as the integration of RNA and protein design
algorithms, as well as the further development of strategies to abstract the complexity of
RNA-ligand binding to generate simplified design motifs.

Figure 9.1 Overview of the emerging design-test-learn cycle for RNA engineering. Natural RNA systems
inspire the in silico design of synthetic versions with novel or optimized performance. Important
considerations for design are kinetic vs. thermodynamic folding regimes, how to include ligand and protein
interactions, and whether to design at the 2D or 3D level. Functional testing and structural testing with highthroughput RNA structure chemical probing measurements can then be used to characterize the designed
RNAs and troubleshoot unintended folding or expression patterns. These design and testing schemes in
turn teach us about new principles for increasing the complexity and utility of synthetic RNA-based
regulators. RT, reverse transcription.
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Dimensionality is also an important element of RNA design. Most in silico design
methods have been limited to 2-dimensional (2D) design, and typically do not allow for
the consideration of the 3-dimensional (3D) tertiary interactions that can be critical for
proper RNA function. Designing at the level of secondary structure is often a suitable
abstraction to achieve successful designs, particularly when RNA function is based on
the conditional formation of base pair interactions3,4. However, designing more complex
regulation strategies will require improved folding models to account for the 3-dimensional
nature of RNA folding. Recently there has been progress in bridging the gap between de
novo 2D and 3D design, where structural motifs taken from solved crystal structures were
used as building blocks to design complex 3D structures including linkers for synthetic
tethered ribosomes5. This work provides a glimpse of the staggering breadth of novel
functions that de novo 3D design could enable.
Following design, functional and structural characterization form the backbone of
the testing platform for RNA engineering. Functional testing links expression of a
designed RNA network to a measurable cellular output such as gene expression.
However, it can be difficult to explain discrepancies between the designed structure of an
RNA regulatory network and an undesired functional output. A unique tool for RNA-based
design is the broad suite of high-throughput chemical probing technologies that have
been developed to characterize RNA structures in a range of folding regimes including in
vitro, in vivo, and cotranscriptionally-folded. Chemical probes covalently modify an RNA
of interest in a structure-dependent manner, with more flexible regions being more readily
modified. The positions of these modifications are then detected by reverse transcription
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and high throughput sequencing. The distribution of modifications is then used to
calculate a reactivity at each position, with higher reactivities corresponding to more
unstructured positions. These experiments can capture structural features beyond simple
base-pairing, such as protein or ligand binding, base stacking, and tertiary interactions.
Since these features can all be difficult or impossible to predict with current RNA folding
models, chemical probing experiments are an important bridge between in silico design
and in vivo function, accelerating the design-test-learn cycle. In a recent example of this
integrated approach, parallel functional and structural testing of the pT181 RNA
transcriptional repressor revealed a new design principle related to the structural flexibility
of an RNA-RNA interaction domain, enabling the forward engineering of new repressor
variants1. A question at the forefront of RNA synthetic biology is how to best integrate
high-throughput RNA structural information within design algorithms.
While much has been learned in recent years, several challenges remain for the
creation of complex RNA networks. First, the burden imposed by synthetic circuitry can
be deleterious to cellular fitness. Synthetic RNAs are typically overexpressed relative to
endogenous RNAs in order to minimize diffusion limitations and maximize regulator
performance3,4. For small networks, this overexpression does not have a substantial
impact on cellular fitness, but larger networks containing multiple layers of regulation or
many individual species can lead to drastically reduced cellular fitness. Strategies to
obviate the need for overexpression, such as the development of synthetic organelle-like
vesicles to increase the local concentration of interacting species, will be necessary to
minimize cellular burden for complex genetic circuitry. Context effects – that is, the spatial
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ordering of individual functional elements along an RNA transcript – can also impede the
functional performance of complex RNA regulatory networks. Elements that behave as
expected in isolation may interact with adjacent functional elements when expressed as
part of a larger network; these long-range interactions are difficult to predict a priori, and
currently require a trial-and-error approach to test which organizational schemes perform
best. Isolation strategies, including the placement of cleavable RNA elements between
functional domains3, can help reduce these effects, although improved structural design
principles are still needed. Finally, limited portability between organisms remains a
fundamental roadblock. Theoretically, RNA folding could be robust to different cellular
environments, which is an intriguing potential advantage of RNA regulation. However in
practice, RNA regulators are generally optimized to function in a single host, and rely on
cellular machinery – such as RNA polymerases3 and ribosomes4 – for proper function.
Transfer of regulatory mechanisms to non-model organisms has therefore been difficult,
limiting the widespread adoption of these regulation strategies. Decoupling these
strategies from organism-specific features of cellular factors could facilitate the efficient
transfer of RNA regulators to new hosts.
Here we have outlined several elements of RNA design that have fueled significant
progress in RNA synthetic biology. The second edition of these elements will likely include
deeper insights that distill the nuances of the structure-function relationships of RNA into
principles of RNA design. Based on the rapid and impressive progress in RNA synthetic
biology thus far, we anticipate designed RNA systems to play an increasingly important
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role in biotechnologies and to become powerful synthetic tools for unraveling the function
of natural RNAs.
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APPENDIX A

Supplemental Information for Chapter 3: De novo Design of Translational RNA
Repressors

A.1

Supplementary Tables

Supplementary Table A.1 Important sequences used in this study. Plasmid
architectures shown in Figure A.2 and Table A.2.
Name
J23101 promoter
J23119 promoter
J23119 promoter
(with SpeI cut site)
J23150 promoter

Superfolder GFP
(sfGFP)

GFPmu3b-ASV

Sequence
TTTACAGCTAGCTCAGTCCTAGGTATTATGCTAGC
TTGACAGCTAGCTCAGTCCTAGGTATAATAGATC
TTGACAGCTAGCTCAGTCCTAGGTATAATACTAGT
TTTACGGCTAGCTCAGTCCTAGGTATTATGCTAGC
ATGAGCAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAAT
TCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTC
TGTCCGTGGAGAGGGTGAAGGTGATGCTACAAACGGAAAA
CTCACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTT
CCGTGGCCAACACTTGTCACTACTCTGACCTATGGTGTTCA
ATGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACT
TTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGC
ACTATATCTTTCAAAGATGACGGGACCTACAAGACGCGTGC
TGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGA
GTTAAAGGGTATTGATTTTAAAGAAGATGGAAACATTCTTGG
ACACAAACTCGAGTACAACTTTAACTCACACAATGTATACAT
CACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCA
AAATTCGCCACAACGTTGAAGATGGTTCCGTTCAACTAGCA
GACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGT
CCTTTTACCAGACAACCATTACCTGTCGACACAATCTGTCCT
TTCGAAAGATCCCAACGAAAAGCGTGACCACATGGTCCTTC
TTGAGTTTGTAACTGCTGCTGGGATTACACATGGCATGGAT
GAGCTCTACAAATAA
ATGCGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAAT
TCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTC
TGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAA
CTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTT
CCGTGGCCAACACTTGTCACTACTTTCGGTTATGGTGTTCA
ATGCTTTGCGAGATACCCAGATCACATGAAACAGCATGACT
TTTTCAAGAGTGCCATGCCCGAAGGTTACGTACAGGAAAGA
ACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGC
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Monomeric red
fluorescent protein
(mRFP)

TrrnB terminator
(BamHI-BglII scar)

TGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGA
GTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGG
ACACAAATTGGAATACAACTATAACTCACACAATGTATACAT
CATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCA
AAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCA
GACCATTATCAACAAAATACTCCGATTGGCGATGGCCCTGT
CCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCT
TTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTC
TTGAGTTTGTAACCGCTGCTGGGATTACACATGGCATGGAT
GAACTATACAAAAGGCCTGCAGCAAACGACGAAAACTACGC
TGCATCAGTTTAATAA
ATGGCGAGTAGCGAAGACGTTATCAAAGAGTTCATGCGTTT
CAAAGTTCGTATGGAAGGTTCCGTTAACGGTCACGAGTTCG
AAATCGAAGGTGAAGGTGAAGGTCGTCCGTACGAAGGTAC
CCAGACCGCTAAACTGAAAGTTACCAAAGGTGGTCCGCTG
CCGTTCGCTTGGGACATCCTGTCCCCGCAGTTCCAGTACG
GTTCCAAAGCTTACGTTAAACACCCGGCTGACATCCCGGAC
TACCTGAAACTGTCCTTCCCGGAAGGTTTCAAATGGGAACG
TGTTATGAACTTCGAAGACGGTGGTGTTGTTACCGTTACCC
AGGACTCCTCCCTGCAAGACGGTGAGTTCATCTACAAAGTT
AAACTGCGTGGTACCAACTTCCCGTCCGACGGTCCGGTTAT
GCAGAAAAAAACCATGGGTTGGGAAGCTTCCACCGAACGT
ATGTACCCGGAAGACGGTGCTCTGAAAGGTGAAATCAAAAT
GCGTCTGAAACTGAAAGACGGTGGTCACTACGACGCTGAA
GTTAAAACCACCTACATGGCTAAAAAACCGGTTCAGCTGCC
GGGTGCTTACAAAACCGACATCAAACTGGACATCACCTCCC
ACAACGAAGACTACACCATCGTTGAACAGTACGAACGTGCT
GAAGGTCGTCACTCCACCGGTGCTTAA
GGATCTGAAGCTTGGGCCCGAACAAAAACTCATCTCAGAAG
AGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCAT
TGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGA
GAGAAGATTTTCAGCCTGATACAGATTAAATCAGAACGCAG
AAGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGC
GCGGTGGTCCCACCTGACCCCATGCCGAACTCAGAAGTGA
AACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGC
GAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGC
TCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTC
GGTGAACT

T500 terminator
(BamHI-BglII scar)

GGATCTCAAAGCCCGCCGAAAGGCGGGCTTTTTTTT

Double terminator

CCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGG
GCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCTAC
TAGAGTCACACTGGCTCACCTTCGGGTGGGCCTTTCTGCGT
TTATA

208

cmR
(BamHI-BglII scar)

ampR

specR

GGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGA
TCACTACCGGGCGTATTTTTTGAGTTATCGAGATTTTCAGGA
GCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATAC
CACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGA
GGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCG
TTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAA
ATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCC
GCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAA
GACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTA
CACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCT
GGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATA
TATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTA
TTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGC
CAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGG
CCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGC
AAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGG
CGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTC
GGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTG
GCAGGGCGGGGCGTAATTTGATATCGAGCTCGCTTGGACT
CCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGG
ATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATT
CCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTC
TATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAG
ATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTG
CTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGA
TTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGC
AGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTAT
TAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTA
ATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTG
GTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGG
TTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGT
GCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTC
AGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGC
AGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATG
CTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAG
AATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTC
AATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAG
TGCTCAT
TTATTTGCCGACTACCTTGGTGATCTCGCCTTTCACGTAGT
GGACAAATTCTTCCAACTGATCTGCGCGCGAGGCCAAGCG
ATCTTCTTCTTGTCCAAGATAAGCCTGTCTAGCTTCAAGTAT
GACGGGCTGATACTGGGCCGGCAGGCGCTCCATTGCCCA
GTCGGCAGCGACATCCTTCGGCGCGATTTTGCCGGTTACT
GCGCTGTACCAAATGCGGGACAACGTAAGCACTACATTTCG
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p15A origin of
replication

ColE1 origin of
replication
(BamHI-BglII scar)

CTCATCGCCAGCCCAGTCGGGCGGCGAGTTCCATAGCGTT
AAGGTTTCATTTAGCGCCTCAAATAGATCCTGTTCAGGAAC
CGGATCAAAGAGTTCCTCCGCCGCTGGACCTACCAAGGCA
ACGCTATGTTCTCTTGCTTTTGTCAGCAAGATAGCCAGATCA
ATGTCGATCGTGGCTGGCTCGAAGATACCTGCAAGAATGTC
ATTGCGCTGCCATTCTCCAAATTGCAGTTCGCGCTTAGCTG
GATAACGCCACGGAATGATGTCGTCGTGCACAACAATGGT
GACTTCTACAGCGCGGAGAATCTCGCTCTCTCCAGGGGAA
GCCGAAGTTTCCAAAAGGTCGTTGATCAAAGCTCGCCGCGT
TGTTTCATCAAGCCTTACGGTCACCGTAACCAGCAAATCAA
TATCACTGTGTGGCTTCAGGCCGCCATCCACTGCGGAGCC
GTACAAATGTACGGCCAGCAACGTCGGTTCGAGATGGCGC
TCGATGACGCCAACTACCTCTGATAGTTGAGTCGATACTTC
GGCGATCACCGCTTCCCTCATACTCTTCCTTTTTCAATATTA
TTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACAT
ATTTGAATGTATTTAGAAAAATAAACAAA
GCGCTAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGA
TGAGGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAA
AGGCTGCACCGGTGCGTCAGCAGAATATGTGATACAGGAT
ATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCG
TTCGACTGCGGCGAGCGGAAATGGCTTACGAACGGGGCG
GAGATTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAA
GTGAGAGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCG
CCCCCCTGACAAGCATCACGAAATCTGACGCTCAAATCAGT
GGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTT
TCCCCCTGGCGGCTCCCTCGTGCGCTCTCCTGTTCCTGCC
TTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTT
GTCTCATTCCACGCCTGACACTCAGTTCCGGGTAGGCAGTT
CGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTTCAGT
CCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCC
AACCCGGAAAGACATGCAAAAGCACCACTGGCAGCAGCCA
CTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGC
CGGTTAAGGCTAAACTGAAAGGACAAGTTTTGGTGACTGCG
CTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAGCT
CAGAGAACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTC
GTTTTCAGAGCAAGAGATTACGCGCAGACCAAAACGATCTC
AAGAAGATCATCTTATTAATCAGATAAAATATTT
GGCCGCGTTGCTGGCGTTTTTCCACAGGCTCCGCCCCCCT
GACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGC
GAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCT
GGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGC
TTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTG
GCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGT
GTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCC
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CDF origin of
replication

CCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATC
GTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTG
GCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATG
TAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTAC
GGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCT
GAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGAT
CCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTT
TGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGA
AGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGA
ACGAAAACTCACGTTAAGGGATTTTGGTCATGA
GCGCTGCGGACACATACAAAGTTACCCACAGATTCCGTGG
ATAAGCAGGGGACTAACATGTGAGGCAAAACAGCAGGGCC
GCGCCGGTGGCGTTTTTCCATAGGCTCCGCCCTCCTGCCA
GAGTTCACATAAACAGACGCTTTTCCGGTGCATCTGTGGGA
GCCGTGAGGCTCAACCATGAATCTGACAGTACGGGCGAAA
CCCGACAGGACTTAAAGATCCCCACCGTTTCCGGCGGGTC
GCTCCCTCTTGCGCTCTCCTGTTCCGACCCTGCCGTTTACC
GGATACCTGTTCCGCCTTTCTCCCTTACGGGAAGTGTGGCG
CTTTCTCATAGCTCACACACTGGTATCTCGGCTCGGTGTAG
GTCGTTCGCTCCAAGCTGGGCTGTAAGCAAGAACTCCCCG
TTCAGCCCGACTGCTGCGCCTTATCCGGTAACTGTTCACTT
GAGTCCAACCCGGAAAAGCACGGTAAAACGCCACTGGCAG
CAGCCATTGGTAACTGGGAGTTCGCAGAGGATTTGTTTAGC
TAAACACGCGGTTGCTCTTGAAGTGTGCGCCAAAGTCCGG
CTACACTGGAAGGACAGATTTGGTTGCTGTGCTCTGCGAAA
GCCAGTTACCACGGTTAAGCAGTTCCCCAACTGACTTAACC
TTCGATCAAACCACCTCCCCAGGTGGTTTTTTCGTTTACAG
GGCAAAAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGAT
CCTTTGATC

Supplementary Table A.2 Summary of plasmids used in this study.
Plasmid ID
pJBL7201
pJBL7202
pJBL7203
pJBL7204
pJBL7205
pJBL7206
pJBL7207
pJBL7208
pJBL7209

Plasmid organization
J23101 – Target 1 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 2 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 3 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 4 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 5 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 6 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 7 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 8 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 9 – sfGFP – TrrnB – CmR – p15A
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pJBL7210
pJBL7211
pJBL7212
pJBL7213
pJBL7214
pJBL7215
pJBL7216
pJBL7217
pJBL7218
pJBL7219
pJBL7220
pJBL7221
pJBL7222
pJBL7223
pJBL7224
pJBL7225
pJBL7226
pJBL7227
pJBL7228
pJBL7229
pJBL7230
pJBL7231
pJBL7232
pJBL7233
pJBL7234
pJBL7235
pJBL7236
pJBL7237
pJBL7238
pJBL7239
pJBL7240
pJBL7241
pJBL7242
pJBL7243
pJBL7244
pJBL7245
pJBL7246
pJBL7247
pJBL7248
pJBL7249
pJBL7250

J23101 – Target 10 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 11 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 12 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 13 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 14 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 15 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 16 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 17 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 18 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 19 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 20 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 21 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 22 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 23 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 24 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 25 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 26 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 28 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 29 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 30 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 31 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 32 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 33 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 34 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 35 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 36 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 37 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 38 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 39 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 40 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 41 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 42 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 43 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 44 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 45 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 46 – sfGFP – TrrnB – CmR – p15A
J23101 – Trigger 1 – T500 – ampR – ColE1
J23101 – Trigger 2 – T500 – ampR – ColE1
J23101 – Trigger 3 – T500 – ampR – ColE1
J23101 – Trigger 4 – T500 – ampR – ColE1
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pJBL7251
pJBL7252
pJBL7253
pJBL7254
pJBL7255
pJBL7256
pJBL7257
pJBL7258
pJBL7259
pJBL7260
pJBL7261
pJBL7262
pJBL7263
pJBL7264
pJBL7265
pJBL7266
pJBL7267
pJBL7268
pJBL7269
pJBL7270
pJBL7271
pJBL7272
pJBL7273
pJBL7274
pJBL7275
pJBL7276
pJBL7277
pJBL7278
pJBL7279
pJBL7280
pJBL7281
pJBL7282
pJBL7283
pJBL7284
pJBL7285
pJBL7286
pJBL7287
pJBL7288
pJBL7289
pJBL7290
pJBL7291

J23101 – Trigger 5 – T500 – ampR – ColE1
J23101 – Trigger 6 – T500 – ampR – ColE1
J23101 – Trigger 7 – T500 – ampR – ColE1
J23101 – Trigger 8 – T500 – ampR – ColE1
J23101 – Trigger 9 – T500 – ampR – ColE1
J23101 – Trigger 10 – T500 – ampR – ColE1
J23101 – Trigger 11 – T500 – ampR – ColE1
J23101 – Trigger 12 – T500 – ampR – ColE1
J23101 – Trigger 13 – T500 – ampR – ColE1
J23101 – Trigger 14 – T500 – ampR – ColE1
J23101 – Trigger 15 – T500 – ampR – ColE1
J23101 – Trigger 16 – T500 – ampR – ColE1
J23101 – Trigger 17 – T500 – ampR – ColE1
J23101 – Trigger 18 – T500 – ampR – ColE1
J23101 – Trigger 19 – T500 – ampR – ColE1
J23101 – Trigger 20 – T500 – ampR – ColE1
J23101 – Trigger 21 – T500 – ampR – ColE1
J23101 – Trigger 22 – T500 – ampR – ColE1
J23101 – Trigger 23 – T500 – ampR – ColE1
J23101 – LASO 24 – T500 – ampR – ColE1
J23101 – LASO 25 – T500 – ampR – ColE1
J23101 – LASO 26 – T500 – ampR – ColE1
J23101 – LASO 27 – T500 – ampR – ColE1
J23101 – LASO 28 – T500 – ampR – ColE1
J23101 – LASO 29 – T500 – ampR – ColE1
J23101 – LASO 30 – T500 – ampR – ColE1
J23101 – LASO 31 – T500 – ampR – ColE1
J23101 – LASO 32 – T500 – ampR – ColE1
J23101 – LASO 33 – T500 – ampR – ColE1
J23101 – LASO 34 – T500 – ampR – ColE1
J23101 – LASO 35 – T500 – ampR – ColE1
J23101 – LASO 36 – T500 – ampR – ColE1
J23101 – LASO 37 – T500 – ampR – ColE1
J23101 – LASO 38 – T500 – ampR – ColE1
J23101 – LASO 39 – T500 – ampR – ColE1
J23101 – LASO 40 – T500 – ampR – ColE1
J23101 – LASO 41 – T500 – ampR – ColE1
J23101 – LASO 42 – T500 – ampR – ColE1
J23101 – LASO 43 – T500 – ampR – ColE1
J23101 – LASO 44 – T500 – ampR – ColE1
J23101 – LASO 45 – T500 – ampR – ColE1
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pJBL7292
pJBL7293
pJBL7294
pJBL7295
pJBL7296
pJBL7297
pJBL7298
pJBL7299
pJBL7300
pJBL7301
pJBL7302
pJBL7303
pJBL7304
pJBL7305
pJBL7306
pJBL7307
pJBL7308
pJBL7309
pJBL7310
pJBL7311
pJBL7312
pJBL7313
pJBL7314
pJBL7315
pJBL7316
pJBL7317

J23101 – LASO 46 – T500 – ampR – ColE1
J23101 – Target 1 (+ 4nt) – sfGFP – TrrnB – CmR – p15A
J23101 – Target 1 (+ 8nt) – sfGFP – TrrnB – CmR – p15A
J23101 – Target 5 (+ 4nt) – sfGFP – TrrnB – CmR – p15A
J23101 – Target 5 (+ 8nt) – sfGFP – TrrnB – CmR – p15A
J23101 – Target 13 (+ 4nt) – sfGFP – TrrnB – CmR – p15A
J23101 – Target 13 (+ 8nt) – sfGFP – TrrnB – CmR – p15A
J23101 – Target 18 (+ 4nt) – sfGFP – TrrnB – CmR – p15A
J23101 – Target 18 (+ 8nt) – sfGFP – TrrnB – CmR – p15A
J23119 – Trigger 1 – T500 – ampR – ColE1
J23119(SpeI) – asRNA (targeting mRFP) – T500 – ampR –
ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 1) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 2) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 3) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 4) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 5) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 6) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 7) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 8) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 9) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 10) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 11) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 12) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 13) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 14) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 15) – T500 –
ampR – ColE1
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pJBL7318
pJBL7319
pJBL7320
pJBL7321
pJBL7322
pJBL7323
pJBL7324
pJBL7325
pJBL7326
pJBL7327
pJBL7328
pJBL7329
pJBL7330
pJBL7331
pJBL7332
pJBL7333
pJBL7334
pJBL7335
pJBL7336
pJBL7337
pJBL7338
pJBL7339

J23119(SpeI) – LASO (targeting mRFP, variant 16) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 17) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 18) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 19) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 20) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 21) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 22) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 23) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 24) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 25) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 26) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 27) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 28) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 29) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 30) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 31) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 32) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 33) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 34) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 35) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 36) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 37) – T500 –
ampR – ColE1
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pJBL7340
pJBL7341
pJBL7342
pJBL7343
pJBL7344
pJBL7345
pJBL7346
pJBL7347
pJBL7348
pJBL7349
pJBL7350
pJBL7351
pJBL7352
pJBL7353
pJBL7354
pJBL6654
pJBL6655
pJBL6662
pJBL6663
pJBL6664
pJBL6628
pJBL6614
pJBL6633
pJBL6634
pJBL6635
pJBL7355

J23119(SpeI) – LASO (targeting mRFP, variant 38) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 39) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 40) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 41) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 42) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 43) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 44) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 45) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 46) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 47) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 48) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 49) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 50) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 51) – T500 –
ampR – ColE1
J23119(SpeI) – LASO (targeting mRFP, variant 52) – T500 –
ampR – ColE1
J23101 – gnd (126nt) – sfGFP – TrrnB – CmR – p15A
J23101 – gmd (151nt) – sfGFP – TrrnB – CmR – p15A
J23101 – murC (151nt) – sfGFP – TrrnB – CmR – p15A
J23101 – pfkA (101nt) – sfGFP – TrrnB – CmR – p15A
J23101 – zwf (151nt) – sfGFP – TrrnB – CmR – p15A
J23101 – LASO (targeting gnd) – T500 – ampR – ColE1
J23101 – LASO (targeting gmd) – T500 – ampR – ColE1
J23101 – LASO (targeting murC) – T500 – ampR – ColE1
J23101 – LASO (targeting pfkA) – T500 – ampR – ColE1
J23101 – LASO (targeting zwf) – T500 – ampR – ColE1
J23101 – Target 27 (RBS = TAAGGCTC, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
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pJBL7356
pJBL7357
pJBL7358
pJBL7359
pJBL7360
pJBL7361
pJBL7362
pJBL7363
pJBL7364
pJBL7365
pJBL7366
pJBL7367
pJBL7368
pJBL7369
pJBL7370
pJBL7371
pJBL7372
pJBL7373
pJBL7374
pJBL7375
pJBL7376
pJBL7377

J23101 – Target 27 (RBS = TGAAGGGG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = AAGGACCC, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = TGAAGGGG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = GAGGCGA, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = GGTGGGCA, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = AGAAGAGA, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = AAGAGAGG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = AAGTGAAA, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = AGGCCGAC, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = AGAGGATG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = ACACGAAC, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = CAGGT, ATG start codon) – sfGFP
– TrrnB – CmR – p15A
J23101 – Target 27 (RBS = AGGCAG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = CACCCCCC, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = GCGTGGGA, GTG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = TCTTGAGA, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = GTGAGAAG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = AAAGGCAA, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = GGGTGGTA, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = TCAATAGG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = ACCCTTAT, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = ATGGG, GTG start codon) – sfGFP
– TrrnB – CmR – p15A
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pJBL7378
pJBL7379
pJBL7380
pJBL7381
pJBL7382
pJBL7383
pJBL7384
pJBL7385
pJBL7386
pJBL7387
pJBL7388

J23101 – Target 27 (RBS = CAACTAAC, GTG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = TACCATTA, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = GAGACAG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = GGCATTGG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = GAAGGGAC, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = CGGCCCAG, ATG start codon) –
sfGFP – TrrnB – CmR – p15A
J23101 – Target 27 (RBS = TAAAGGAC, GTG start codon) –
sfGFP – TrrnB – CmR – p15A
J23119(SpeI) – LASO 27 – T500 – ampR – ColE1
J23150 – Toehold switch 1 – mRFP – Double terminator –
specR - CDF
J23150 – Target 1 – sfGFP – TrrnB – CmR – p15A
J23101 – Target 1 – GFPmut3bASV – TrrnB – CmR – p15A

Supplementary Table A.3 Sequences of toehold repressor target designs used in this
study.
Description
Target 1

Target 2

Target 3

Target 4

Target 5

Target 6

Sequence
AGAAAGAAGAAGAGATGCGGAAGAGAGAAATATAACACAA
CAATACGTATATTTATATCTTCCGCAAAGAAGAGGAGAGGA
AGAATGAAATATACGAGACAACAAACAATAAACAGC
TAGATGAAACGAGAACAGCGCGAAGTAATTGAACCTAATCG
ATATCATTTCAATGACTTCGCGCTGGAACAGAGGAGACGCG
AAATGATTGAAATGAACCTGGCGGCAGCGCAAAAG
AGAGAAAGAAGAAGAACGCGAAAGAAGAAGATACAAACAA
CACAATCTTATCTTATGCTTTCGCGTAAAGAGAGGAGACGA
AAGATGAAGATAAGAACAAACAAACAAACAAACAAC
ATCACTTATTGTCGTTGCTGTATGTCTGTAAATCACTTCTAA
ACATCGATTTACTTCCATACAGCATAAGAGAGGAGATGTAT
GATGGTAAATCGACACAAAGCTATAAATCAAATC
AATAACGAGTGACAAGGGTGATGAGTGAAGCAGAATGATTA
AGATAGGCTGCTTAGATCATCACCCGGATAGAGGAGATGAT
GAATGAAGCAGCCTAACCTGGCGGCAGCGCAAAAG
TAGAATTTGATACTTTCCCGACGCTTAAGAAATATATAAATC
CTCCTTATTTCTGTCGCGTCGGGACACAAGAGGAGACGAC
GCATGAGAAATAAGAACAACAAACAAACAACAAAC

218

Target 7

Target 8

Target 9

Target 10

Target 11

Target 12

Target 13

Target 14

Target 15

Target 16

Target 17

Target 18

GAGAGTGAAAGTGAACGCGAGGGTGAATAGAATAGATGAG
GATATACCTCATCTATTCATTTCACCCTCGCGAAATAGAGG
AGACGCGAGATGGAAATGAATAGAAACCTGGCGGCAGCGC
AAAAG
GATTGTAACGTAAGTCCGAGTGTAGTGTAAGTAAGCTGAGG
ACAATCCTCAGCTTACTATCACTACACTCGGAAATAGAGGA
GACCGAGTATGGTGATAGTAAGCAACCTGGCGGCAGCGCA
AAAG
AGTAAATGTAGTAAACGCGAGCGAATAAGTAAGAATGAGGT
AGACGACCTCATTCTTAGTTATTCGCTCGCGAAATAGAGGA
GACGCGAGATGATAACTAAGAATAACCTGGCGGCAGCGCA
AAAG
GGGAATGAAGTGAACGGCTGAAGTAGAATAAGGACAACTC
AACTATACCCTTATGTGACTTCAGCCAAGTAGAGGAGATGA
AGTATGATAAGGGTAAACCTGGCGGCAGCGCAAAAG
GAGACATATACAAAGCAGCAAAGTTAAGTACTAGAGATAAA
CGACATGTAGTACGTTACTTTGCTGGGACAGAGGAGACAAA
GTATGGTACTACATAACCTGGCGGCAGCGCAAAAG
GAATGGTAGAATAGTCGCGAAGGTAAACATGAGAATAGGCT
TCAGAAGCCTATTCTCAGGTTTACCTTCGCGAGATAGAGGA
GACGCGAAATGAAACCTGAGAATAACCTGGCGGCAGCGCA
AAAG
GGGATGTAATGAGAACGGTAGGGTAGTAAAGATAGAGTGA
GGCATACTCACTCTATCTCCACTACCCTACCGAAATAGAGG
AGACGGTAGATGAGTGGAGATAGAAACCTGGCGGCAGCGC
AAAAG
TATTACACATTCAAGCCCATTGCTAACGATGACACTTATGCC
GTTTGCATAAGTGTCAAGGTTAGCAATGGGCAACAGAGGA
GACCCATTATGAACCTTGACACTAACCTGGCGGCAGCGCA
AAAG
ACAAAGATTGGTCGTACGATTACCGTTAGAATACACACACA
CACATCTTATTCTTTAGGTAATCGTGCAAAGAGGAGAATTAC
CATGAGAATAAGACAAACAAACAAACTAAACAAC
GGAGTGAAATGAAGACGGTAAGGTGGAGTGAATAGAGGTG
AACTCATCACCTCTATTCTGTCCACCTTACCGAAACAGAGG
AGACGGTAAATGGGACAGAATAGAAACCTGGCGGCAGCGC
AAAAG
GGAGCATAAAGGTAAACGTAGTAATAGAGGCGATACGGGC
ATGAGATCTCGCCTGAATTACTACGTACATAGAGGAGATAG
TAAATGAGGCGAGATAGAGACAGTAGGAGTGGAAGG
AGAACAAGTAAGATACGCCAAATTCAGCAACATAAGTAGGT
ACAGAACCTACTTATGTATCTGAATTTGGCGAAATAGAGGA
GACGCCAAATGCAGATACATAAGAACCTGGCGGCAGCGCA
AAAG
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Target 19

Target 20

Target 21

Target 22

Target 23

Target 1, +4nt

Target 1, +8nt

Target 5, +4nt

Target 5, +8nt

Target 13, +4nt

Target 13, +8nt

Target 18, +4nt

GGAGTAAGTAATGAACGCGAGGGTAAGTGAAATAGGTGAG
GATCAACCTCACCTATTTGTCTTACCCTCGCGAAACAGAGG
AGACGCGAGATGAAGACAAATAGGAACCTGGCGGCAGCGC
AAAAG
GGTGAACAATAAGAACGGTAAGGTGAGGTAATGAATATGTA
GATGATACATATTCATTTGCTCACCTTACCGGAATAGAGGA
GACGGTAAATGGAGCAAATGAATAACCTGGCGGCAGCGCA
AAAG
GAGATGTAATGAAGGCTGTGATGAGGTGAGACTAACGAAA
CATAACTCAGTCTCAAGTCATCACAGCAATAGAGGAGATGA
TGAATGGAGACTGAGAACCTGGCGGCAGCGCAAAAG
AGATGGAATAGAAATCGGAATGAGAGCAAGAATAAGTTAGA
TGACCTCTAACTTATTCATGCTCTCATTCCGACACAGAGGA
GACGGAATATGAGCATGAATAAGAACCTGGCGGCAGCGCA
AAAG
TGGCCCATAAGTAGTCGGTAGCGTGCTGTAGATGATGAAT
GATCCGCATTCATCATCTTCAGCACGCTACCGAAATAGAGG
AGACGGTAGATGGCTGAAGATGATAACCTGGCGGCAGCGC
AAAAG
AGAAAGAAGAAGAGATGCGGAAGAGAGAAATATAACACAA
CAATACGTATATTTATATCTTCCGCAAAGACTAGAGAGGAG
AGGAAGAATGAAATATACGAGACAACAAACAATAAACAGC
AGAAAGAAGAAGAGATGCGGAAGAGAGAAATATAACACAA
CAATACGTATATTTATATCTTCCGCAAAGAACACTAATAGAG
GAGAGGAAGAATGAAATATACGAGACAACAAACAATAAACA
GC
AATAACGAGTGACAAGGGTGATGAGTGAAGCAGAATGATTA
AGATAGGCTGCTTAGATCATCACCCGGATGATGAGAGGAG
ATGATGAATGAAGCAGCCTAACCTGGCGGCAGCGCAAAAG
AATAACGAGTGACAAGGGTGATGAGTGAAGCAGAATGATTA
AGATAGGCTGCTTAGATCATCACCCGGATTTTAACTAAGAG
GAGATGATGAATGAAGCAGCCTAACCTGGCGGCAGCGCAA
AAG
GGGATGTAATGAGAACGGTAGGGTAGTAAAGATAGAGTGA
GGCATACTCACTCTATCTCCACTACCCTACCGAAATTCTAA
GAGGAGACGGTAGATGAGTGGAGATAGAAACCTGGCGGCA
GCGCAAAAG
GGGATGTAATGAGAACGGTAGGGTAGTAAAGATAGAGTGA
GGCATACTCACTCTATCTCCACTACCCTACCGAAATGGGCT
ATAAGAGGAGACGGTAGATGAGTGGAGATAGAAACCTGGC
GGCAGCGCAAAAG
AGAACAAGTAAGATACGCCAAATTCAGCAACATAAGTAGGT
ACAGAACCTACTTATGTATCTGAATTTGGCGAAATGGTAAG
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Target 18, +8nt

AGGAGACGCCAAATGCAGATACATAAGAACCTGGCGGCAG
CGCAAAAG
AGAACAAGTAAGATACGCCAAATTCAGCAACATAAGTAGGT
ACAGAACCTACTTATGTATCTGAATTTGGCGAAATATTATAC
AAGAGGAGACGCCAAATGCAGATACATAAGAACCTGGCGG
CAGCGCAAAAG

Supplementary Table A.4 Sequences of toehold repressor trigger designs used in this
study.
Description
Trigger 1
Trigger 2
Trigger 3
Trigger 4
Trigger 5
Trigger 6
Trigger 7
Trigger 8
Trigger 9
Trigger 10
Trigger 11
Trigger 12
Trigger 13
Trigger 14
Trigger 15
Trigger 16
Trigger 17
Trigger 18
Trigger 19
Trigger 20
Trigger 21
Trigger 22
Trigger 23

Sequence
ATATTTTTTTCTTCCGCATCTCTTCTTCTTTCT
TTCAATTACTTCGCGCTGTTCTCGTTTCATCTA
TGTCTTCTTCTTTCGCGTTCTTCTTCTTTCTCT
ATTTACGGACATACAGCAACGACAATAAGTGAT
CTGCTTCACTCATCACCCTTGTCACTCGTTATT
ATTTCTTAAGCGTCGGGAAAGTATCAAATTCTA
CCTCATCTATTCTATTCACCCTCGCGTTCACTTTCACTCTC
CCTCAGCTTACTTACACTACACTCGGACTTACGTTACAATC
ACCTCATTCTTACTTATTCGCTCGCGTTTACTACATTTACT
CCTTATTCTACTTCAGCCGTTCACTTCATTCCC
TAGTACTTAACTTTGCTGCTTTGTATATGTCTC
AGCCTATTCTCATGTTTACCTTCGCGACTATTCTACCATTC
CTCACTCTATCTTTACTACCCTACCGTTCTCATTACATCCC
GCATAAGTGTCATCGTTAGCAATGGGCTTGAATGTGTAATA
TATTCTAACGGTAATCGTACGACCAATCTTTGT
TCACCTCTATTCACTCCACCTTACCGTCTTCATTTCACTCC
TCGCCTCTATTACTACGTTTACCTTTATGCTCC
ACCTACTTATGTTGCTGAATTTGGCGTATCTTACTTGTTCT
CCTCACCTATTTCACTTACCCTCGCGTTCATTACTTACTCC
TACATATTCATTACCTCACCTTACCGTTCTTATTGTTCACC
AGTCTCACCTCATCACAGCCTTCATTACATCTC
TCTAACTTATTCTTGCTCTCATTCCGATTTCTATTCCATCT
CATTCATCATCTACAGCACGCTACCGACTACTTATGGGCCA
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Supplementary Table A.5 Sequences of LASO target designs used in this study.
Description
Target 24
Target 25
Target 26
Target 27
Target 28
Target 29
Target 30
Target 31
Target 32
Target 33
Target 34
Target 35
Target 36
Target 37
Target 38
Target 39
Target 40
Target 41
Target 42
Target 43

Sequence
AAATGATGGAATAAGAGAAGACAGAGGAGATAACATATGAT
ACACAGCAACCTGGCGGCAGCGCAAAAG
ACGAATTTGGAAGTAAAGAAACAGAGGAGACATAACATGCT
ACTACTCAACCTGGCGGCAGCGCAAAAG
ATAAGTTTGAATATGAAGAAACAGAGGAGATCAAAGATGTC
ATTTCGCAACCTGGCGGCAGCGCAAAAG
AGGATCTAAATGTATACAGAACAGAGGAGACAATACATGAA
CGAACGAAACCTGGCGGCAGCGCAAAAG
CAAATGATTAAGTGACAAGAACAGAGGAGATATAGAATGAA
ACGACGAAACCTGGCGGCAGCGCAAAAG
CAATGTAATCAAACTCATAAACAGAGGAGATATCACATGAC
TAAACGAAACCTGGCGGCAGCGCAAAAG
AGTTAAAGATGAGAAAGGAAACAGAGGAGATCACATATGTC
ACAAGCGAACCTGGCGGCAGCGCAAAAG
AAGATAGATGATTGTGGACAACAGAGGAGACAGAATATGAA
ACTAAGCAACCTGGCGGCAGCGCAAAAG
CGAATAGAAATGAAGCAGAAACAGAGGAGATATGACATGG
ACACTAGCAACCTGGCGGCAGCGCAAAAG
AAACGTTAATCTCTGAACGAACAGAGGAGATACAGAATGAA
AGCAAGCAACCTGGCGGCAGCGCAAAAG
TTCATTCATTCCATTCAGAAACAGAGGAGATATACAATGGA
CAAGCAGAACCTGGCGGCAGCGCAAAAG
AGAGTAAGTAGAGGTGTAGAACAGAGGAGATATGCAATGG
TAAGAGTGAACCTGGCGGCAGCGCAAAAG
ATAGATAAGATAAGACAGAAACAGAGGAGATATGCAATGAT
AAACGAGAACCTGGCGGCAGCGCAAAAG
AAGATAGAAATTGATAAGAGACAGAGGAGACGGCAAATGAA
ACTAACGAACCTGGCGGCAGCGCAAAAG
CGAATCACTTATTGTCGCGAACAGAGGAGATACAGAATGAC
AAAGACGAACCTGGCGGCAGCGCAAAAG
CTTAATCTTACCTTCCAGAAACAGAGGAGATATCGGATGAG
AACAAGCAACCTGGCGGCAGCGCAAAAG
CATCGAAAGTGTATGAATAAACAGAGGAGATAACTAATGCA
TATCAGCAACCTGGCGGCAGCGCAAAAG
AGGACAAAGATTGGTAAAGAACAGAGGAGATCTAACATGAA
TGAAACGAACCTGGCGGCAGCGCAAAAG
AAATATGAATTGATGAGAAGACAGAGGAGATCAAGAATGAA
CAATCGAAACCTGGCGGCAGCGCAAAAG
TAAGTAGTAATAGATCAGAAACAGAGGAGATATAGAATGAG
ACAATGGAACCTGGCGGCAGCGCAAAAG
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Target 44
Target 45
Target 46

TGTCAAAGTAGTAAGACAGAACAGAGGAGATATCGTATGAG
AATCAGGAACCTGGCGGCAGCGCAAAAG
AAATGAATGAATTGTAAGAAACAGAGGAGACATAACATGAA
CAAGCCTAACCTGGCGGCAGCGCAAAAG
TATGTAATTGATTTGCAAGAACAGAGGAGATATGAAATGAA
CAGAAGCAACCTGGCGGCAGCGCAAAAG

Supplementary Table A.6 Sequences of LASO designs used in this study.
Description
LASO 24
LASO 25
LASO 26
LASO 27
LASO 28
LASO 29
LASO 30
LASO 31
LASO 32
LASO 33
LASO 34
LASO 35
LASO 36
LASO 37
LASO 38
LASO 39
LASO 40
LASO 41
LASO 42
LASO 43
LASO 44
LASO 45
LASO 46
LASO targeting
mRFP (variant 1)
LASO targeting
mRFP (variant 2)
LASO targeting
mRFP (variant 3)
LASO targeting
mRFP (variant 4)

Sequence
GCTGTGTATATGATGTTACTTATTCCATCATTT
GAGTAGTAGATAGTTATGTACTTCCAAATTCGT
GCGAAATGAATGCTTTGACATATTCAAACTTAT
TCGTTCGTTATGGTATTGATACATTTAGATCCT
TCGTCGTTTCTATCTATATCACTTAATCATTTG
TCGTTTAGTTTAGTGATAAGTTTGATTACATTG
CGCTTGTGAATGATGTGATTCTCATCTTTAGCT
GCTTAGTTTATGATTCTGACAATCATCTATCTT
GCTAGTGTCGTTGTCATACTTCATTTCTATTCG
GCTTGCTTTATGTCTGTACAGAGATTAACGTTT
CTGCTTGTCTTATGTATAAATGGAATGAATGAA
CACTCTTACTTCTGCATAACCTCTACTTACTCT
CTCGTTTATCCCTGCATATCTTATCTTATCTAT
CGTTAGTTTATGTTGCCGATCAATTTCTATCTT
CGTCTTTGTATGTCTGTAACAATAAGTGATTCG
GCTTGTTCTGTTCCGATAGAAGGTAAGATTAAG
GCTGATATGATGTAGTTACATACACTTTCGATG
CGTTTCATTACCGTTAGAACCAATCTTTGTCCT
TCGATTGTTATGTCTTGACATCAATTCATATTT
CCATTGTCTTGCTCTATAATCTATTACTACTTA
CCTGATTCTGACACGATACTTACTACTTTGACA
AGGCTTGTTATAGTTATGACAATTCATTCATTT
GCTTCTGTTAGTTTCATACAAATCAATTACATA
GAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTACCTT
ATTCA
GCATGAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTA
CCTTTTAATGAATTCA
GCATGAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTA
CCTTAATGAATTCA
GCATGAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTA
CCTTTGAATTCA
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LASO targeting
mRFP (variant 5)
LASO targeting
mRFP (variant 6)
LASO targeting
mRFP (variant 7)
LASO targeting
mRFP (variant 8)
LASO targeting
mRFP (variant 9)
LASO targeting
mRFP (variant 10)
LASO targeting
mRFP (variant 11)
LASO targeting
mRFP (variant 12)
LASO targeting
mRFP (variant 13)
LASO targeting
mRFP (variant 14)
LASO targeting
mRFP (variant 15)
LASO targeting
mRFP (variant 16)
LASO targeting
mRFP (variant 17)
LASO targeting
mRFP (variant 18)
LASO targeting
mRFP (variant 19)
LASO targeting
mRFP (variant 20)
LASO targeting
mRFP (variant 21)
LASO targeting
mRFP (variant 22)
LASO targeting
mRFP (variant 23)
LASO targeting
mRFP (variant 24)
LASO targeting
mRFP (variant 25)
LASO targeting
mRFP (variant 26)

GCATGAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTA
CCTTAATTCA
GCATGAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTA
CCTTATTCA
GCATGAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTA
CCTTTTCA
GCATGAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTA
CCTTCA
GCATGAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTA
CCTT
GAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTT
TAATGAATTCA
GAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTACCTT
AATGAATTCA
GAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTT
GAATTCA
GAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTACCTT
AATTCA
GAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTT
TCA
GAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTACCTT
CA
GAACTCTTTGATAACGTCTTCGCTACTCGCATAGGTACCTT
CTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTTTAATG
AATTCA
CTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTAATGAA
TTCA
CTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTTGAATT
CA
CTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTAATTCA
CTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTATTCA
CTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTTTCA
CTTTGATAACGTCTTCGCTACTCGCATAGGTACCTTCA
CTTTGATAACGTCTTCGCTACTCGCATAGGTACCTT
ATAACGTCTTCGCTACTCGCATAGGTACCTTTTAATGAATTC
A
ATAACGTCTTCGCTACTCGCATAGGTACCTTTGAATTCA
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LASO targeting
mRFP (variant 27)
LASO targeting
mRFP (variant 28)
LASO targeting
mRFP (variant 29)
LASO targeting
mRFP (variant 30)
LASO targeting
mRFP (variant 31)
LASO targeting
mRFP (variant 32)
LASO targeting
mRFP (variant 33)
LASO targeting
mRFP (variant 34)
LASO targeting
mRFP (variant 35)
LASO targeting
mRFP (variant 36)
LASO targeting
mRFP (variant 37)
LASO targeting
mRFP (variant 38)
LASO targeting
mRFP (variant 39)
LASO targeting
mRFP (variant 40)
LASO targeting
mRFP (variant 41)
LASO targeting
mRFP (variant 42)
LASO targeting
mRFP (variant 43)
LASO targeting
mRFP (variant 44)
LASO targeting
mRFP (variant 45)
LASO targeting
mRFP (variant 46)
LASO targeting
mRFP (variant 47)
LASO targeting
mRFP (variant 48)

ATAACGTCTTCGCTACTCGCATAGGTACCTTAATTCA
ATAACGTCTTCGCTACTCGCATAGGTACCTTATTCA
ATAACGTCTTCGCTACTCGCATAGGTACCTTTTCA
ATAACGTCTTCGCTACTCGCATAGGTACCTTCA
GTCTTCGCTACTCGCATAGGTACCTTTTAATGAATTCA
GTCTTCGCTACTCGCATAGGTACCTTAATGAATTCA
GTCTTCGCTACTCGCATAGGTACCTTAATTCA
GTCTTCGCTACTCGCATAGGTACCTTTTCA
GTCTTCGCTACTCGCATAGGTACCTTCA
GTCTTCGCTACTCGCATAGGTACCTT
CGCTACTCGCATAGGTACCTTTTAATGAATTCA
CGCTACTCGCATAGGTACCTTAATGAATTCA
CGCTACTCGCATAGGTACCTTAATTCA
CGCTACTCGCATAGGTACCTTATTCA
CGCTACTCGCATAGGTACCTTTTCA
CGCTACTCGCATAGGTACCTTCA
CGCTACTCGCATAGGTACCTT
CTCGCATAGGTACCTTAATGAATTCA
CTCGCATAGGTACCTTTGAATTCA
CTCGCATAGGTACCTTAATTCA
CTCGCATAGGTACCTTATTCA
CTCGCATAGGTACCTTTTCA
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LASO targeting
mRFP (variant 49)
LASO targeting
mRFP (variant 50)
LASO targeting
mRFP (variant 51)
LASO targeting
mRFP (variant 52)
LASO targeting
gnd
LASO targeting
gmd
LASO targeting
murC
LASO targeting
pfkA
LASO targeting
zwf

CTCGCATAGGTACCTTCA
CTCGCATAGGTACCTT
CATGGTACCTTTCTCCTCTTTAATGAATTCA
GCATGAACTCTTTGATAACGTCTTCGCTACTCGC
TGTTGTTTGGAATGTATATAGGTCGCCGTGTTGAA
GCGACTTTTGGCTAGTATTATGAATTTATTCAGTT
TGTTGTGTATTATTTCTTTATGCCATTGAACGATG
ATTTTCTTAATATGGACTAGATGCAAGGTGGAGTC
TGTGTTATCGTCTCGTCATCTAACCTGGTATTTAA

Supplementary Table A.7 Other target and trigger sequences used in this study.
Description
Genomic sfGFP 5’
UTR (sfGFP
CDS)1
Genomic mRFP 5’
UTR (mRFP
CDS)1
Antisense RNA
(asRNA) targeting
mRFP
Toehold switch 1
(including 21nt
linker sequence)

Sequence
TGAATTCATTAAAGAGGAGAAAGGTACCATGAGCAAAGGAG
AAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAG
ATGGTGATGTTAATGGG…
TGAATTCATTAAAGAGGAGAAAGGTACCATGGCGAGTAGC
GAAGACGTTATCAAAGAGTTCATGCGTTTCAAAGTTCGTAT
GGAAGGTTCCGTTAACGGT…
ATAACGTCTTCGCTACTCGCCATGGTACCTTTCTCCTCTTTA
ATGAATTCA
AGAAAGAAGAAGAGATGCGGAAGAGAGAAATATAACACAAA
GAGGAGAATATTTATGTCTTCCGCAAGACAACAAACAATAA
ACAGC
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A.2

Supplementary Notes

Supplementary Note A.1 Computational design of toehold repressors (design motif A)
using NUPACK2.
material = rna
temperature[C] = 37.0
trials = 10
sodium[M] = 1.0
dangles = some
allowmismatch = true
#define structures (using DU+ or dot-bracket notation)
structure TARGET = U15 D9 (U3 D6 (U15) U3) U51
structure TRIGGER = U33 U7 D10 (U4) U5
structure BOUND = D33 (U12 D9 (U3 D6 (U15) U3) U21 +) U7 D10 (U4) U5
#sequence domains
domain linear = N15
domain stem = N18
domain loop = N12
domain hairpin_2 = N25 agaggaga N6 atg N9
domain linker = aacctggcggcagcgcaaaag
#NOTE: designs 1, 3, 4, 6, 15, and 17 use a randomized linker (N21)
domain T500 = ggatctcaaagcccgccgaaaggcgggctttttttt
#thread sequence domains
TARGET.seq = linear stem loop hairpin_2 linker
TRIGGER.seq = stem* linear* T500
BOUND.seq = linear stem loop hairpin_2 linker stem* linear* T500
#specify stop conditions
TARGET.stop = 1
TRIGGER.stop = 1
BOUND.stop = 1
prevent = AAAA, GGGG, CCCC, UUUU, RRRRRR, YYYYYY, MMMMMM, KKKKKK,
SSSSSS, WWWWWW
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Supplementary Note A.2 Computational design of toehold repressors (design motif B)
using NUPACK2.
material = rna
temperature[C] = 37.0
trials = 10
sodium[M] = 1.0
dangles = some
allowmismatch = true
#define structures (using DU+ or dot-bracket notation)
structure TARGET = U15 D12 (U2 D12 (U5) U2) U54
structure TRIGGER = U41 U7 D10 (U4) U5
structure BOUND = D41 (U10 D12 (U3 D6 (U12) U3) U21 +) U7 D10 (U4) U5
#sequence domains
domain linear = N15
domain stem = S3 N23
domain loop = N10
domain hairpin_2 = N18 S3 N4 agaggaga N6 atg N12
domain linker = aacctggcggcagcgcaaaag
domain T500 = ggatctcaaagcccgccgaaaggcgggctttttttt
#thread sequence domains
TARGET.seq = linear stem loop hairpin_2 linker
TRIGGER.seq = stem* linear* T500
BOUND.seq = linear stem loop hairpin_2 linker stem* linear* T500
#specify stop conditions
TARGET.stop = 1
TRIGGER.stop = 1
BOUND.stop = 1
prevent = AAAA, GGGG, CCCC, UUUU, RRRRRR, YYYYYY, MMMMMM, KKKKKK,
SSSSSS, WWWWWW
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Supplementary Note A.3 Design of a toehold switch for simultaneous activation and
repression2,3.
#NOTE: This script designs a toehold switch to respond to trigger #1 for simultaneous
activation and repression (Figure 3.7). Alternatively, the toehold switch and toehold
repressor targets could be designed from a specified trigger sequence, or all three
sequences (trigger, repressor target, and toehold switch target) could be designed
together.
material = rna
temperature[C] = 37.0
trials = 10
sodium[M] = 1.0
dangles = some
allowmismatch = true
#define structures (using DU+ or dot-bracket notation)
structure TARGET = U15 D9 (U3 D6 (U15) U3) U21
structure BOUND = D33 (U7 U8 U18 U21 +) U7 D10 (U4) U5
#sequence domains
domain linear = agaaagaagaagaga
domain 5prime = N18
domain loop = aacacaaagaggaga
domain 3prime = N6 atg N9
domain linker = agacaacaaacaataaacagc
domain trigger = atatttttttcttccgcatctcttcttctttctggatctcaaagcccgccgaaaggcgggctttttttt
#thread sequence domains
TARGET.seq = linear 5prime loop 3prime linker
BOUND.seq = linear 5prime loop 3prime linker trigger
#specify stop conditions
TARGET.stop = 1
BOUND.stop = 1
prevent = AAAA, GGGG, CCCC, UUUU, RRRRRR, YYYYYY, MMMMMM, KKKKKK,
SSSSSS, WWWWWW
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A.3

Supplementary Figures

Figure A.1 Toehold repressor design motifs used in this study. Design motif A uses ON and OFF hairpin
structures with identical secondary structures, which are based on the structure of the best-performing
toehold switch translational activator designs from Green et al.3. (B) Design motif B uses a more stable
OFF hairpin, with the goal of minimizing leak in the OFF state (as demonstrated by Pardee et al.4). To
compensate for this more stable OFF hairpin, and to help drive formation to the ON state in the absence of
a trigger RNA, a longer ON hairpin with a small loop was used. Each circle corresponds to a single
nucleotide with colour coding indicated.
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Figure A.2 Schematics of plasmids used in this study. (A) Target RNAs are expressed from a moderately
strong s70 promoter (J23101) and are followed by sfGFP and a double terminator from the rrnB operon
(TrrnB). Target plasmids harbour a chloramphenicol resistance gene, cmR, and p15A, a medium copy
number origin of replication. (B) Trigger RNAs and LASOs also use the J23101 promoter, but use a compact
T500 terminator, a high copy number origin of replication (ColE1), and an ampicillin resistance gene, ampR.
(C) To co-express a toehold repressor and toehold switch (Figure 3.7), the toehold switch target sequence
was cloned upstream of mRFP in a plasmid harbouring a spectinomycin resistance gene, specR, and a
CDF origin of replication. The copy number of the CDF plasmid is higher than p15A, so the strength of the
toehold switch promoter was weakened to help balance expression of the two RNAs. (D) sfGFP and RFP
expression cassette (Figure 3.4). Both sfGFP and mRFP are expressed by strong J23119 promoters at a
genomic locus using the same 5’ UTR sequence. Promoters were selected based on a previous
characterization study5, and sequences were obtained from the iGEM Registry of Standard Biological Parts
(http://parts.igem.org).
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Figure A.3 The LASO design motif used in this study. (Top) The target mRNA colour coded with relevant
sequence domains. (Bottom) The designed interaction between the LASO RNA and the target showing
how the RBS and AUG sequence domains become ‘looped’ upon binding. Each circle corresponds to a
single nucleotide with colour coding indicated.
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Figure A.4 Comparing the performance of the design motifs pursued in this study. Each plot shows the
fraction of designs tested (Y-axis) which repress translation at or above a given threshold (X-axis). Median
repression for each set of designs is also indicated. (A) Toehold repressor design motif A showed better
repression compared to design strategy B (B), with 76% and 53% median repression, respectively. (C) The
LASO designs showed the best performance, with median repression of 82%. (D) Median repression of
76% was observed for all designs.
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Figure A.5 Expression data used to construct the orthogonality matrix shown in Figure 3.2. Each plot
corresponds to a single column in Figure 3.2. No trigger (ON) expression from the target is shown in green,
and expression with each trigger or LASO variant is shown in white. Error bars correspond to the standard
deviation of at least three biological replicates.
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Figure A.6 Reducing overlap between ON hairpin and ribosome footprint improves both ON level and
dynamic range in several toehold repressor designs. Design #1 (A), design #5 (B), design #13 (C), and
design #18 (D) (from Figure 3.1c) have increased ON fluorescence when 4nt or 8nt are added before the
RBS. In all cases, this increase in ON fluorescence corresponds to an increase in dynamic range.
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Figure A.7 The effect of promoter tuning and reporter protein stability on the dynamic range of toehold
repressor design #1 (from Figure 3.1c). (A) The ratio of trigger to target molecules can be increased by
increasing the strength of the trigger promoter and/or decreasing the strength of the target promoter. (B)
Promoter combinations were tested using design #1 (including 8nt added before the RBS). The bestperforming combination was the moderate strength promoter (J23101) on the target and a strong promoter
(J23119) on the trigger. This design was then tested with GFPmut3b-ASV, a degradation-tagged GFP
variant (C). This reduced both ON and OFF levels with insignificant changes to the dynamic range (D).
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Figure A.8 Repression plot of the library of LASOs targeting mRFP and sfGFP shown in Figure 3.4,
including uncertainty in measured repression values. Repression of mRFP (Y-axis) and sfGFP (X-axis) is
plotted for each LASO design (grey circles) as well as the full asRNA (blue square).
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Figure A.9 Repression vs. DGCF for all LASO designs targeting mRFP from Figure 3.4f. (A) Designs
identified in screen (Figure 3.4h) to have low off-target repression of sfGFP. (B) Designs with low measured
off-target repression (sfGFP) and high on-target repression (mRFP) which were not identified from the
screening workflow. (C) All other designs, which display low on-target and/or high off-target repression.
Vertical dashed lines indicate a DGCF value of -19 kcal/mol.
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Figure A.10 Updated definition of DGCF displays improved correlation with LASO repression efficiency of
endogenous mRNA sequences. (A) Definition of DGCF proposed by Hoynes-O’Connor and Moon6, which
compares the free energy of the asRNA-mRNA duplex subregion (DGcomplex) to the free energy of the
mRNA-binding subsequence of the asRNA alone (termed the target binding region, DGTBR). (B) This original
definition shows a moderate correlation with repression efficiency of LASO designs shown in Figure 3.5 (R2
= 0.33). (C) The updated definition of DGCF proposed in this work better captures differences in LASO
repression efficiency (R2 = 0.96), likely because this metric accounts for the effects of intramolecular
structures formed by the mRNA target.
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Figure A.11 Expression levels for library members from a randomized RBS screen correlate with predicted
translation rate calculated using RBS Calculator v2.0 (Figure 3.6).
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Figure A.12 Simultaneous activation and repression from a toehold repressor and toehold switch can be
visualized by eye (Figure 3.7). 5 mL of cells containing blank control plasmids (blank), target plasmids (trigger), or target plasmids with trigger (+ trigger) were grown overnight in LB then resuspended in 100 μL
PBS. Switching of expression from sfGFP (- trigger) to mRFP (+ trigger) is clearly visible by eye (A) and
under UV illumination (B).
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APPENDIX B

Supplemental Information for Chapter 5: Computational Design of Orthogonal
Ribosomes

B.1

Supplementary Tables

Supplementary Table B.1 Important sequences used in this study. Plasmid architectures
shown in Figure B.1.
Name
pL promoter
J23119 promoter
(with SpeI cut site)
Reporter plasmid
5’ UTR (variable
SD sequence)

Superfolder GFP
(sfGFP)
Start Codon

TrrnB terminator
(BamHI-BglII scar)

Sequence
GATCTCTCACCTACCAAACAATGCCCCCCTGCAAAAAATAA
ATTCATATAAAAAACATACAGATAACCATCTGCGGTGATAAA
TTATCTCTGGCGGTGTTGACATAAATACCACTGGCGGTTAT
ACTGAGCACGGGTACC
TTGACAGCTAGCTCAGTCCTAGGTATAATACTAGT
GCGTAAGTGAACACGGTCACTTACGCCTATATCTGTTATTTT
NNNNNNNNNNAGATCT
ATGAGCAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAAT
TCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTC
TGTCCGTGGAGAGGGTGAAGGTGATGCTACAAACGGAAAA
CTCACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTT
CCGTGGCCAACACTTGTCACTACTCTGACCTATGGTGTTCA
ATGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACT
TTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGC
ACTATATCTTTCAAAGATGACGGGACCTACAAGACGCGTGC
TGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGA
GTTAAAGGGTATTGATTTTAAAGAAGATGGAAACATTCTTGG
ACACAAACTCGAGTACAACTTTAACTCACACAATGTATACAT
CACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCA
AAATTCGCCACAACGTTGAAGATGGTTCCGTTCAACTAGCA
GACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGT
CCTTTTACCAGACAACCATTACCTGTCGACACAATCTGTCCT
TTCGAAAGATCCCAACGAAAAGCGTGACCACATGGTCCTTC
TTGAGTTTGTAACTGCTGCTGGGATTACACATGGCATGGAT
GAGCTCTACAAATAA
GGATCTGAAGCTTGGGCCCGAACAAAAACTCATCTCAGAAG
AGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCAT
TGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGA
GAGAAGATTTTCAGCCTGATACAGATTAAATCAGAACGCAG
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Orthogonal
Ribosome
Small Subunit
(16S)
Large Subunit
(23S)
aSD sequence

AAGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGC
GCGGTGGTCCCACCTGACCCCATGCCGAACTCAGAAGTGA
AACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGC
GAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGC
TCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTC
GGTGAACT
GGCCGCTGAGAAAAAGCGAAGCGGCACTGCTCTTTAACAA
TTTATCAGACAATCTGTGTGGGCACTCGAAGATACGGATTC
TTAACGTCGCAAGACGAAAAATGAATACCAAGTCTCAAGAG
TGAACACGTAATTCATTACGAAGTTTAATTCTTTGAGCGTCA
AACTTTTAAATTGAAGAGTTTGATCATGGCTCAGATTGAACG
CTGGCGGCAGGCCTAACACATGCAAGTCGAACGGTAACAG
GAAGAAGCTTGCTTCTTTGCTGACGAGTGGCGGACGGGTG
AGTAATGTCTGGGAAACTGCCTGATGGAGGGGGATAACTA
CTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAA
AGAGGGGGACCTTCGGGCCTCTTGCCATCGGATGTGCCCA
GATGGGATTAGCTAGTAGGTGGGGTAACGGCTCACCTAGG
CGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACAC
TGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCA
GTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCC
ATGCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACT
TTCAGCGGGGAGGAAGGGAGTAAAGTTAATACCTTTGCTCA
TTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGC
CAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGG
AATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTC
AGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCTG
ATACTGGCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTC
CAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATAC
CGGTGGCGAAGGCGGCCCCCTGGACGAAGACTGACGCTC
AGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCT
GGTAGTCCACGCCGTAAACGATGTCGACTTGGAGGTTGTG
CCCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAGTCGA
CCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGA
ATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTA
ATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCC
ACGGAAGTTTTCAGAGATGAGAATGTGCCTTCGGGAACCGT
GAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTTGTGA
AATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCT
TTGTTGCCAGCGGTCCGGCCGGGAACTCAAAGGAGACTGC
CAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCA
TCATGGCCCTTACGACCAGGGCTACACACGTGCTACAATG
GCGCATACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGAC
CTCATAAAGTGCGTCGTAGTCCGGATTGGAGTCTGCAACTC
GACTCCATGAAGTCGGAATCGCTAGTAATCGTGGATCAGAA
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TGCCACGGTGAATACGTTCCCGGGCCTTGTACACACCGCC
CGTCACACCATGGGAGTGGGTTGCAAAAGAAGTAGGTAGC
TTAACCTTCGGGAGGGCGCTTACCACTTTGTGATTCATGAC
TGGGGTGAAGTCGTAACAAGGTAACCGTAGGGGAACCTGC
GGTTGGATCNNNNNNNNNCCTTAAAGAAGCGTACTTTGTAG
TGCTCACACAGATTGTCTGATAGAAAGTGAAAAGCAAGGCG
TTTACGCGTTGGGAGTGAGGCTGAAGAGAATAAGGCCGTT
CGCTTTCTATTAATGAAAGCTCACCCTACACGAAAATATCAC
GCAACGCGTGATAAGCAATTTTCGTGTCCCCTTCGTCTAGA
GGCCCAGGACACCGCCCTTTCACGGCGGTAACAGGGGTTC
GAATCCCCTAGGGGACGCCACTTGCTGGTTTGTGAGTGAA
AGTCGCCGACCTTAATATCTCAAAACTCATCTTCGGGTGAT
GTTTGAGATATTTGCTCTTTAAAAATCTGGATCAAGCTGAAA
ATTGAAACACTGAACAACGAGAGTTGTTCGTGAGTCTCTCA
AATTTTCGCAACACGATGATGAATCGAAAGAAACATCTTCG
GGTTGTGAGGTTAAGCGACTAAGCGTACACGGTGGATGCC
CTGGCAGTCAGAGGCGATGAAGGACGTGCTAATCTGCGAT
AAGCGTCGGTAAGGTGATATGAACCGTTATAACCGGCGATT
TCCGAATGGGGAAACCCAGTGTGTTTCGACACACTATCATT
AACTGAATCCATAGGTTAATGAGGCGAACCGGGGGAACTG
AAACATCTAAGTACCCCGAGGAAAAGAAATCAACCGAGATT
CCCCCAGTAGCGGCGAGCGAACGGGGAGCAGCCCAGAGC
CTGAATCAGTGTGTGTGTTAGTGGAAGCGTCTGGAAAGGC
GCGCGATACAGGGTGACAGCCCCGTACACAAAAATGCACA
TGCTGTGAGCTCGATGAGTAGGGCGGGACACGTGGTATCC
TGTCTGAATATGGGGGGACCATCCTCCAAGGCTAAATACTC
CTGACTGACCGATAGTGAACCAGTACCGTGAGGGAAAGGC
GAAAAGAACCCCGGCGAGGGGAGTGAAAAAGAACCTGAAA
CCGTGTACGTACAAGCAGTGGGAGCACGCTTAGGCGTGTG
ACTGCGTACCTTTTGTATAATGGGTCAGCGACTTATATTCTG
TAGCAAGGTTAACCGAATAGGGGAGCCGAAGGGAAACCGA
GTCTTAACTGGGCGTTAAGTTGCAGGGTATAGACCCGAAAC
CCGGTGATCTAGCCATGGGCAGGTTGAAGGTTGGGTAACA
CTAACTGGAGGACCGAACCGACTAATGTTGAAAAATTAGCG
GATGACTTGTGGCTGGGGGTGAAAGGCCAATCAAACCGGG
AGATAGCTGGTTCTCCCCGAAAGCTATTTAGGTAGCGCCTC
GTGAATTCATCTCCGGGGGTAGAGCACTGTTTCGGCAAGG
GGGTCATCCCGACTTACCAACCCGATGCAAACTGCGAATAC
CGGAGAATGTTATCACGGGAGACACACGGCGGGTGCTAAC
GTCCGTCGTGAAGAGGGAAACAACCCAGACCGCCAGCTAA
GGTCCCAAAGTCATGGTTAAGTGGGAAACGATGTGGGAAG
GCCCAGACAGCCAGGATGTTGGCTTAGAAGCAGCCATCAT
TTAAAGAAAGCGTAATAGCTCACTGGTCGAGTCGGCCTGCG
CGGAAGATGTAACGGGGCTAAACCATGCACCGAAGCTGCG
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GCAGCGACGCTTATGCGTTGTTGGGTAGGGGAGCGTTCTG
TAAGCCTGCGAAGGTGTGCTGTGAGGCATGCTGGAGGTAT
CAGAAGTGCGAATGCTGACATAAGTAACGATAAAGCGGGT
GAAAAGCCCGCTCGCCGGAAGACCAAGGGTTCCTGTCCAA
CGTTAATCGGGGCAGGGTGAGTCGACCCCTAAGGCGAGGC
CGAAAGGCGTAGTCGATGGGAAACAGGTTAATATTCCTGTA
CTTGGTGTTACTGCGAAGGGGGGACGGAGAAGGCTATGTT
GGCCGGGCGACGGTTGTCCCGGTTTAAGCGTGTAGGCTGG
TTTTCCAGGCAAATCCGGAAAATCAAGGCTGAGGCGTGATG
ACGAGGCACTACGGTGCTGAAGCAACAAATGCCCTGCTTC
CAGGAAAAGCCTCTAAGCATCAGGTAACATCAAATCGTACC
CCAAACCGACACAGGTGGTCAGGTAGAGAATACCAAGGCG
CTTGAGAGAACTCGGGTGAAGGAACTAGGCAAAATGGTGC
CGTAACTTCGGGAGAAGGCACGCTGATATGTAGGTGAGGT
CCCTCGCGGATGGAGCTGAAATCAGTCGAAGATACCAGCT
GGCTGCAACTGTTTATTAAAAACACAGCACTGTGCAAACAC
GAAAGTGGACGTATACGGTGTGACGCCTGCCCGGTGCCGG
AAGGTTAATTGATGGGGTTAGCGCAAGCGAAGCTCTTGATC
GAAGCCCCGGTAAACGGCGGCCGTAACTATAACGGTCCTA
AGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCTGCACG
AATGGCGTAATGATGGCCAGGCTGTCTCCACCCGAGACTC
AGTGAAATTGAACTCGCTGTGAAGATGCAGTGTACCCGCG
GCAAGACGGAAAGACCCCGTGAACCTTTACTATAGCTTGAC
ACTGAACATTGAGCCTTGATGTGTAGGATAGGTGGGAGGCT
TTGAAGTGTGGACGCCAGTCTGCATGGAGCCGACCTTGAA
ATACCACCCTTTAATGTTTGATGTTCTAACGTTGACCCGTAA
TCCGGGTTGCGGACAGTGTCTGGTGGGTAGTTTGACTGGG
GCGGTCTCCTCCTAAAGAGTAACGGAGGAGCACGAAGGTT
GGCTAATCCTGGTCGGACATCAGGAGGTTAGTGCAATGGC
ATAAGCCAGCTTGACTGCGAGCGTGACGGCGCGAGCAGGT
GCGAAAGCAGGTCATAGTGATCCGGTGGTTCTGAATGGAA
GGGCCATCGCTCAACGGATAAAAGGTACTCCGGGGATAAC
AGGCTGATACCGCCCAAGAGTTCATATCGACGGCGGTGTTT
GGCACCTCGATGTCGGCTCATCACATCCTGGGGCTGAAGT
AGGTCCCAAGGGTATGGCTGTTCGCCATTTAAAGTGGTACG
CGAGCTGGGTTTAGAACGTCGTGAGACAGTTCGGTCCCTAT
CTGCCGTGGGCGCTGGAGAACTGAGGGGGGCTGCTCCTA
GTACGAGAGGACCGGAGTGGACGCATCACTGGTGTTCGGG
TTGTCATGCCAATGGCACTGCCCGGTAGCTAAATGCGGAA
GAGATAAGTGCTGAAAGCATCTAAGCACGAAACTTGCCCCG
AGATGAGTTCTCCCTGACCCTTTAAGGGTCCTGAAGGAACG
TTGAAGACGACGACGTTGATAGGCCGGGTGTGTAAGCGCA
GCGATGCGTTGAGCTAACCGGTACTAATGAACCGTGAGGC
TTAACCTTACAACGCCGAAGCTGTTTT
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cmR
(BamHI-BglII scar)

ampR

p15A origin of
replication

GGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGA
TCACTACCGGGCGTATTTTTTGAGTTATCGAGATTTTCAGGA
GCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATAC
CACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGA
GGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCG
TTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAA
ATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCC
GCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAA
GACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTA
CACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCT
GGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATA
TATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTA
TTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGC
CAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGG
CCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGC
AAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGG
CGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTC
GGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTG
GCAGGGCGGGGCGTAATTTGATATCGAGCTCGCTTGGACT
CCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGG
ATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATT
CCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTC
TATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAG
ATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTG
CTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGA
TTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGC
AGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTAT
TAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTA
ATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTG
GTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGG
TTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGT
GCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTC
AGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGC
AGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATG
CTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAG
AATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTC
AATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAG
TGCTCAT
GCGCTAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGA
TGAGGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAA
AGGCTGCACCGGTGCGTCAGCAGAATATGTGATACAGGAT
ATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCG
TTCGACTGCGGCGAGCGGAAATGGCTTACGAACGGGGCG
GAGATTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAA
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ColE1 origin of
replication
(BamHI-BglII scar)

GTGAGAGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCG
CCCCCCTGACAAGCATCACGAAATCTGACGCTCAAATCAGT
GGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTT
TCCCCCTGGCGGCTCCCTCGTGCGCTCTCCTGTTCCTGCC
TTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTT
GTCTCATTCCACGCCTGACACTCAGTTCCGGGTAGGCAGTT
CGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTTCAGT
CCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCC
AACCCGGAAAGACATGCAAAAGCACCACTGGCAGCAGCCA
CTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGC
CGGTTAAGGCTAAACTGAAAGGACAAGTTTTGGTGACTGCG
CTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAGCT
CAGAGAACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTC
GTTTTCAGAGCAAGAGATTACGCGCAGACCAAAACGATCTC
AAGAAGATCATCTTATTAATCAGATAAAATATTT
GGCCGCGTTGCTGGCGTTTTTCCACAGGCTCCGCCCCCCT
GACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGC
GAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCT
GGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGC
TTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTG
GCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGT
GTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCC
CCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATC
GTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTG
GCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATG
TAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTAC
GGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCT
GAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGAT
CCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTT
TGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGA
AGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGA
ACGAAAACTCACGTTAAGGGATTTTGGTCATGA
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Supplementary Table B.2 Summary of aSD sequences used in this study
aSD ID
WT
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Sequence
ACCTCCTTA
ATTGTGGTA
ATGTGGTTA
ACTGTGGTA
AGATGGTTA
ATAAGGTTA
ATCTAGGTA
ACTAGGTTA
AAATGGTTA
ACTAGGTA
GATTTGCAA
CCAGGCAGA
CGGAATTCG
CCCGGACGC
ACAGCTAGG
TTTCTCTTG
AATATATGT
GCCTCGGAG
TCCAATCGG
CTTTTACGT
CGGGCGGCT
TTGCGCGTC
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Supplementary Table B.3 Summary of SD sequences used in this study
SD ID
WT
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q

Sequence
CATAAGGAGG
ATCACCAC
TCCAACCAC
TCTAACCAC
TCATAACCT
TCCAAACCT
ATTGCAAATC
ATCTGCCTGG
CGAGTTCCGT
CGCGTCCGGG
ACCTAGCTGT
ACACAAGAGA
AGCATATATT
AGTCCGAGGT
ACCGATTGGA
CGCGTAAAAG
GGCCGCCCGT
TGACGCGCAT
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Supplementary Figure

Figure B.1 Schematics of plasmids used in this study. (A) Reporter mRNAs are expressed from a strong
s70 promoter (J23119) and are followed by sfGFP and a double terminator from the rrnB operon (TrrnB).
Reporter plasmids harbour a chloramphenicol resistance gene, cmR, and p15A, a medium copy number
origin of replication. (B) Orthogonal ribosome plasmids contain a strong pL promoter which drives
expression of 23S and 16S rRNA, a high copy number origin of replication (ColE1), and an ampicillin
resistance gene, ampR.

251

