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ABSTRACT

Living systems of all scales must constantly adapt to changing conditions by
surveying their surroundings and executing appropriate responses. To adequately
respond to the diverse environmental stimuli presented by nature, living organisms
have evolved a vast repertoire of molecular circuits to direct their physiological
behaviors. In contrast, synthetic biological systems are not yet equipped with robust,
autonomous, and generalizable biomolecular regulatory elements to implement
dynamic control circuits necessary for advanced biotechnology and human health
applications. There is, thus, a need to develop new biomolecular tools to mimic and
integrate various aspects of natural control systems into functional regulatory schemes.

The first step in any dynamic control scheme involves the recognition of a
given stimuli by a sensor. While numerous sensing machineries have been found in
nature that provide a rich toolkit of sensory components for many forms of stimuli,
these naturally occurring components are not adapted for use in an artificial context.
To bypass the often tedious process of engineering membrane receptors and
intracellular signaling pathways, we envisioned a synthetic extracellular sensing
circuit that can exploit pre-existing membrane receptors by input-induced
reconstitution of native signaling peptide. The biochemical basis of such a sensing
circuit was established by adapting intein-mediated reactions to reconstitute the well-
known yeast mating pheromone peptide, a-factor, and exploiting the associated yeast

mating pathway to direct cellular responses.

XVi



Biological control systems contain logic elements that receive and process
signals from sensory elements to decide what responses need to be executed. A
particular hurdle for integrating synthetic components into control circuits is the
prevalence of unspecific interactions and crosstalk that inevitably arise from the
crowded cellular milieu. In addition, the inability to utilize endogenous cellular
information as inputs for activating or repressing responses prohibit the use of
synthetic control elements from being used in autonomous regulatory schemes. These
limitations drove the design and construction of a new class of riboregulators, termed
toehold-gated guide RNA. The synthetic riboregulators can be programmed to respond
to a very large variety of RNA sequences, including full-length mRNA, and control
CRISPR/Cas9 activities for multiplexed gene regulation in E. coli with minimal cross-
talk. The versatility of this platform was demonstrated by the use of endogenous RNA
transcripts as triggers to activate Cas9 functions, allowing thgRNA to be used as an
autonomous control elements in dynamic control schemes.

Molecular control circuits rely on precise protein-protein interactions to be
made consistently to execute the appropriate responses. The actuations of
biomolecular responses are tightly regulated by post-translational modifications such
as phosphorylation, which are not readily applicable to synthetic output components
like heterologous enzymes or transcription factors. One way to circumvent the use of
post-translational modifications to control protein-protein interactions is to apply
coiled-coil motifs as recombinant peptide tags on synthetic components to direct their
interactions. Dynamic reconfiguration of protein complex can be achieved by taking
advantage of coiled-coil motifs and their associated strand displacement reaction.

Control over a heterologous enzyme complex and its productivity was demonstrated.

XVii



Chapter 1

INTRODUCTION

1.1 Dynamic Responses as Prerequisites for Natural or Engineered Biological
Systems

Biology defines one central characteristic of life as the ability for a system to
respond to stimuli (Reece et al. 1989). Natural living systems have evolved a broad
range of complex molecular control circuits to survey external and internal states and
execute appropriate responses. These molecular circuits contain functional subsystems
that monitor environmental and cellular signals, perform signal processing operations,
and actuate appropriate molecular responses (Lim 2010). Because environmental
stimuli are endlessly diverse and dynamic, these naturally evolved control modules
have also adapted to function in different contexts and time scales to enable individual
organisms and populations to thrive against changing conditions and challenges.

Engineered biological systems present challenges similar to those encountered
in the transient and mercurial natural environments and thus also require dynamic
responses to efficiently fulfill their functions. Much as a chemical processing plant
requires control devices to maintain high productivity, a cellular factory, whether it is
applied in bioprocessing or human health, needs molecular control elements to sustain
its operations (Figure 1.1). Reliable means of regulating biomolecular processes would
be needed to fully translate the promise of synthetic biology of creating tailored-made

organisms to tackle any given task (Cameron, Bashor, and Collins 2014).
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Figure 1.1 Analogous needs for control mechanisms in chemical processes operating
in manufacturing plants and in cellular factories.



Tremendous progress has been made in making synthetic biological control
elements inspired by electrical circuitry, ranging from the basic genetic toggle switch
(Gardner, Cantor, and Collins 2000) and the repressilator (Elowitz and Leibier 2000)
to the more complex memory elements (Friedland et al. 2009), oscillators (Elowitz
and Leibier 2000; Atkinson et al. 2003; Stricker et al. 2008), and logic gates
(Anderson, Voigt, and Arkin 2007; Maung and Smolke 2008). However, the
application of these devices to engineer biological systems outside of the laboratory
remains in its infancy (Khalil and Collins 2010). In contrast to naturally evolved
biological control circuits that have been fine-tuned as interconnected networks over
eons (Mitchell et al. 2009), current state-of-the-art synthetic biomolecular control
systems often lack the capacities to sufficiently respond to dynamic changes and
seamlessly interface with each other or native cellular machineries. These deficiencies
limit the use of synthetic control modules as modern biotechnology and medicine
require engineered biological systems to perform increasingly complex tasks with
precision and accuracy.

To overcome these limitations, novel approaches to impose control need to be
developed to allow access to information originating from both artificial and
endogenous sources and perform the intended functions robustly across different
platforms. The need for these novel approaches necessitates further engineering of
biomolecules to mimic and integrate various aspects of natural control systems into
functional control schemes. The following work represent our efforts to create new
biomolecular control modules to serve as parts of a toolkit, categorized as sensors
(Chapter 2), signal processors (Chapter 3), and actuators (Chapter 4), that can be used

to customize engineered biological systems, as summarized in Figure 1.2.
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Figure 1.2 A toolkit of biomolecular control elements to tailor engineered organisms
for specific functions.




1.2 Synthetic Sensing Circuits

Stimuli, both synthetically introduced and naturally occurring, need to be
recognizable by sensory components to initiate any physiological responses (Doyle,
Mangelsdorf, and Corey 2000; Koh 2002). In nature, living organisms are exposed to
innumerable forms of stimuli, which has driven the evolution of countless sensing
machineries. However, native sensors have not evolved to meet our needs in
biotechnological and human health applications. As such, existing biosensors such as
membrane receptors and intracellular factors must be further engineered to ensure
robust performance outside of their native context (Conklin, Hsiao, and Claeysen
2008; Armbruster et al. 2007; Taylor et al. 2015).

Furthermore, synthetic applications present signals that are often difficult to
detect with naturally evolved sensors because spatial barriers, such as cell membrane,
may prohibit access of the relevant analytes, such as large polymeric molecules, or
halt signal transduction to downstream processing circuits. One possible solution to
circumvent these complications is to “export” the sensing functions served by
membrane receptors and intracellular regulators to an entirely extracellular sensing
circuit. This synthetic extracellular circuit must a) identify the presence of the target
signal outside of the cell and b) transduce the recognition event into a form that is
readily detected by the cell (Figure 1.3). Effectively, such a sensing circuit acts as a
biomolecular “translator” that bridges the gap between a foreign input signal and
native cellular responses, enabling the cell to react appropriately to the input, without
the often tedious process of engineering membrane receptors or intracellular signaling
pathways (Daringer et al. 2014). Because the central sensing functions occur outside

of the cell, this strategy may avoid the potential pitfalls of undesirable crosstalk with



native signaling mechanisms that frequently plague intracellular sensory machineries

(Zarrinpar, Park, and Lim 2003; Daringer et al. 2014).

Synthetic extracellular sensing circuit

/ Natively recognizable signal \

_______ \ L .
|( |Analyte-induced‘ Binding to native
| Sensing | reconstitution \ receptor

modules |
/
ey — gyl — <M 2 L3
r \ TRy
| Mhactive signaling] |
| domains | Signaling
S —— / Analyte 1 pathway

Extracellular sensors
Cellular responsg/

Figure 1.3 Synthetic extracellular sensing circuit to detect analyte of interest by
reconstitution of natively recognizable signal.

Chapter 2 of this work details our attempts toward creating such an
extracellular sensing circuit enabled by intein-mediated reactions. The primary
challenge of constructing an easily adaptable extracellular sensor is resolved by the
reconstitution of signaling peptides through the promiscuous post-translational intein-
mediated reactions (K. H. Siu and Chen 2017). The reactions are largely independent
of both the sensing function and the identity of the signal peptide, thus allowing this
scheme to serve as the biochemical basis for the creation of synthetic sensing circuits

in a variety of context.



1.2.1 Intein-mediated Post-translational Modifications

Protein splicing elements, termed inteins, are internal amino acid sequences
embedded in various protein precursors and are excised by a post-translational, self-
catalytic process (Perler et al. 1994). The removal of inteins from the primary
translation product is concomitant with the formation of a new peptide bond joining
the flanking sequences, called exteins, thus producing two separate proteins.
Remarkably, this auto-catalytic process is able to proceed without any known
cofactors, accessory proteins, or energy source. Many inteins have also been shown to
retain their native activities when inserted into heterologous proteins (Lockless and
Muir 2009). This robust and versatile ability to modify precursor proteins has been
harnessed in a wide variety of applications, including purification (Wood et al. 1999),
biosynthesis of cyclic proteins and peptides (Iwali, Lingel, and Pluckthun 2001;
Tavassoli and Benkovic 2007), and gene delivery (J. Li et al. 2008).

In our study, we have not only used inteins to ligate split signaling peptides
through protein trans-splicing, but also explored the use of a side reaction, N-terminal
cleavage (Volkmann, Sun, and Liu 2009), to reconstitute functional signaling peptides.
These biochemical reactions can be applied for the creation of logic-gated synthetic
extracellular circuits, thus forming the mechanistic basis for activation of our synthetic

extracellular sensors.

1.3 Biomolecular Integrated Control Elements for Signal Processing

Much like electronic systems, biological control systems contain logic
elements that receive and process signals from sensory elements to decide what
responses need to be executed (Khalil and Collins 2010; Lim 2010). However, unlike

electronic circuit elements, which can be insulated spatially and electrically, biological



components constantly encounter and interact with one another within the complex
cellular milieu. As a result, unspecific interactions and crosstalk between components
inevitably arise and complicate the use of engineered control elements in biological
systems. To address this fundamental limitation, new devices with high dynamic
range, low system crosstalk, and flexible design are necessary to realize the multi-
layered control circuits that underlie biotechnology and medicine.

Another hurdle for integrating synthetic control elements with native cellular
machineries is the inability to utilize endogenous cellular information as inputs for
activating or repressing synthetic responses. While many forms of conditional control
systems have been developed, almost all rely on externally supplied inputs in the
forms of small molecules (Spencer et al. 1993; Ho et al. 1996; Miyamoto et al. 2012)
or light (Ballister et al. 2014). The requirement of external inputs prevents synthetic
control elements from being implemented as autonomous regulatory mechanisms in
engineered organisms that can robustly accomplish many tasks simultaneously.

In light of the limitations of currently available synthetic control schemes, we
sought to develop a new class of control elements that can operate robustly in cellular
environments. This led us to create a class of riboregulators based on gRNA scaffolds
found in CRISPR/Cas9 systems termed toehold-gated gRNA (thgRNA) described in
Chapter 3 (K.-H. Siu and Chen 2018) (Figure 1.4). These thgRNAs are controlled by
toehold-mediated strand displacement. Activation of thgRNA is enabled by sequence-
specific unblocking of the spacer region using a specific RNA trigger, which offers a
high degree of orthogonality and very low system cross-talk with other un-related
endogenous information. The flexibility to exploit endogenous RNAs for gene

regulation further provides a simple interface between native signals and synthetic



transcriptional outputs. These valuable traits allow thgRNAs to be applied as flexible
logic elements that are capable of integrating native cellular information in biological

control systems.

Signal processing units for Cas9 activation
A ; IR
o

Target cellular

Unspecific cellular

marker (i.e. RNA) Toehold-gated gRNA markers
:\ ~ — — — - 7
~Na I
Cas9 No Cas9

\ activities activities /

Figure 1.4 Application of thgRNAs as signal processing units for control of Cas9
functions.

1.3.1 CRISPR/Cas9 Functions and Applications

The Clustered Regularly Interspaced Short Palindromic Repeats, or CRISPR,
system is a prokaryotic immune system that grants resistance to foreign genetic
materials such as phage genomes and plasmids in a form of adaptive immunity
(Horvath and Barrangou 2010; Sapranauskas et al. 2011; Jinek et al. 2012b). A simple
subtype, CRISPR/Cas9, has gained immense popularity over the past few years

because it only requires two molecules—the Cas9 protein and the sgRNA (Jinek et al.



2012b)— for it to be readily adapted as a host-independent gene-targeting platform.
This simplicity has led to its widespread adoption as a versatile and efficient tool for
genome engineering and gene regulation (Ran, Hsu, Wright, et al. 2013; Qi et al.
2013).

The ability of CRISPR/Cas9 to target DNA preceding a protospacer adjacent
motif (PAM) using sequence complementarity of the spacer region of the sgRNA is
well-documented (Jinek et al. 2012a; Nishimasu et al. 2014). However, the imperfect
specificity of Cas9 activity (Hsu et al. 2013; Pattanayak et al. 2013) raises concerns
over off-target effects that limit its usefulness in therapeutic and research applications.
These concerns have led researchers to reduce off-target binding by either engineering
the Cas9 protein (Ran, Hsu, Lin, et al. 2013; Tsai et al. 2014) or the sgRNA (Fu et al.
2014). As an alternative approach, some groups have focused on creating
CRISPR/Cas9 systems that are dependent on post-translational control via an
externally applied small molecule (Davis et al. 2015; W. Tang, Hu, and Liu 2017) or
light (Nihongaki et al. 2015; Zhou et al. 2017).

To enable autonomous control over transcriptional activities inside the cell, a
method to control Cas9 activities without the need of external input is desirable.
Binding of Cas9-sgRNA complex to its DNA target depends heavily on the
availability of the spacer, particularly the so-called “seed” region, of the sgRNA to
hybridize with the targeted strand (Gong et al. 2018). Sequestering the spacer region
with a RNA hairpin structure should therefore prevent binding and inhibit Cas9
activities. The reconfiguration of the sequestered structure to unblock the spacer

region would provide us the ability to control Cas9 activities. This was accomplished
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by exploiting a non-enzymatic reaction known as toehold-mediated strand

displacement described below.

1.3.2 Toehold-mediated Strand Displacement

While traditional nucleic acids-based nanotechnology has focused on the
design and application of static, self-assembled structures, recent advances in
computational tools and our understanding of nucleic acids’ biophysical properties
have enabled the design and construction of assemblies with dynamic behaviors. In
particular, the thermodynamic properties of nucleic acids allow a complementary
single-stranded oligonucleotide to invade and displace a pre-hybridized strand (D. Y.
Zhang and Seelig 2011). The displacement reaction occurs when one of the pre-
hybridized strands contains an extended region to which only the invading strand can
hybridize; this extended complementary region is called a toehold as it serves as the
initiating site of the displacement reaction. Once the invading strand binds onto the
toehold region of a pre-hybridized strand, it begins to unwind the sequestered strand
from the pre-hybridized complex by means of “branch migration”, eventually resulting
in full displacement (Figure 1.5) (D. Y. Zhang and Winfree 2009). The strand
displacement reaction rate can be quantitatively controlled simply by varying the
length of a toehold region (Zhang and Seelig 2011) or creating mismatched
complementary base-pairs in the toehold region (Broadwater and Kim 2016). The
ability to control the rate and efficiency of displacement allows the creation of highly

functional nucleic acid circuits, even in an intracellular setting (Groves et al. 2015).
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Figure 1.5 Toehold-mediated strand displacement.

We were interested in exploiting this remarkable level of control based solely
on sequence complementarity between two strands. In particular, we sought to exploit
the abilities of toehold-mediated strand displacement to change RNA configurations
inside cells and potentially distinguish different RNA strands down to the single-
nucleotide level. In conjunction with the appealing properties of the CRISPR/Cas9
system discussed previously, these traits of the displacement reaction enabled us to
design intracellular riboregulators in the form of our thgRNA capable of using RNA

transcripts as triggers.

1.4 Actuation through Control of Intracellular Protein Interactions

Interactions between proteins play a dominant role in all aspects of dynamic
responses in biological systems. Precise connections between components are
essential to actuate the appropriate cellular machineries and execute any particular
responses (Bashor et al. 2008; Dueber et al. 2003; R. Chen et al. 2014). Consequently,
protein interactions must be tightly regulated in time and space within the confines of
the cell while remaining responsive to changes in cellular conditions. These regulatory

mechanisms typically take the form of conditional activation or inhibition of binding
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motifs through post-translational modifications such as phosphorylation and
ubiquitination, resulting in changes of the binding motifs’ characteristics.

Despite the recognition that dynamic control can only be achieved with
stimuli-responsive elements, synthetic modules designed to bridge the gap between
two given cellular pathways have remained mostly static. The primary challenge in
creating dynamic interaction domains is the lack of auxiliary regulatory mechanisms
that can reconfigure the synthetic modules’ binding characteristics. Without the ability
to directly change protein conformations through post-translational modifications (e.g.
phosphorylation, ubiquitination, etc.), artificial interactions can only be controlled by
either addition of external inputs such as chemicals, light-induced dimerization, or
turnover of static interaction motifs. None of these mechanisms are capable of
autonomous, reversible adjustments of protein interactions that define dynamic control
systems. To address these deficiencies, we have employed a class of protein structural
motifs known as coiled-coils as synthetic actuators and exploited their capacity to
partake in strand displacement to impose dynamic controls over protein interactions in

Chapter 4 (Figure 1.6).
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Coiled-coil motifs as synthetic actuators
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Figure 1.6 Coiled-coil strand displacement as mechanism for actuating dynamic
response

1.4.1 Coiled-coil Motifs: Structure, Design, and Strand Displacement
Coiled-coil structural motifs were first independently proposed by Linus
Pauling and co-workers (Pauling, Corey, and Branson 1951) as well as Crick (Crick
1952) as theoretical recurring domains present in a-keratins. These structures are made
of heptad amino acid repeats, usually labeled abcdefg, where a and d are the
hydrophobic positions often occupied by isoleucine, leucine, or valine. These
hydrophobic residues forms a “stripe” that coils around the a-helical secondary
structure upon folding of the repeating heptad pattern, forming an amphipathic helix.
For such amphipathic helices to arrange themselves in agueous solution, the most
thermodynamically favorable conformation is to wrap the hydrophobic “stripes”
against each other sandwiched between the hydrophilic amino acids. (Pauling, Corey,

and Branson 1951) Thus, the oligomerization of coiled-coils is thermodynamically
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driven by the minimization of hydrophobic surfaces in contact with bulk solution
(Crick 1952).

A substantial body of work in coiled-coil motifs has followed the first de novo
coiled-coil design reported by Hodges and colleagues (Hodges et al. 1981; Kohn and
Hodges 1998; O’Shea, Lumb, and Kim 1993; Burkhard, lvaninskii, and Lustig 2002;
Reinke, Grant, and Keating 2010; GradiSar and Jerala 2011). These studies have
yielded progressively more clear principles and guidelines that are now being
incorporated into in silico algorithms for designing new coiled-coil motifs (Harbury et
al. 1998; Negron and Keating 2014). Aided by these advanced computational tools, it
is now possible to design nanostructures of considerable sophistication that self-
assemble from different coiled-coil motifs a priori (MacPhee and Woolfson 2004; W.
M. Park et al. 2017). This deep level of understanding facilitates the use of these
peptide motifs to dictate interactions with unusually high reliability and predictability,
a unique feature that we exploit in our design for a synthetic actuator to control protein
proximity.

We also sought to apply dynamic coiled-coil systems that enable the controlled
and reversible dissociation of complexes in an intracellular environment. Recently,
Groger et al. demonstrated reversible coiled-coil association using pairs of
heterodimeric coiled-coil based on the Hodges EK peptides by modulating the lengths
of the individual coils (Grdger, Gavins, and Seitz 2017). The varying lengths of the
coiled-coils resulted in a range of dissociation constants of uM to sub-nM, allowing
longer coils to dynamically displace shorter coils akin to strand displacement for
nucleic acids discussed in Chapter 1.3.2 above (D. Y. Zhang and Winfree 2009).

Kinetic studies on the displacement reaction have further elucidated the characteristics
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of this dynamic phenomenon (Groth et al. 2018). Accordingly, we set out to expand

the use of coiled-coil motifs for dynamic control schemes in Chapter 4.
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Chapter 2

SYNTHETIC EXTRACELLULAR SENSING CIRCUIT BY INTEIN-
MEDIATED RECONSTITUTION OF YEAST MATING FACTOR

This Chapter is adapted with permission from Siu, Ka Hei, and Wilfred Chen.
2017. “Control of the Yeast Mating Pathway by Reconstitution of Functional a-Factor
Using Split Intein-Catalyzed Reactions.” ACS Synthetic Biology.
doi:10.1021/acssynbio.7b00078. Copyright 2017 American Chemical Society.
(Appendix B.1)

2.1 Summary

One of the most common mechanisms for surveying environmental stimuli and
adapting to changing conditions employed by natural living systems is the use of
signaling pathways that are able to sense an external input of interest, transmit the
signal inside the cell, and actuate appropriate cellular responses. Mimicking these
natural mechanisms, synthetic biosensors have been devised to detect signals in and
out of the cell. However, synthetic control strategies using signaling peptides to
regulate and coordinate cellular behaviors in multicellular organisms and synthetic
consortia remain largely underdeveloped because of the complexities necessitated by
heterologous peptide expression. Using recombinant proteins that exploit split intein-
mediated reactions, we present here a new strategy for reconstituting functional
signaling peptides capable of eliciting desired cellular responses in S. cerevisiae.
These designs can potentially be tailored to any signaling peptides to be reconstituted,

as the split inteins are promiscuous and both the peptides and the reactions are
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amendable to changes by directed evolution and other protein engineering tools,
thereby offering a general strategy to implement synthetic control strategies in a large

variety of applications.

2.2 Introduction

Living systems of all scales, from unicellular microbes to multi-species
communities, must constantly adapt to changing conditions by continually surveying
their surroundings for relevant stimuli. One of the most common mechanisms for this
continual process is the use of signaling pathways that are able to sense an external
input of interest, transmit the signal inside the cell, and actuate appropriate cellular
responses such as transcriptional upregulation (Lim 2010). Often, this transduction
mechanism involves a signaling molecule and its cognate receptor, as frequently seen
in the myriad of G-protein coupled receptors (GPCRS) present in eukaryotes
(Venkatakrishnan et al. 2013). While a limited number of signaling molecules and
their associated pathways (i.e. quorum sensing) have been successfully engineered
into different species (M.-T. Chen and Weiss 2005; Collins, Leadbetter, and Arnold
2006), more complex signals such as peptide hormones have not yet been widely
incorporated into synthetic control schemes. As opposed to the small molecules used
by bacterial quorum sensing systems, peptide signaling molecules are often difficult to
secrete, and engineering of their cognate membrane bound GPCRs has proven to be
even more challenging because of their very poor expression in recombinant hosts
(Sarramegna et al. 2006; Lundstrom et al. 2006). As a result, the use of GPCRs and
their associated signaling pathways for orthogonal control of cellular behaviors remain

elusive.
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Despite these difficulties, there are tremendous scientific and clinical interests
to adopt these peptide-mediated signaling pathways as synthetic extracellular sensing
circuits because of their importance in cell-to-cell communication and disease
progression (Rozengurt, Sinnett-Smith, and Kisfalvi 2010; Lappano and Maggiolini
2011). We present here a new generalizable framework for designing synthetic
extracellular sensing circuits that could be adapted for any signaling peptide of
interest. Our design involves the use of split inteins to facilitate the functional
reconstitution of inactive signaling peptides through either protein trans-splicing
(PTS) or N-terminal cleavage (NTC) reactions (Figure 2.1). In PTS, two polypeptides,
called the N- and the C-inteins, are able to associate with each other and trigger a
series of biochemical reactions that result in the self-excision of the intein sequences
from the protein complex and, concomitantly, the formation of a new peptide bond
between their flanking sequences, called the exteins (Figure 2.2, left) (Muir 2003). By
mutating a key residue at the catalytic site of the intein complex (N146A), the PTS
reaction pathway can be redirected to NTC in which the N-extein is cleaved from the
complex instead of being ligated to the C-extein. (Figure 2.2, right) (Amitai et al.
2009; Shah et al. 2012). These reactions are applied to reconstitute the yeast mating
pheromone signal peptide, a-factor, from recombinant proteins. The reactions thus
serve as the basic biochemical mechanisms to activate yeast mating GPCR signaling

pathway and control cellular responses.
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Figure 2.1 Protein trans-splicing (PTS) and N-terminal cleavage (NTC) reactions
catalyzed by split inteins.
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Figure 2.2 Reaction mechanisms for protein trans-splicing (PTS, left) and N-terminal
cleavage (NTC, right). Note the end products for PTS result in the
formation of a new peptide bond between the N- and C-exteins while the
N-extein of NTC reactions are cleaved from the reaction intermediate by
a nucleophile that forms a new thioester bond. In our study, the
nucleophile is a reducing agent (DTT), which leads to subsequent
hydrolysis, leaving a carboxyl group at the C-terminus for the newly
released N-extein.

2.3 Materials and Methods

2.3.1 Peptide Design and Preparation.

A small library of synthetic analogues of a—factor were designed and listed in
Table 2.1.
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Table 2.1 Library of synthetic a-factor analogues screened for growth arrest activities

Sequencel® Number of  Clearing EC50
residues formation®  (nM) [©]
1 WHWLRLG"CGQPMY 13 Y 100
1-BM MWHWLRLGA"CGQPMY 14 Y 200
2 WHWLRLACAGQPMY 13 Y 150
2-Bld MWHWLRLA"CAGQPMY 14 Y 425
3 WHWLRLG"CFQPMY 13 N N.D.
4 WHWLRLGAMCGQPMY 14 Y N.D.
5 WHWLRLG"CAGQPMY 14 Y N.D.
6 WHWLACLSPGQPMY 13 Y 450
7 WHWLACLQPGQPMY 13 Y 400

eI Residues that differ from WT are underlined. ~ mark the intended split site of
the synthetic analogue when fused onto split inteins. ! Clearing formation
observed from agar plate-based growth arrest assays. [l EC50 defined as the
approximate concentration required to achieve 50% growth inhibition of
BY4741 barlA cells growing in YPD (Figure 2.6). [4 “B” denotes an N’-
Methionine added variant of the original peptide sequence to account for
expression of the final recombinant proteins in E. coli.

All peptides were purchased from GenScript, Piscataway, NJ. The chemically
synthesized peptides were purified, lyophilized, and analyzed by MS and HPLC to
ensure >70% purity by the company. Prior to use, lyophilized peptides were
reconstituted in 100% DMSO to stock concentrations of 10 mg/mL. Sterile water was

used to dilute stock peptide solutions where needed.

2.3.2 Screening of Synthetic a—factor Analogues.

Individual yeast BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0 barl::KanR)
colonies were picked from YPD (10g/L yeast extract, 20g/L peptone, 20g/L dextrose)
agar plates and grown overnight in 3mL YPD. Overnight cultures were used to
inoculate 3mL of fresh YPD at an initial ODgoo 0f ~0.05 and grow to exponential
phase (ODsoo of ~0.3-0.5). The growing yeast cultures were thoroughly mixed into

sterile, melted 0.75% agar at 50°C at an ODeoo 0f ~0.005 and quickly poured over
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YPD agar plates. Once the soft overlay containing yeast solidified, SuL of a—factor

analogue solutions of desired concentrations were added (Figure 2.3) and air-dried.

Dried plated were incubated at 30°C for 36hrs prior to visual inspection and imaging.

Images were taken using the Gel Doc Ez system (Bio-Rad Laboratories, Inc.,

Hercules, CA, USA).

Sequencel®l

Number of MW

Sug =

[peptide]

pg peptides added
to spot on plate

7 WHWLACLQPGQFMY

13

1658.95

3.01

residues (g/mol) __nmol (mM, 5pgin
5uL)
1 WHWLRLG CGQPMY 13 1646.94 3.04 0.607
1-B MWHWLRLGACGQPMY 14 1778.14 2.81 0.562
2 WHWLRLACAGQPMY 13 1660.97 3.01 0.602
2-B MWHWLRL"CAGQPMY 14 1792.17 2.79 0.558
3 WHWLRLG*CFQPMY 13 1737.07 2.88 0.576
4 WHWLRLGAMCGQPMY 14 1718.02 2.91 0.582
5 WHWLRLG"CAGQPMY 14 1718.02 29 0.582
6 WHWLACLSPGQPMY 13 1617.9 3.09 0.618

0.603

Figure 2.3 Layout of plate-based growth arrest assay and relevant information. Each
peptide variant is spotted onto YPD-agar plates and air-dried prior to
addition of a soft agar overlay containing growing yeast cells. The plates
are then incubated at 30°C for 36hrs prior to imaging and analysis.

All synthetic analogues that resulted in clearings on plates were further

subjected to a liquid growth assay to quantify their biological activities. Similar to the

plate-based assay, individual colonies were picked and grown overnight. Overnight

cultures were used to inoculate 3mL of fresh YPD at an initial ODggo of ~0.05 and

grow to early exponential phase (ODgoo 0f ~0.2-0.25). Varying concentrations of a-
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factor analogues were added to these cultures, which were then incubated at 30°C for
16 hours with shaking before ODgoo Were measured (Figure 2.4). The final ODgoo Were
normalized to the ODsoo of control samples with no peptides added. By plotting the
normalized ODsoo against the concentrations of peptides added on a semi-log plot, the

half maximal effective concentration (ECso) of each analogue could be identified.

Measure cell growth

X | with spectrophotometer g

Grow YPD -
individual 30°C ~
colonies ~16-18hrs

YPD
Inoculate subculture(s) Grow cultures 30°C
at initial ODgg, of ~0.05 overnight ~16hrs
YPD
; - 30°C - - - .
’ ‘ Add synthetic a—factor ‘ ‘ ‘

variant(s)

-
| L Al |
| | n | |

Figure 2.4 Workflow of growth arrest assay in liquid media.

2.3.3 Construction of Expression Plasmids.
The plasmids encoding all constructs were created by standard subcloning

techniques and are listed in Table A.1.1. Briefly, genes for the Npu split inteins were

24



amplified from pl plasmids from Ramirez et al. (Ramirez et al. 2013) using primers

with additional flanking sequences encoding split a—factors, His-tag, and restriction

sites as needed (Table 2.2).

Table 2.2 Oligonucleotides used for construction of plasmids

#  Sequence Purpose

1 tatacatatgTGGCATTGGTTGAGATTGGGTT  Forward primer for oN!-
GTTTAAGCTATGAAACGGA NpuN

2  atatatgagctcATTCGGCAAATTATCAACCC  Reverse primer for NpuN
GCATC

3  agcagcccatggggetcccagTACAAATTAATCCT  Forward primer for GB1
TAATGGTAAAACATTG (NpuN fusions)

4 tgotgotgotgotgctcgagTTCAGTAACTGTAAA  Reverse primer for GB1
GGTCTTAGTCGC (NpuN fusions)

5  gatatacatatgTGGCATTGGCTGCGCCTGTGT Forward primer for aN?-
TTAAGCTATGAAACGGAAATATTG NpuN

6  gatatacatatgAAAATCGAAGAAGGTAAACT Forward primer for MBP
GGTAATC

7  atgccacatatgCGAGCTCGAATTAGTCTGCG  Reverse primer for MBP

8 atacatatgcaccaccaccaccaccaccagTACAAATT  Forward primer for
AATCCTTAATGGTAAAACATTG HHHHHH-GB1 (NpuC

fusions)

9 ttacgtgtggctattttgatggagcc TTCAGTAACTGT  Reverse primer for GB1
AAAGGTCTTAGTCGC (NpuC fusions)

10 ctttacagttactgaaggctccaTCAAAATAGCCACA Forward primer for NpuC
CGTAAATATTTAGGC

11  acgtgctcgagtcaATACATTGGTTGACCACAA  Reverse primer for NpuC-
TTAGAAGCTATGAAGCCATT ot

12 acgtgctcgagtcaATACATCGGCTGGCCCGCG  Reverse primer for NpuC-
CAATTAGAAGCTATGAAGCCATTTTTG o

13 gccectcgagacaagaacaAAGCAGAAGCTATGAA  Reverse primer for

GCCATTTTTGAG

NpuC(N146A)

Underlined portions represents restriction sites. Upper case letters indicate
binding region to gene of interest.

Amplified products were purified by gel electrophoresis. Purified products and

pET-24a(+) vector (MilliporeSigma, St. Louis, MO, USA) were digested using
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restriction enzymes (New England BioLabs®, Inc., Ipswich, MA, USA) as needed.
Recombinant constructs were made by ligating digested vectors and inserts using T4
ligase (New England BioLabs®, Inc., Ipswich, MA, USA), followed by heat-shock
transformation into NEB5®a cells (New England BioLabs®, Inc., Ipswich, MA, USA).
Transformed cells were screened by restriction digests and the sequences of each

expression construct were further confirmed by sequencing.

2.3.4 Protein Expression and Purification.

E. coli BL21-Gold (DE3) cells (Agilent Technologies, Cedar Creek, TX) were
transformed with individual expression plasmids. Transformed cells were grown in
3mL TB (Terrific Broth, 12g/L tryptone, 24g/L yeast extract, 4mL/L glycerol, 17mM
KH2POj4, 72mM K2HPOg) at 37°C overnight. Overnight cultures were used to
inoculate 25mL of fresh TB to an initial ODeoo 0f ~0.05 and grow to mid-exponential
phase (ODes0o~0.75) at 37°C. Protein expression was induced by addition of 200uM
isopropyl-p-thiogalactopyranoside (IPTG) at 20°C for ~16hrs. Induced cells were then
harvested by centrifugation at 3000g for 10 min, resuspended in lysis buffer (50 mM
Tris-Cl, 150 mM NaCl. pH 7.5) to an ODgoo 0f ~15, and lysed by sonication. Insoluble
materials were removed by centrifugation at 10000g for 30 min. Desired fusion
proteins were purified from soluble supernatants by affinity chromatography using
His-Bind resin (MilliporeSigma, St. Louis, MO, USA) columns. Purified proteins
were dialyzed against Reaction Buffer (50mM Tris-HCI, 150mM NaCl, 1ImM EDTA,
10% v/v glycerol, 5mM TCEP, pH 7.4). Dialyzed protein solutions were analyzed by
SDS-PAGE and Bradford assays to estimate their concentrations and purities. These

protein solutions were used directly in in vitro reactions as described below.
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2.3.5 Invitro Reconstitution of Functional a—factor from Split Intein Fusions.

All in vitro reactions were carried out in Reaction Buffer with TCEP added
immediately prior to the start of each reaction to a final concentration of 5 mM. Fusion
proteins were mixed into the reaction mixtures at concentrations as indicated. The
assembled reaction mixtures were incubated at room temperature on a rotator.
Samples were collected at times as noted.

For reactions involving constructs N1B/C1, N2B/C2, and N3B/C3, where
further analyses by SDS-PAGE were needed, the reactions were quenched by addition
of Gel Loading Buffer (5x, 300 mM Tris-HCI, 10% w/v SDS, 25% v/v glycerol, 0.5%
w/v bromophenol blue, 200 mM B-mercaptoethanol, pH 6.8) to collected samples and
heated to 95°C for 5 minutes. After quenching, the reaction products were loaded onto
10% or 12% polyacrylamide gels followed by electrophoresis. Standard Coomassie
staining or Western Blotting techniques were used to visualize the results.

Densitometry analysis was performed using ImageJ.

2.3.6 Yeast Growth Arrest Assays using Products of Intein-catalyzed Reactions.

Yeast BY4741 barlA cells (MATa his3A1 leu2A0 met15A0 ura3A0
barl::KanR) were grown from single colonies in 3mL YPD at 30°C overnight.
Overnight cultures were used to inoculate 25mL of fresh YPD to an initial ODegoo of
~0.05 and grow to early exponential phase (ODesgo~0.2-0.25) at 30°C. 900uL of this
culture was induced with 100uL of reaction products, resulting in 10-fold dilutions of
final concentration of o—factor where products were present. The resultant mixtures
were incubated at 30°C for 16 hours to induce growth arrest. ODsoo Of these cultures
were then measured and normalized to the average of cultures with only reaction

buffer added.
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2.3.7 Transcriptional Induction of GFP in Yeast.

Yeast W303-derived cells with GFP under the control of pFUS1 mating
responsive promoter (MATa farl A mfa2::pFUS1-GFP barl::Nat® his3 trp1 leu2 ura3,
courtesy of Prof. Wendell Lim of UCSF) were grown and induced using the same
procedures as in the growth arrest assays described above. Instead of 16 hours of
induction, ODeoo and fluorescence (Ex: 475nm, Em: 515nm) of the induced cultures
were measured using a microplate reader after 3 hours of induction. The specific
fluorescence were determined by dividing the fluorescence reading by ODeoo
measurements. Samples were also examined using flow cytometry. Collected samples
were further pelleted, lysed by disruption with glass beads, and analyzed with SDS
PAGE and blotted against anti-GFP. For testing NTC reactions in living cultures, 1uM
of purified proteins in Reaction Buffer were added directly into the culture medium
with growing yeast at ODeoo ~ 0.5. Specific GFP fluorescence were determined using

the same protocol as noted above 3 hours after the addition of the proteins.
2.4 Results and Discussions

2.4.1 Active Synthetic a-factor Analogues that Accommodates Intein Reactions
can be Created

To demonstrate the feasibility of our strategy, the well-characterized a-factor
(Figure 2.5a), which activates the yeast mating pheromone response pathway (Figure
2.6) upon binding onto its native receptor, Ste2p (Naider and Becker 1986; Naider and
Becker 2004), was used as a model signaling peptide. This pathway is ideally suited to
establish and validate our approach as it has been used as a model for all eukaryotic
GPCR signaling pathway and engineered to perform a variety of synthetic functions

with tunable behaviors (S.-H. Park, Zarrinpar, and Lim 2003; Youk and Lim 2014).

28



The yeast a-factor is a 13-amino acid peptide composed of three distinct domains:
residues that initiate signaling in the N terminus, residues that mediate binding to
Ste2p in the C-terminus, and a flexible loop region in the middle to orient the
signaling and binding domains (Figure 2.5a) (Naider and Becker 2004). Since
mutations to either the N- or C- terminal region essentially abolish GPCR activation
(S.-H. Park, Zarrinpar, and Lim 2003; Youk and Lim 2014), these results indicate that
both GPCR binding and activation are necessary for correct pathway signaling. We
hypothesized that split a-factor fragments composed of either the N- or C- terminal
region that are incapable of activating the mating pathway can be created for intein-

mediated functional reconstitution.
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Figure 2.5 Adapting yeast mating pheromone, a-factor, for synthetic control. a) Wild-
type a-factor sequence binds to its native receptor and triggers
downstream cascade that results in many cellular responses, including
cell cycle arrest. b) A small library of a-factor analogues (see Table 2.1
for complete list) with substitutions (marked by X) to insert the Cys
residue required for PTS was designed and chemically synthesized, with
the prospective split site between residues 8 and 9 (marked by A). The
synthesized analogues were added to growing yeast on agar in increasing
amounts to evaluate their activity. c) Analogues 1 and 2 displayed the
highest activities relative to the wild-type (WT). For variants 1B and 2B,
an N-terminal Met residue was added to peptides 1 and 2 to mimic the
final spliced product after fusion proteins were expressed from E. coli.

For effective intein ligation, an absolute requirement is a Cys residue at the +1

position after the C-extein (Manfredi et al. 1996). Since a large variety of residues
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have been substituted into the loop domain of a-factor without affecting biological
activity (Manfredi et al. 1996), we hypothesized that a synthetic a-factor analogue that
includes the required residues for PTS while also retaining biological activities could
be created. To test this hypothesis, we designed a small library of synthetic a-factor
analogues (Table 2.1) and screened them using a simple plate-based growth arrest
assay (Figure 2.3 and Figure 2.5b) based on the induction of cell cycle arrest in the G1
phase upon activating the mating pathway (Ishii et al. 2006). By exploiting the easily
observable growth arrest phenotype, we successfully identified two synthetic
analogues (1 and 2) that retain significant levels of biological activities by correlating
the size of the clearing zone around a lawn of growing yeast cells (Figure 2.5¢)
(Manfredi et al. 1996).

Based on the results of the semi-quantitative plate assay, we further
characterized and quantified the biological activity of each synthetic analogue using a
liquid-based growth assay (Table 2.1, Figure 2.4 and Figure 2.6). While we observed
that almost all synthetic analogues displayed a varying degree of activity, analogues 1
and 2 were again significantly more active than others. Additionally, the subset of
analogues that mimicked the length of the wild type peptides (1, 2, and WT) was at
least 2 times more active than their extended counterparts (1B, 2B, and WT-B) (Table
2.1). It is likely that the longer peptides distorted and/or displaced their termini from

effective interactions with the Ste2p receptor.

2.4.2 Reconstitution of Split a-factor Fragments by Protein Trans-splicing
We chose 1 and 2 to be genetically split and fused onto the naturally split Npu
DnakE inteins (Zettler, Schiitz, and Mootz 2009) as constructs N1/C1 and N2/C2 (an N-

terminus Met is added resulting in 1B and 2B as the final reconstituted peptide

31



products) (Figure 2.7). To ensure these split fragments have no biological activity, all
four fusion proteins were expressed in E. coli and purified using the flanking His6 tag.
None of the split fragments was shown to elicit growth arrest as assessed by the liquid-
based growth assay (Figure 2.9), an observation consistent with the requirement of

both binding and activation for proper signaling.
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Figure 2.6 Data and dosage curves for synthetic peptide variants tested. Dosage curves
were fitted to the equation:

A2 — Al
1 + 10(LOGXO—x)p

y=Al+

A1 < A2 y = A2
P >0 {1} * *
bottom asymptote: y ' = pIn(10)*(A2-A1)

Al =1

top asymptote:
A2=2

center: LOGx0 = -1
hill slope: p=0.2

(LOGX0, (A1+A2)i2)

y = A1l

using Origin software with a Chi-squared tolerance of 1e-9. Because of
the use of normalized growth data, A2 (top asymptote) is fixed at 1.
EC50 values are defined as the center of the curve (LOGXxO0).
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Figure 2.7 Testing PTS to reconstitute a-factor analogue in vitro. a) Peptide analogues
1 and 2 were genetically split and fused on the termini of the naturally
split Npu DnakE intein for PTS. b) An additional maltose-binding protein
(MBP) was added to the N-terminus of the N fragment of the a-factor to
ease analysis of the reaction. c) Comparison of the two reactions using
the two split analogue sequences (~1uM of each protein) showed that
only the N2B/C2 mixture resulted in the accumulation of the expected
spliced product (P2) over the course of 16 hours.
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Once we confirmed that the split fragments are inactive, we next sought to
determine the efficiency of intein ligation. To demonstrate the splicing of our split
synthetic analogues into a single peptide, we first fused a maltose binding protein
(MBP) to the N-terminus of the N-fragments to create constructs N1B and N2B for
easy visualization of ligation by SDS-PAGE (Figure 2.7b) as it has been shown that
additional sequences on the exteins beyond the first few residues do not affect PTS
significantly (Shah et al. 2013).

The corresponding purified N1B/C1 and N2B/C2 fusion proteins were mixed
together and the formation of new products were monitored and analyzed by SDS
PAGE (Figure 2.7c). Strikingly, the difference of a single residue at the +2 position
(Gly in C1 vs. Ala in C2) resulted in the abolishment of any observable trans-splicing
reaction (Figure 2.7c and Figure 2.8, P1 vs P2), confirming previous studies on the
effects of the +2 Gly residue on reaction kinetics using Npu split inteins (Amitai et al.
2009; Shah et al. 2012). Although the estimated t1/> for reconstitution of N2B/C2 is
approximately 180 min, well short of the rate reported for the wild-type C+2 Phe (t12
~30s) (Shah et al. 2013), this represented a compromise between PTS efficiency and
biological activity for the split a-factor analogue; the insertion of a bulky Phe residue
into the loop domain of the signaling peptide would likely prohibit both termini from
interacting properly with the Ste2p receptor, as suggested by the lack of any bulky
residues in the flexible domain from previous mutational screening studies (Naider
and Becker 1986). This was further confirmed by our initial plate-based screen (Figure

2.5¢c; Table 2.1, variant 3).
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Figure 2.8 Extent of protein trans-splicing (PTS) reactions by N1B/C1 vs N2B/C2.
The extent of PTS for reconstitution of peptide analogues 1 or 2 was
compared using increasing amounts of N1B/N2B in reaction mixtures.
No notable ligation products were observed with N1B+C1 even at the
highest concentrations tested while products were readily seen with
N2B+C2. (*) denotes truncated N1B fusion protein.

2.4.3 Reconstituted a-factor is Biologically Active

Using the 240 min window, we proceeded to ligate N2/C2 and test the
resulting ligation products for the ability to trigger cell cycle arrest in liquid cultures
(Figure 2.9a). The addition of these reaction mixtures produced a dosage-dependent
growth inhibition that strongly suggested the inducible response was a direct result of
adding increasing amounts of our reconstituted a-factor analogue (Figure 2.9b). This
is further supported by detecting the signature change in cell morphology associated
with activation of mating response under a microscope (Figure 2.9b, inset). However,
the level of growth inhibition was rather modest even at the highest reactant
concentrations of SuM, suggesting either a lower ligation efficiency than expected or
an artifact of the sensitivity of our growth assay. Since the ultimate goal of our
strategy is to induce transcriptional upregulation, we further assessed the reaction

products to induce GFP expression from the pFusl promoter. Again, a dosage-
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dependent GFP induction was observed through fluorescence measurements, flow
cytometry, and immunoblotting (Figure 2.9c). Interestingly, the transcriptional
response is far more sensitive than the growth arrest assay with ~7-fold GFP induction
even at 500nM concentration. This result suggests that growth inhibition assay may be
biased by the growth conditions and even a low level of a- factor is sufficient to
induce the required expression phenotype. Collectively, these results confirm our
ability to reconstitute functional a-factor analogues for transcriptional activation,

albeit at a slightly lower sensitivity than the wild-type version.

38



1.25

N2+ C2
Protein trans-

splicing (PTS)

Reconstitutedn
a-factor

o o =
44 =~ o
=} a =]
i 1 1

Normalized Growth (AU)°.
o
o

0.004

N2 C2 0 50 100 500 10005000

s only only IN2/C2] (nM)
P

(4]
L

FAR1 _GFP c 20
02 )
‘ Incubate at 30°C ‘ t5
38
N 104
FAR1 PFUST 2 g
-GFP 5 s
T

N2 C2 0 50 100 500 10005000
only only - 1N2/C2] (nM)

39



[N2/C2]

€ 500

Count

3 4
Log (GFP Fluorescence)

IN2/c2] (nM) = o[
500

sooo |

Figure 2.9 Protein trans-splicing reaction for reconstitution of functional synthetic a-
factor analogue. a) Schematics of functional assays for reconstituted
peptides after PTS or NTC reactions. b) Addition of reaction mixtures
induce cell cycle arrest in a dosage-dependent manner. Inset: Signature
change in cell morphology observed in yeast cultures exposed to reaction
mixtures containing SuM of N2/C2 proteins. Activation of mating
response signaling pathway exploited to drive expression of reporter GFP
was confirmed and characterized by ¢) microplate assay, d)
immunoblotting, and e) flow cytometry. Values in bar graphs are mean +
s.e.m. with n=3 independent experiments

2.4.4 N-terminal Cleavage Reaction as an Alternative Scheme to Protein Trans-
splicing

One key reason why the sensitivity for the protein trans-splicing approach is

lower is the fact that the a-factor analogue itself is more than tenfold less active
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compared to the wild type (Figure 2.5 and Figure 2.6; Table 2.1). One way to bypass
this hurdle is to devise an alternative strategy for reconstitution using the wild-type a-
factor sequence. Almost all reaction intermediates of PTS are susceptible to
nucleophile-induced cleavage (Figure 2.2) (Amitai et al. 2009; Shah et al. 2013).
Although these side reactions are typically undesirable as they lower the yields of the
final ligated products from PTS, they can also be exploited as an alternative reaction
pathway to produce a cleaved product (Wood et al. 1999). It may be possible to
modify our strategy to take advantage of these side reactions in the form of N-terminal
cleavage (NTC) in place of PTS to reconstitute functional signaling peptides (Figure
2.1 and Figure 2.10a). This cleavage scheme is promiscuous to the sequence of the
excised N-extein, allowing the use of wild-type a-factor instead of a synthetic

analogue with reduced biological activity.
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Figure 2.10 N-terminal cleavage reactions to reconstitute o-factor. a) The entire wild-
type a-factor was fused to NpuN intein, thereby eliminating the signal
peptide’s ability to bind onto its receptor until NTC reactions cleave it
from the fusion protein. b) An additional maltose-binding protein (MBP)
was added to the N-terminus of the a-factor to ease analysis of the
reaction. b) The expected cleavage product (P3) was observed to
accumulate in the reaction mixtures after 1 hour of incubation at 37°C.
Cleaved a-factor remained biologically active and was able to induce d)
growth arrest and e) transcriptional activation of pFUS1-GFP. Values are
mean £ s.e.m. with n=3 independent experiments.

However, it was uncertain whether fusion of the N-intein to the C-terminus of
the a-factor is sufficient to block binding to the Ste2p receptor. To investigate this

possibility, a new fusion protein N3 was purified and was shown to be incapable of
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eliciting any observable growth arrest (Figure 2.10d). This result indicates that N-
intein is effective in blocking Ste2p binding, rendering N3 inactive in mating
activation. To further probe the kinetics of NTC, MBP was similarly fused to the N-
terminus of N-extein (i.e. the a-factor peptide) to create N3B for easy visualization
(Figure 2.10b). The formation of new products after mixing N3B/C3 were analyzed by
SDS PAGE (Figure 2.10c), and the expected MBP-a-factor product with yield >50%
over the course of an hour was detected. The significantly higher efficiency of NTC
relative to PTS was likely because NTC avoided the rate-limiting step in PTS pathway
(Figure 2.2), which was exacerbated by the substitution of Ala at the C+2 extein
residue.

Having proven the ability to effectively excise N-exteins using NTC, we
proceeded to test whether the cleaved products are biologically active and can provide
functional signaling in live yeast cultures. The addition of the N3/C3 reaction mixtures
resulted in significant growth inhibition even at 500nM, a concentration 10-fold lower
than that observed for the ligation reactions (Figure 2.10d). A similar enhancement in
response was also detected with the GFP induction assay (Figure 2.10e). This higher
sensitivity can be attributed to both the improved reaction kinetics and the signaling

efficiency of the wild-type a-factor sequence.

2.4.5 Insitu N-terminal Cleavage to Control Yeast Phenotypes

Because of these improved properties, the N3/C3 system was further evaluated
for the ability to elicit signaling response in an in vivo culture setting. Since yeast
cultures are grown at pH 6.6 as compared to the optimum reaction pH of 7.4, the
ability to carry out the NTC reaction under these lower pH conditions was first

investigated. The ligation rate remained fairly constant for all pH values higher than
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5.7, indicating that this approach will likely work even for growing yeast cultures
(Figure 2.11). This was verified by observing the ability to induce GFP synthesis by
the in situ release of functional a-factors by NTC. Purified N3 and C3 proteins (1uM
each) were added directly into two different yeast cultures grown in either rich or
synthetic medium and up to a 6-fold increase in whole-cell fluorescence was detected
within 4 h (Figure 2.12). A similar level of response was observed by using an in vitro
reaction mixture at the same N3/C3 concentration (Figure 2.10e), signifying
robustness of the ligation mechanism to reactivate functional signaling peptides in a

culture setting and even in the presence of live cells.
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Figure 2.11 Effects of pH on protein trans-splicing (PTS) and N-terminal cleavage

(NTC) by Npu split intein. Both PTS and NTC were tested in different
pH to determine whether the split inteins remain active in yeast culture
conditions. Activities were only diminished below pH 5.7 and thus a
typical yeast culture buffered at pH 6 or above would allow these intein-
mediated reactions to occur.
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Figure 2.12 Reconstitution of a-factor peptide by NTC in various media with growing
yeast cultures. Addition of 1uM of N3/C3 induced GFP expression in
either synthetic dropout medium (SD-2xSCAA) or enriched complex
medium (YPD), albeit at slightly lower efficiency relative to in vitro
reactions (Fig 2.10e). Each bar represents the high and low values
obtained from two independent experiments performed on separate days.

2.4.6 Prospects of Split Intein-mediated Reactions as Foundation for Synthetic
Sensing Circuits

In principle, any GPCRs associated with a peptide signaling molecule, such as
the human somatostatin, can be similarly activated by this method. Importantly, the
ability to perform in situ activation in live cell cultures opens up the possibility of
creating orthogonal yeast strains secreting either N3 or C3 under the control of
different external inputs in order to create a wide range of AND or OR gate logic yeast
co-culture systems. More complex logic circuits can be designed by adapting
conditional protein splicing (CPS), in which ligation is initiated by the presence of a
small molecule such as rapamycin (Mootz et al. 2003) (Figure 2.13). Other hetero-
dimerization domains for proteins or metabolites can be similarly exploited for

increased flexibility.
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Figure 2.13 Conditional split inteins, such as VMA from Saccharomyces cerevisiae,
can be used in place of the Npu inteins used in the study. These split
inteins have very little native affinity and must rely on chemical induced
dimerizers (i.e. rapamycin) to bring each VMA intein fragments into
close proximity to trigger PTS or NTC. This allows more precise spatial
and temporal controls to be implemented over the reconstitution of

functional peptides.

Because both the identities of the reconstituted signal peptide and the induced

dimerization domains are flexible, this design can serve as an extracellular sensor that

is able to recognize any target analyte of choice and to activate any signal pathway

once PTS or NTC reconstitutes the peptide. This design, thus, represents a basic

sensory element in extracellular sensing circuits.
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Chapter 3
ENGINEERING SGRNA AS TOEHOLD SWITCHABLE RIBOREGULATORS
FOR PROGRAMMABLE CONTROL OF CRISPR/CAS9 FUNCTION
This Chapter is adapted with permission from Siu, Ka Hei, and Wilfred Chen.
2018. “Riboregulated toehold-gated gRNA for programmable CRISPR-Cas9
function.” Nature Chemical Biology. doi: 10.1038/s41589-018-0186-1. Copyright

2018 Springer Nature America, Inc. (Appendix B.2)

3.1 Summary

Predictable control over gene expression is essential to elicit desired synthetic
cellular phenotypes. Although CRISPR interference (CRISPRI) offers a simple RNA-
guided method for targeted transcription gene silencing, it lacks the ability to integrate
endogenous cellular information for efficient signal processing. Here, we present a
new class of riboregulators termed toehold-gated gRNA (thgRNA) by integrating
toehold riboswitches into SgRNA scaffolds, and demonstrate their programmability for
multiplexed regulation in E. coli with minimal cross-talk. The versatility of the design

provides a highly flexible platform to guide cellular behaviors in a variety of contexts.

3.2 Introduction

The ability to provide orthogonal control over gene expression is critical for
the creation of complex biological circuits that can reliably redirect cellular functions
into new programmable phenotypes (Khalil and Collins 2010; Lim 2010; Taylor et al.

2015). Previous efforts relied on the use of ligand-responsive transcription factors
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(LRTFs), which must be customized for each target of interest (Taylor et al. 2015; S.
Y. Tang and Cirino 2011). Their limited number and orthogonality further hinder the
construction of more complex circuits that can operate robustly in living cells. An
alternative is to use RNA-based regulators, which contain a specific pocket for target
binding and an allosteric cis-RNA element for gene regulation (Martini et al. 2015;
Serganov and Nudler 2013; Chappell et al. 2015). However, the small number of well-
characterized RNA sensor-actuator pairs and the rather modest dynamic range limit
their wide-spread utility (Callura, Cantor, and Collins 2012; Mutalik et al. 2012). An
ideal design is to create new hybrid protein-RNA devices combining the unique
advantages of both systems for orthogonal gene regulation.

The recently discovered CRISPR/Cas9 system offers a uniqgue RNA-guided
approach for DNA targeting (Horvath and Barrangou 2010; Wiedenheft, Sternberg,
and Doudna 2012), and nuclease-null Cas9 (dCas9) has been repurposed as
transcriptional regulators for both gene repression and activation (Qi et al. 2013).
Switchable guide RNA (gRNA) motifs that are modulated by specific stimuli have
been created to enable tunable gene regulation and genome editing (W. Tang, Hu, and
Liu 2017; Liu et al. 2016). Conditional activation of quiescent gRNAs was achieved
by using either a ligand-induced conformation switch or a ligand-controlled RNA-
cleaving unit to uncage the spacer-blocking region. While these strategies enable
programmable activation of Cas9 functions by externally delivered ligands or selected
intracellular protein triggers (Liu et al. 2016; Davis et al. 2015), they lack the ability to
implement autonomous control of gene expression based on endogenous cellular
information. Inspired by the simplicity of toehold-mediated strand displacement (D. Y.

Zhang and Winfree 2009) and the success of new de-novo-designed regulators termed
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“toehold switches” for translational activation (Green et al. 2014), we designed a new
class of conditional gRNA structures termed toehold-gated gRNA (thgRNA) (Figure
3.1) and demonstrated their utility to provide orthogonal gene regulation using both

synthetic and endogenous RNA triggers.

Conventional I thgRNA-mediated
CRISPR/Cas9 CRISPR/Cas9 Trigger strand

I LRI 11111 | Cllllil
(;_) I A d g Inactive
Regular ctivate, tthNA

sgRNA thgRNA
(d)Cas9 . ¢
| (d)Cas9

CasQ No Cas9
<€ actl\ntles — y activities

Figure 3.1 Design of toehold-gated guide RNAs (thgRNAS). Schematic representation
of thgRNA-based activation of CRISPR/Cas9 functions. Binding of Cas9
to specific DNA targets relies on hybridization of the spacer region of
sgRNA to the unwound DNA strand. With its spacer region sequestered,
thgRNA is unable to hybridize with its target DNA until a cognate trigger
strand is added to initiate a toehold strand displacement reaction to open
the hairpin structure and unblock the spacer region to freely hybridize to
the specific DNA target and activate CRISPR/Cas9 functions.

3.3 Materials and Methods

3.3.1 Design and Computational Screening of thgRNA Variants

NUPACK algorithm (Zadeh et al. 2011) was used to model all thgRNA
variants prior to any experimental work (Figure 3.2). Except for thgRNAs A2-5,
which were designed and screened to test the limits of thgRNA structures (length of

toehold, stem-loop, etc.), the toehold, branch migration, and spacer regions of all other
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thgRNAs were screened and modified to follow the general design of thgRNA A1,
emulating rules outlined by Green et al. (Green et al. 2014) (Figure 3.2a), wherever
possible. Stable secondary structures in the toehold region were avoided in all
instances where artificial trigger sequences were used. Pair-wise complexes between
thgRNAs and trigger strands were also modeled by the same algorithm to predict
formation of hybridized dimers, as intended or otherwise. The full sequences of all

thgRNAs, trigger strands, and DNA targets tested are reported in Table A.2.1.

53



b a (nis) 15

- b (nts) 15
' Spacer (nis) 20
AG,,,. (kealimol) 426
. Mid-stem bulge Y, 3bp
H 4 ."T".’.Q"'- S pas
Branch migration for bdeal blocking c thaFria A1
bength b 3-15nt a (nis} 15
b (nis) g
Spacer (nis) 20
]-ES“ W } AG,.. (kealfimal) -368.6
- ', 4bp
Regular sgRMA scaffold
fak: 12-15nt
d ' ) thaFMA A2 o
a (nts) a (nts) 12
. E (nts) _ b (nts) g
Spacer (nts) % Spacer (nis) 20
AG,,.. (kealimal) i &G, (kealimal) 352
" Mid-stem bulge Y, Bbp
a (nis) 15
b (nts) b {nis) 15
Spacer (nts) Spacer (nis) 20
AG,,.. (keal'mol) AG,,,. (kealimol) -45.0
Mid-stem bulge Mid-stemn bulge ¥, 3bp

:ﬁ: -gr

T T T
bas "
thgRtla B

h . a (nts) 1z a [nis) 18
b (nts) 15 L% . binis) 15
Spacer (nts) 20 "% Spacer (nis) 20
AG, .. (koalimol) 44,2 AG,y.. (kealimal) -44.5
Mid-stem bulge ¥, 3bp " Mid-stem bulge ¥, 3bp

1
T
Ll

54



i a (nts) 15 a (nts) 15
b nts) 15 b (nis) 15
AG, . (kealfmol) -39.8 AG,. . (kcalimol) 41
Mid-stem bulge ¥, 3bp Mid-stem bulge Y, 3bp

bood-RpESeoommmnsond=igtescey : ;
tha thaRNA
| a (nts) 15 m a (nfs) 15
- b [nis) 5 b {nis) 15
AG,. (kealimel) 424 AG,... Iy 534
Mid-stemn bulge Y, 3bp

b

n a (nts) 15 ¥
b (nis) 15
MG, (kealimel) 424

Mid-stem bulge

Figure 3.2 Design and schematics of thgRNAs. a) General design schematics of
thgRNA. Length of the toehold region (a) and branch migration region
(b) can be somewhat flexible if the trigger sequence impose certain
constraints, though the ideal lengths are 15nts for both regions. As
discussed in Green et al.1, the top of the stem should ideally be limited to
A-U base pairing while the bottom should include 2 C-G and 1 A-U pairs
for optimal sequestration. b) to 0) Minimum free energy (MFE)
structures predicted by NUPACK for all thgRNA variants tested. The
toehold (a), branch migration (b), and spacer regions are colored purple,
orange, and green respectively. AG is calculated at 37°C with 1M Na*
and OM Mg?*. If imperfect hybridization was designed between the
branch migration and the spacer region, a mid-stem bulge of 3-6bp would
be predicted to form.
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When endogenous sSRNAs were intended to be used as trigger strands, previous
literature (Altuvia et al. 1998; Massé and Gottesman 2002) were referenced wherever
available to check the computationally predicted structures modeled by NUPACK.
The artificial trigger strands C* and D* were designed to mimic single-stranded
regions of the SRNA or regions where hybridization with the native targets were
experimentally observed by previous works. Both the artificial triggers and
endogenous sequences were further modeled for hybridization with the thgRNAs. All
thgRNAs A, B, C, and D and any variants characterized in subsequent experimental

studies were predicted to form stable complexes with their cognate trigger strands.

3.3.2 DNA Cleavage and Forster Resonance Energy Transfer (FRET)-based
Beacon Assays

Plasmid containing DNA target A was constructed as described in Chapter
3.3.3 below (Table A.2.2). Target DNA was harvested from NEB®5a cells
transformed with the relevant plasmids using Zyppy® miniprep kit according to
vendor’s instructions (Zymo Research, Irvine, CA, USA) and linearized by restriction
digests using Notl enzyme prior to cleavage assays. Cas9 proteins were expressed
from E. coli and purified as described by a previous study (Gagnon et al. 2014). All
RNAs were transcribed in vitro using HiScribe™ T7 Quick High Yield RNA
Synthesis Kit (New England BioLabs®, Inc., Ipswich, MA, USA) and purified by
standard phenol-chloroform extraction and ethanol precipitation. RNA purity and
quality was analyzed by spectrophotometry on a NanoDrop™ 2000 UV-Vis
spectrophotometer (Thermo Fisher Scientific™, Inc., Waltham, MA, USA) and
denaturing urea PAGE electrophoresis using 5% polyacrylamide gels containing 8M

urea (Summer, Gramer, and Drége 2009). Unmodified and fluorophore- or quencher-
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labeled oligonucleotides were synthesized and purified by a commercial vendor
(Integrated DNA Technologies®, Inc., Coralville, IA, USA).

For the DNA cleavage assay, thgRNA and DNA mimetic trigger strand or
unmodified sgRNA were first incubated at 37°C for 15min. Reactions containing
linearized plasmid targets, purified Cas9 protein, and pre-incubated thgRNA/trigger
strand or sgRNA were then mixed with final concentrations as denoted into cleavage
reaction buffer (100mM NaCl, 50mM Tris-HCI, 10mM MgClz, 100pg/ml BSA, pH
7.9), and incubated at 37°C for 1 hour. Reaction products were then analyzed by
electrophoresis on a 1% agarose gel with ethidium bromide stain. Percent of cleavage
was estimated by densitometry using ImageJ (NIH).

For the FRET-based beacon assay (Figure 3.6), beacon complexes containing
either target A, B, C, or D were assembled by mixing the 5’-fluorophore-labeled target
strand, the PAM-containing strand, and the 3’-quncher labeled strand to a final
concentration of 2uM in nuclease-free water, heated to 90°C, and cooled to room
temperature at a rate of 0.1°C/second using a S1000™ Thermal Cycler (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). All fluorescence measurements were carried
out in binding buffer (20mM Tris-HCI, 120mM NacCl, 5%v/v glycerol, 0.1mM DTT,
1mM MgCI2, 0.02%v/v Tween 20, pH 7.9) (Mekler et al. 2016) and measured using a
Synergy™ H4 Hybrid microplate reader (BioTek Instruments, Inc., Winooski, VT,
USA) at 25°C. Final assay mixtures contained 5nM assembled beacon complex, 50nM
Cas9 protein, 50nM sgRNA or thgRNA, and varying concentrations of trigger strands
as indicated. Excitation and emission wavelengths were tailored to the fluorophore
used for each target (A: FAM, Ex: 498nm, Em: 520nm; B: TYE™563, Ex: 545nm,
Em: 565nm; C: TEX615, Ex: 595nm, Em: 615nm; D: TYE™665, Ex: 645nm, Em:
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665nm). Pre-incubated thgRNA/trigger strand or sgRNA were added at t = 0s and
measurements were taken every 6-30 seconds for the initial 600s and every 30 seconds

for the remainder of the assays.

3.3.3 Strains Used and Plasmids Construction

All strains and plasmids used in this chapter are listed in Table A.2.2.

Plasmid used for in vitro DNA cleavage assays containing target A was
constructed by standard subcloning techniques based on high-copy number backbone
pUC19 and transformed into NEB®5a. E. coli strain (New England BioLabs®, Inc.,
Ipswich, MA, USA) to ensure high plasmid yields. Expression construct for Cas9
protein was obtained as a gift from Dr. David Liu (Addgene plasmid # 62374) and
transformed into BL21-Gold (DE3) cells for expression. dCas9 gene was amplified
from pHAGE-TO-dCas9-3XmCherry (Addgene plasmid # 64108), a gift from Thoru
Pederson.

The unmodified ePathBrick19 vector, pPETM6, was a generous gift from Prof.
Mattheos Koffas and was used as the initial backbone for our intracellular expression
constructs. Briefly, we created a new BioBrick-compatible vector capable of
constitutive expression by substituting the synthetic constitutive promoter J23115p in
place of the lac-inducible T7-lacO promoter and constructed a set of expression
constructs for each sgRNA/thgRNA, target and downstream reporter, and Cas9 or
dCas9; this allowed us to rapidly combine sets of expression cassettes into a single
plasmid that can be easily co-transformed into E. coli with a trigger plasmid (See
Figure 3.3 for detailed scheme). The trigger plasmids were constructed by Gibson

assembly and standard subcloning techniques.
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Figure 3.3 Map and schematic of the base BioBrick compatible plasmid pETJ15 used
for constitutive expression of all thgRNA, DNA target with downstream
reporter, and dCas9. a) Plasmid map of pETJ15, with the BioBrick gene
expression cassette and restriction sites displayed. b) Schematic of the
iterative cloning process to create plasmids containing all thgRNA, DNA
targets with downstream reporters, and dCas9 for simultaneous
constitutive expression in transcriptional repression experiments. See
Table A.2.2 for all plasmids constructed and used in the study.

3.3.4 Induced Transcriptional Repression by CRISPRi using Artificial Trigger
Strands

NEB®5a cells were transformed with a plasmid containing the constitutively
expressed reporter, thgRNA, and dCas9 cassettes and a trigger plasmid containing
either A*, B*, C*, D*, or combinations thereof by heat shock. Successful
transformants were picked from agar plates and grown in LB medium (10g/L tryptone,
5¢/L yeast extract, 10g/L NaCl) supplemented with 100pug/mL carbenicillin and
50pg/mL kanamycin for ~10-12hrs at 37°C. The resulting cultures were used to
inoculate subcultures at an initial ODgoo ~0.03 and grown to ODgoo ~1. Expression of
the artificial trigger strands were then induced by inoculating fresh LB media
containing the corresponding inducers (500mM IPTG, 10ng/mL ATc, or both) at an
initial ODeoo ~0.03. These cultures were incubated at 37°C for ~4-5hrs, at which point
mid-late exponential phase (ODesoo ~1) would be reached and samples were taken.

Cell samples were pelleted by centrifugation at 3000g for 5 minutes, washed
twice with PBS (137mM NacCl, 2.7mM KCI, 10mM Na;HPO4, 1.8mM KH2PO4, pH
7.4), and resuspended to ODeoo ~2 in PBS prior to measurements. Whole cell
luminescence were measured according to the NanoGlo® vendor’s instructions
(Promega Corporation, Madison, W1, USA) using a Synergy™ H4 Hybrid microplate

reader. Whole cell fluorescence was also measured with the microplate reader where
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needed. Analysis of luminescence and fluorescence data were completed using Origin
software (OriginLab Corporation, Wellesley Hills, MA, USA).

Total RNA was extracted from samples using Direct-zol™ miniprep kit
according to the vendor’s instructions (Zymo Research, Irvine, CA, USA). Transcript
expression was then quantified using qPCR using Luna® Universal gPCR Master Mix
(New England BioLabs®, Inc., Ipswich, MA, USA) according to the manufacturer’s
protocol. All samples were run in technical duplicate on a CFX96 Touch™ Real-Time
PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). All PCR primers
were verified as being specific on the basis of melting curve analysis and were as
follows: Nluc: 5’-GGTGTCCGTAACTCCGATCC-3’ and 5’-
ATCCACAGGGTACACCACCT-3’; ssrA: 5’-TTAGGACGGGGATCAAGAGA-3’
and 5’-GCGTCCGAAATTCCTACATC-3’. Transcript levels of Nluc were calculated
by subtracting housekeeping control (ssrA) cycle threshold (Ct) values from Nluc C;
values to normalize for total input, yielding AC levels. Relative transcript levels were

computed as 24,

3.3.5 sRNA and mRNA Induced Repression

NEB®5a cells were transformed with a plasmid containing the expression
cassettes for the reporter, thgRNA, and dCas9 and grown as described above. Full-
length OxyS, MicF, SgrS sRNA and mCherry mRNA replaced artificial trigger
sequence to activate their respective thgRNA. Induction of RyhB sRNA was achieved
by addition of varying concentrations of 2’2-bipridyl as noted in Figure 3.16 instead of

IPTG or ATc as described above for induction under pLlacO-1 or pLtetO-1 promoters.
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3.3.6 Induced Plasmid Loss

NEB®5a cells were transformed with a plasmid containing the expression
cassettes for the reporter and thgRNA B as well as a compatible plasmid containing
tet-inducible trigger B* and nuclease active Cas9 protein under constitutive promoter
J23115. Transformed cells were grown, induced, and collected as described above. 2-
fold serial dilutions of collected cells resuspended to initial ODgoo~10" were prepared
in PBS and 20uL of each dilution spotted onto LB agar plates containing only
kanamycin or both ampicillin and kanamycin as noted in Figure 3.19. Colonies
forming units were visually counted and compared between the two plates to estimate
the loss of ampicillin resistance, indicating loss of the corresponding plasmid

containing Cas9 target and AmpR marker.
3.4 Results and Discussions

3.4.1 Initial Screening and Validation of thgRNA Structural Variants

The thgRNA is initially trapped in a sequestered state, with a stem-loop
structure that renders the spacer region unavailable for target binding (Figure 3.1). A
structural change is induced by binding the trigger strand to the toehold region
preceding the 5” end of the stem-loop, initiating branch migration inside the stem-loop
region, and exposing the spacer for target binding (Figure 3.1). We first screened our
designs computationally by using NUPACK (Zadeh et al. 2011) to minimize
unintended secondary structures and to maximize interactions between the trigger and
thgRNA. We selected five candidates that target the same target sequence A and in
vitro synthesized thgRNA variants (A1-5) for further testing (Figure 3.2b-f and Figure
3.4, Table A.2.1).
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Figure 3.4 The minimum free energy (MFE) structure of thgRNA Al at 37°C as
predicted by the NUPACK algorithm. The toehold (a), branch migration
(b), and spacer regions are colored cyan, red, and green respectively.

The initial characterization of thgRNA candidates exploited the native nuclease
activity of Cas9 to cut its cognate DNA target sequence (Figure 3.5a). A successful
design would result in cleavage only in the presence of the trigger strand A*. Of the
five variants, most exhibited positive correlations between trigger concentrations and
cleavage activities (Figure 3.5b), which suggest that these thgRNA variants were
activated through binding with the trigger strand A*. Only variant A5 displayed a
substantial background activity without the trigger. Because the stem region of A5 is
the shortest (11bp, Figure 3.2f), we speculate that the hairpin structure on A5 may be

unstable and thus spontaneously unwind to free up the spacer region for DNA binding.
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Figure 3.5 DNA cleavage assays for thgRNA A variants. a) Schematics of DNA
cleavage assay for in vitro screening of thgRNA variants. b) Gel
electrophoresis showed the extent of DNA cleavage using different
concentrations of thgRNA variants and trigger strands. Note the
differences in apparent efficiencies. Gels are representative results of
three independent experiments.

To evaluate the kinetics of activation, we employed a newly developed FRET-
based beacon assay which detects dissociation of a fluorescently labeled strand from a
quencher strand upon Cas9 binding (Figure 3.6) (Mekler et al. 2016). The high
temporal resolution and ease of parallel measurements by the assay greatly facilitate
more quantitative, real-time, and higher throughput screening and kinetics
characterization of multiple thgRNA variants. Results confirmed that target binding by

Cas9-thgRNA is dependent on the presence of the corresponding trigger strand (Figure
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3.7). Background fluorescence remained low for all designs except for A5, consistent
with the DNA cleavage assay. Binding of Cas9 to the DNA target was restored upon
addition of the trigger stand A*. Except for A4, the rise in fluorescence in the presence
of A* was comparable to that of Cas9-unmodified sgRNA (Figure 3.7), suggesting
that neither extension at the 5’ end of the spacer region nor hybridization of the trigger
strand appreciably altered target binding capabilities of the Cas9 complex. Together
with the DNA cleavage assay, we have successfully demonstrated a new generalizable
framework for conditional activation of Cas9 activity using switchable gRNA

structures that are modulated by toehold-mediated strand displacement.

Activated thgRNA

LTI 10010110 3::
*
Quencher PAM

b 11T OB * \

Fluorophore )

(d)Cas9

Figure 3.6 FRET-based Cas9 beacon assays for screening thgRNA variants. The
assembled beacon consisting of a 5° quencher-labeled strand, a 3’
fluorophore-labeled strand, and a PAM-containing strand exhibits low
fluorescence as the quencher is placed in close proximity to the
fluorophore. Addition of Cas9 and thgRNA/trigger or sgRNA unwinds
the beacon and displaces the quencher, allowing the fluorophore to
fluoresce.
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Figure 3.7 Fluorescence data for all thgRNAs Al-5, B, C, and D. Fluorescence
measurements enabled real-time characterization of thgRNA activation
of Cas9 binding in the presence or absence of the trigger strand. thgRNA
and cognate trigger strands were added to the mixture at Os. Fluorescence
traces represent mean + s.e.m. with n = 3 independent experiments.

3.4.2 Generalization of thgRNA Design to Multiple Targets

Using the design of Al as template, we generated three additional thgRNAs
targeting three separate orthogonal DNA targets, B, C, and D (Figure 3.2), and
experimentally characterized each using the beacon assay (Figure 3.7). Of the four
designs, the toehold and branch migration sequences of A and B were entirely
artificial while those of C and D were designed to hybridize with two endogenous
small RNA (sRNA) sequences (OxyS and RyhB). The need to pair with native
sequences imposed more constraints on the designs, resulting in a more sequestered

conformation in the predicted structure of thgRNA D (Figure 3.2); this may have
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caused the observed decreased kinetics and lowered fluorescence signal in the beacon
assay (Figure 3.7), similar to thgRNA A4, which also exhibited diminished DNA
cleavage activities as well as lowered fluorescence activation (Figure 3.5 and Figure
3.7). Nonetheless, thgRNA A1, B, C, and D all displayed negligible background
activities and >75% increase in fluorescence signals relative to the unmodified
SgRNA, suggesting that the basic design of thgRNA can be readily adapted for many
sequences, both native or synthetic. More importantly, all four thgRNAs exhibited
excellent orthogonality and provided selective activation of the corresponding beacon

even when mixed together in a multiplexed setting (Figure 3.8).
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Figure 3.8 In vitro multiplexed beacon assay. All four beacons, thgRNA (A1, B, C &
D), and Cas9 proteins are present in all samples. Fluorescence was
measured at time = 600s after the addition of thgRNA/trigger strand
mixtures and normalized to the average fluorescence observed with
samples containing all unmodified sgRNA A, B, C, and D as shown in
the bottom left panel. Filled circle(s) on the x-axis denotes the presence
of the corresponding trigger (A* = red, B* = blue, C* = green, and D* =
orange). Note that large increase in fluorescence is observed when and
only when the corresponding trigger is present, irrespective of the
presence of other non-cognate trigger strands. Values are mean £ s.e.m.
with n=3 independent experiments.

3.4.3 Implementation and Characterization of thgRNAs as Intracellular
Riboregulators

We next tested the use of thgRNA as an intracellular RNA-responsive switch

to regulate CRISPRi-mediated Nanoluciferase (Nluc) repression in E. coli (Figure



3.9). Co-expression of dCas9 and the corresponding sgRNA resulted in complete Nluc
repression (Figure 3.10). In contrast, co-expression of dCas9 and thgRNA had little
impact on Nluc expression, indicating in vivo blocking of dCas9 binding. Induction of
trigger RNA expression by IPTG reduced the Nluc level by >10-fold for samples
expressing both thgRNA and dCas9, but had no impact for the control expressing
dCas9 alone (Figure 3.11, Al). Although a similar AthgRNA without the flanking
toehold sequence was also effective in blocking dCas9 activation, the addition of
IPTG had little effects on Nluc expression (Figure 3.11, Al). This result highlights the
importance of the toehold sequence and confirms opening of the blocking strand by
displacement. Collectively, these results demonstrate the successful execution of
toehold-gated dCas9 regulators and a good correlation between in vitro and in vivo

results.
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Figure 3.9 thgRNAs can be selectively activated intracellularly by induced expression
of cognate trigger RNAs. RNA-responsive thgRNA could be applied to
restore Cas9 functions to specific targets inside the cells, regardless of the
origin of the RNA trigger sequence.
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To test in vivo orthogonality, we assembled the expression cassettes for dCas9,
thgRNASs, and Nluc reporter into a single plasmid (Peng Xu et al. 2012) (Figure 3.3,
Table A.2.2) and placed the different trigger strands under the control of either an
inducible pLlacO-1 or pLtetO-1 promoter (Lutz and Bujard 1997) using a separate
plasmid. Addition of either IPTG or ATc induces expression of the trigger strand to
unblock the thgRNA, resulting in transcription repression. Although the extent of Nluc
repression (4 to 12-fold) varied among the four thgRNA designs, CRISPRi was indeed
activated by the cognate trigger strands in all cases (Figure 3.11). More importantly,

very limited cross-talks were observed except for the ~50% repression between
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thgRNA Al and trigger C*. This is likely caused by the unintended interaction
between thgRNA Al and C*, also observed in the beacon assay. Comparing to regular
SgRNA, there is some reduction in dCas9 repression even after thgRNA is activated
by the trigger and the degree of reduction varied with the different thgRNA designs.
This is likely caused by the differential binding kinetics of thgRNA toward dCas9 and
the trigger, leading to less than 100% unblocking and dCas9 activities. Previous
studies on similar toehold-based RNA switches have yielded a wide range of dynamic
ON/OFF behaviors that correlates well with the predicted thermodynamic changes
upon trigger binding (Green et al. 2014). It is thus likely possible to manipulate the
blocking hairpin structures of our thgRNA to further increase the thermodynamic
driving force for strand displacement and Cas9 activation to mitigate these potential
limitations.

Using the thgRNA B-trigger B* pair that exhibited the best repression ratio, we
further evaluated the kinetics and sensitivity of the CRISPRIi activation. Repression
was observed as early as 1h post-induction, with a maximum repression of ~10-fold
detected after 4 h (Figure 3.12). A similar trend was detected at the transcript level
with a ~10-fold reduction in Nluc mRNA within 4 h. In addition, repression could be
modulated by different dosages of ATc with maximum repression detected at a modest
1 ng/mL, a concentration 10-fold lower than the maximum expression achieved using
the pLtetO-1 promoter system (Figure 3.13) (Lutz and Bujard 1997). Because the
number of DNA targets are limited by the plasmid copy number, this high sensitivity
IS unsurprising as relatively small number of trigger strands is needed to activate Cas9

binding to all available DNA binding sites. These results demonstrate that the
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switchable activation of thgRNAs by their trigger strands is not only fast and sensitive,

but also provides good specificity and orthogonality.
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Figure 3.12 Time course for induced repression of Nanoluciferase reporter signal after
induction of trigger B*. Values are mean + s.e.m. with n=3 independent
experiments.
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Figure 3.13 Dosage response curve of thgRNA-activated CRISPRi of Nluc repression
fitted to data obtained by induction using varying concentrations of ATc.
Values are mean + s.e.m. with n=3 independent experiments.

3.4.4 Multiplexing thgRNAs for Control of Multiple Genes

To establish the possibility of deploying different thgRNAs for multiplexed
regulation, we replaced Nluc with mCherry and BFP, for targets B and D to minimize
any spectral overlap. We constructed a plasmid expressing the three reporters,
thgRNAs, and dCas9, and a second set of plasmids expressing different trigger strands
using separate inducible promoters (Table A.2.2). Significant repression was detected
only when the appropriate triggers were induced with no significant cross-talks
observed in all cases (Figure 3.14). Given the high selectivity of using thgRNAs for
multiplexed regulation, we believe this new strategy can be easily layered to construct

even more complex genetic circuit designs.
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Figure 3.14 Multiplexed activation of thgRNA-dCas9-mediated repression by induced
expression of specific trigger strands indicated on the x-axis. Normalized
fold change is defined as the reporter signal observed with induction of
the indicated trigger(s) over the signal observed without induction of
trigger(s). Values are mean + s.e.m. with n=3 independent experiments.

3.4.5 Integration of Endogenous Cellular Information for thgRNA Regulation
Another important feature is to incorporate endogenous RNAs as the trigger
(Green et al. 2014; Groves et al. 2015). To demonstrate this possibility, we designed
thgRNAs C and D to be responsive to two small RNAs (SRNA), OxyS and RyhB,
respectively (Altuvia et al. 1998; Massé, Escorcia, and Gottesman 2003) (Figure 3.15).
These SRNA were chosen for their relative stability and abundance after different
stress stimuli. Expression of RyhB is induced by iron deficiency, which can be
experimentally simulated by addition of 2’2-bipridyl, while OxyS is expressed upon
exposure to oxidizing agents such as H.O: or paraquat. Addition of 2’2-bipridyl
resulted in a dose-dependent repression in Nluc expression only by paring thgRNA D

with the corresponding reporter cassette (Figure 3.16). Similar experiments using
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H>0:> or paraquat were less successful as cell growth and protein expression were
significantly inhibited. To allow more direct assessment, expression of full-length
OxyS sRNA was induced artificially and a significant decrease in Nluc level, similar

to that observed with the synthetic trigger C*, was detected (Figure 3.17).
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Figure 3.15 Endogenous SRNA can be used as trigger strand to activate CRISPRI
through thgRNA. Specific SRNA can be induced by exposure to different
environmental stresses, such as OxyS by oxidative stress and RyhB by
iron-deficiency. thgRNA C and D were designed to hybridize with these
SRNAs, respectively.
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Figure 3.16 Induced repressed of the Nluc reporter using the native iron-responsive
RyhB sRNA as the trigger. Repression of Nluc by addition of increasing
concentrations of 2,2’-bipyridyl is observed only when both thgRNA D
and target D are both present (red). Values are mean * s.e.m. with n=3
independent experiments.
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Figure 3.17 Induced repression by full-length OxyS sRNA. Values are mean * s.e.m.
with n=3 independent experiments.

We further demonstrated the generality of the approach for different
endogenous sequences by designing six additional thgRNAs targeting two native
SRNAs (97bp MicF and 227bp SgrS) and three regions of the full-length mCherry
MRNA (Figure 3.2, Table A.2.1). While not all the new thgRNAs were as effective as
C and D, most exhibited a reasonable level of intracellular responses and even the
thgRNAs designed for the longer SgrS and the full-length mCherry transcripts (F and
G2) elicited >60% repression (Figure 3.18). Importantly, no notable decrease in
mCherry fluorescence was observed for any samples that exploited mCherry mRNA

as the trigger, indicating that translation of the mRNA trigger is not inhibited
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significantly even after binding to the thgRNA (Figure 3.19). These results highlight
the feasibility of designing thgRNAs that are responsive to a range of native RNA
sequences, including full-length mRNA, without compromising the cellular functions

of the endogenous strands.
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Figure 3.18 Induced repression by additional full-length endogenous sequences. Six
additional thgRNA that designed to be responsive to three arbitrarily
chosen endogenous trigger sequences: two (E1 and E2) for MicF sRNA,
one (F) for SgrS sRNA, and three (G1-3) for mCherry mRNA. All
additional thgRNA displayed some level of activities, though only two
out of six of these additional thgRNA led to >40% repression, despite the
lack of more extensive in vitro characterization and refinement. Including
thgRNA C and D, these brings the total of four out of eight thgRNAs
(50%) that were able to be activated by endogenous sequences robustly.
Importantly, the only endogenous sequence out of five studied that failed
to activate any thgRNA tested and induce >50% repression was MicF
SRNA, suggesting that there is a high probability of successful thgRNA
design for any given sequence. Values are mean £ s.e.m. with n=3
independent experiments.
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Figure 3.19 Observed mCherry fluorescence exhibited no correlations with degree of
induced repression by activated thgRNA. All samples induced to express
mCherry mRNA to be used to activate thgRNA showed similar levels of
fluorescence, suggesting that the use of the mRNA as trigger strand does
not significantly inhibit its ability to be translated by cellular translational
machinery. Values are mean + s.e.m. with n = 3 independent
experiments.

3.4.6 Inducible Gene Knockout through Activation of thgRNA

To expand the use of thgRNAs as a tool for inducible gene knockout (Ran,
Hsu, Wright, et al. 2013), we investigated whether the same thgRNA/trigger pair B
can be used to induce plasmid loss by nuclease active Cas9. We introduced two
plasmids (containing either AmpR or KanR selection marker) into E. coli and induced
the expression of trigger B* by ATc, which selectively cleaves the plasmid containing
AmpR. After 4 h induction, we plated cells onto different selective agar plates to

estimate the loss of the AmpR plasmid (Figure 3.20). We observed a 60% reduction in
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the number of colonies by the induced sample relative to the un-induced sample, while
there were no observable differences for the control samples carrying mismatched
thgRNA and trigger pairs. The ability to provide conditional gene knockout in E. coli
paves the way for inducible genome editing in eukaryotic systems based on

differential RNA expression.
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Figure 3.20 Spot plates for induced plasmid loss. The loss of ampicillin resistance and
thus its associated plasmid can be assessed by the ability to form
colonies. By comparing the number of colonies in each dilution series
between the two selective plates, we can estimate the fraction of
transformed cells that have lost the AmpR and the Cas9-thgRNA target-
bearing plasmid. Note that induced plasmid loss were only observed
when both thgRNA B and target B were present, with ~40% of cells still
retaining functional ampicillin resistance after 4 hours of trigger
induction (last row).

3.4.7 Use of thgRNAs as Riboregulators in Context

Unlike previous approaches, which rely on distinct conformational change
induced either by ligand binding or by RNA cleavage to unblock the spacer region (W.
Tang, Hu, and Liu 2017; Liu et al. 2016), our thgRNA strategy offers a simple “plug
and play’ design for conditional activation of CRISPR-based systems by a virtually
unlimited set of RNA triggers using the highly predictable toehold-mediated strand
displacement reactions. Because activation is enabled by sequence-specific unblocking
of the spacer region using a specific RNA trigger, this design offers a high degree of
orthogonality with very low system cross-talk with other unrelated endogenous
information. These advantages enabled us to create a small panel of riboregulators
each responsive to different input trigger sequences with relative ease. Even with the
added restrictions targeting endogenous SRNA and mRNAs, we were successful in
designing several new thgRNAs with only minor refinements, suggesting a high
degree of sequence versatility for the trigger. The flexibility to exploit endogenous
RNAs to regulate gene expression provides a simple interface between native signals
and synthetic transcriptional outputs, bypassing the often tedious process of screening

large libraries currently needed to create specific LRTFs or riboregulators.
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Theoretically, our thgRNA design allows us to execute complex multi-input
logic operations by stacking several RNAs into a single trigger. Preliminary results of
such a control scheme using multiple trigger strands to activate thgRNA is briefly
discussed in Figure 3.21. Because of the potential suggested by these results and the
similar success that has recently been demonstrated using optimized toehold switch
design by stacking up to five different RNA transcripts into a single trigger (Green et
al. 2017), we envision these thgRNA can be layered into multiplexed control for more
complex, self-regulating genetic circuits for both gene repression and activation as
well as inducible gene knockouts. However, we also anticipate the need for further
optimizations of thgRNA and trigger designs to account for additional secondary
structures and interactions with Cas9 protein. These complications may introduce
kinetic and thermodynamic barriers that may prevent efficient activation of thgRNAs.

Investigations on multi-input designs are underway.
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Figure 3.21 Schematics and preliminary results of induced repression using split
trigger strands. Schematics of split trigger strands for activation of
thgRNA. a and p strands contain the two fragments of the whole
sequence used in one-input activation of thgRNA. Preliminary results
using split trigger versions B*i-iii to activate thgRNA B (uninduced =
gray, strand o induced by ATc = red, strand p induced by IPTG = green,
both strands induced = blue). A modest (~20%) but statistically
significant (P<0.05; one-sided student’s t-test) repression of the
Nanoluciferase reporter was observed when and only when both a and
strands of split trigger B*ii were induced, suggesting the potential to
adapt this basic design for multi-input control schemes with optimization.
Values are mean + s.e.m. with n=3 independent experiments.
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Chapter 4

COILED-COIL STRAND DISPLACMENT FOR DYNAMIC CONTROL OF
INTRACELLULAR PROTEIN INTERACTIONS AND FUNCTIONS

4.1 Summary

Intracellular protein interactions found in nature have evolved to be sensitive to
changes in environmental, intercellular, and intracellular conditions. Ideally, synthetic
biomolecular interactions used to construct control circuits should also exhibit the
same trait; however, even the current state-of-the-art synthetic modules often fall short
of mimicking nature, particularly in implementing dynamic responses to react to the
ever-changing environment. This disparity is partly caused by the inability to reliably
predict protein-protein interactions a pirori, limit unspecific associations with both
synthetic and endogenous components within the cell, and reconfigure protein
assemblies in response to stimuli. To address these deficiencies, we have employed a
class of protein structural motif known as coiled-coils as synthetic actuators and
exploited their capacity to partake in strand displacement reaction to impose dynamic

controls over protein interactions.

4.2 Introduction

The a-helical coiled-coil motif is currently the most well-characterized protein
folding motif that has been successfully used in bioinspired systems involving self-
assembly. The success of this motif is driven by the straightforward sequence-to-

structure relationships, specifically the repeating heptad pattern of hydrophobic and
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polar residues (GradiSar and Jerala 2011), which substantially facilitate design of
individual coils and reliably predict interactions between different coils a priori. The
ability to design molecular association de novo has enabled construction of sizable
libraries of orthogonal coiled-coils (Reinke, Grant, and Keating 2010) and applications
such as biomaterials (Banwell et al. 2009) and protein labelling (Meyenberg et al.
2011).

While extensive works have been devoted to constructing supramolecular
complexes using the existing coiled-coils, comparatively few studies have applied
coiled-coils for dynamic control of protein-protein interactions. Recently, Groger et al.
demonstrated reversible coiled-coil association using pairs of heterodimeric coiled-
coil based on the Hodges EK peptides by modulating the lengths of the individual
coils (Groger, Gavins, and Seitz 2017). The varying lengths of the coiled-coils resulted
in a range of dissociation constants of UM to sub-nM, allowing longer coils to
dynamically displace shorter coils akin to strand displacement for nucleic acids (D. Y.
Zhang and Winfree 2009). Displacement of these heterodimeric coiled-coils was used
to create a two-state switching system to control interaction of attached moieties such
as fluorescent dyes and protein kinase substrates. Thus far, this application represents
the only reported example of dynamic coiled-coil systems using peptides composed of
only native proteinogenic amino acids. Inspired by the potential of this dynamic
control system to direct protein-protein interactions, we seek to expand the utility of
coiled-coil peptide-based strand displacement. The ease to directly express coiled-coil
motifs recombinantly as peptide tags makes them ideal synthetic actuators to
coordinate functions of multiple proteins, particularly for intracellular applications

such as reversible transcriptional switch and enzyme complex rearrangement.
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4.3 Materials and Methods

4.3.1 Strains used and Plasmids Construction

All strains and plasmids used in this chapter are listed in Table A.3.2.

Split Nanoluciferase-coiled-coil fusions are constructed by standard subcloning
techniques using restriction digests and ligation into pMAL ™-¢5x vector (New
England BioLabs®, Inc., Ipswich, MA, USA). Yeast expression constructs were
generated by method described in details by Lee et al (Lee et al. 2015). Briefly,
MoClo-YTK “parts” containing the genes of interests were generated via BsmBI
Golden Gate assembly. These parts were then combined with other parts from the
MoClo-YTK toolkit in a Bsal Golden Gate reaction and transformed into NEB®5a
cells. Each cassette was then assembled via another BsmBI Golden Gate reaction into

a multi-gene plasmid for transformation and expression into yeast.

4.3.2 Luminescence by Reconstituted Split Nanoluciferase Fusions

Plasmids containing split Nanoluciferase-coiled-coil fusions are transformed
into NEB® Express cells for expression. Successful transformants were picked from
agar plates and grown in LB medium (10g/L tryptone, 5g/L yeast extract, 10g/L NaCl)
supplemented with 100pug/mL ampicillin overnight at 37°C. The resulting cultures
were used to inoculate 25mL LB medium supplemented with 100pug/mL ampicillin at
an initial ODegoo ~0.05 and grown for 2hrs to ODeoo ~0.7. Expression of the split
Nanoluciferase-coiled-coil fusions were then induced by addition of 300uM IPTG.
These cultures were then incubated at 37°C for 2hrs, after which the cultures were
harvested and centrifuged into cell pellets. The harvested cell pellets were
subsequently resuspended in PBS (137mM NaCl, 2.7mM KCI, 10mM NazHPOg,

1.8mM KH2POg4, pH 7.4) to ODeoo ~20 and lysed using sonication. Lysed samples
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were centrifuged at 13000g for 20min and the soluble fractions were collected as the
supernatants. The resulting samples were analyzed by standard SDS-PAGE and
densitometry analysis to estimate the purity and quantity of split Nanoluciferase-

coiled-coil fusion proteins within the collected fractions (Figure 4.1).

Lg-E; Sm-K, Flag-E,
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Figure 4.1 Expression of split Nanoluciferase-coiled-coil fusions in NEB® Express
cells. Cell lysates were analyzed by standard SDS-PAGE. All fusions
contain an N-terminal Maltose-binding protein (MBP) tag.

Reaction mixtures containing varying amounts of split Nanoluciferase-coiled-
coil fusions were incubated at room temperature for 45min prior to luminescence
measurement. Luminescence assays were performed according to NanoGlo® vendor’s
instructions (Promega Corporation, Madison, W1, USA) using a Synergy™ H4 Hybrid

microplate reader.
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4.3.3 Forster Resonance Energy Transfer (FRET) in Yeast

Plasmids with expression cassettes of recombinant fluorescent protein-coiled-
coil fusions were transformed into BY4741 (MATa his3A1 leu2A0 met1 5A0 ura3A0)
cells. Successful transformants were picked from synthetic dropout medium (SD-
2xSCAA,; 6.7 g/L yeast nitrogen base w/o amino acids, 20g/L raffinose, 0.2g/L
dextrose, 10.19g/L Na2HPO4; and 8.56 g/L. NaH2PO4, amino acid supplements, pH
6.6) (Wittrup and Benig 1994) agar plates with the appropriate selective dropout
marker and grown overnight at 30°C. Expression of the displacer coiled-coil fusion
was then induced by inoculating fresh SD-2xSCAA medium containing 20g/L
raffinose and 0.2¢g/L galactose in place of dextrose at an initial OD600~0.1 with the
grown overnight cultures. These subcultures were incubated at 30°C and samples were
taken at 0, 2, 4, and 20hrs post-induction.

Collected samples were pelleted by centrifugation at 3000g for 5 minutes,
washed twice with PBS (137mM NaCl, 2.7mM KCI, 10mM Na;HPO4, 1.8mM
KH2POy4, pH 7.4), and resuspended to ODgoo ~1 in PBS prior to measurements. Whole
cell fluorescence were measured using a Synergy™ H4 Hybrid microplate reader.
Analysis of fluorescence data were completed using Origin software (OriginLab

Corporation, Wellesley Hills, MA, USA).

4.3.4 Yeast Violacein Production and Analysis

Plasmids containing genes for violacein biosynthesis were constructed as
described above. The parent yeast strain for these experiments was BY4741 (MATa
his3A1 leu2A0 met15A0 ura3A0). The complete 5-gene cassette for violacein pathway
production was integrated at the leu2 locus to create strain designated as ySK001

(Table A.3.2). To introduce the different fluorescent protein-coiled-coil fusions, multi-
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gene plasmids with CEN2/ARS6 origin with LEU marker were transformed into
ySKO0O01. Transformants were selected as colonies on SD-2xSCAA-Ura-Leu agar
plates after incubation of ~48hrs at 30°C.

Successful transformants were then grown in SD-2xSCAA-Ura-Leu
supplemented with 2% raffinose + 0.2% dextrose overnight at 30°C. The resulting
cultures were then used to inoculate fresh SD-2xSCAA medium supplemented only
with 2% raffinose at an initial ODeoo~0.1 as subcultures and grown for additional 4hr
at 30°C. Expression of the displacer coiled-coil fusions were then induced by addition
of 0.2g/L galactose and/or 50uM Cu2SOs into the subcultures. The cultures were then
grown for 36hr at 30°C and harvested as pellets by centrifugation at 3000g for 10 min.

Pelleted cells were suspended in 300puL methanol and boiled at 95°C for 10
minutes, vortexing twice during the incubation. Solutions were then centrifuged twice
at 13000g for 10min to remove cell debris, and the supernatant (extract) was analyzed
by HPLC/MS on a Waters AutoPurification HPLC/MS System with a SunFire™ C18
column. Absorbance of the eluent at 560nm and 600nm were measured for
violacein/deoxyviolacein and proviolacein/prodeoxyviolacein respectively, while mass
was measured with the attached SQD2 MS system to confirm the identity of the
isolated molecule corresponding to each eluent peak (Figure 4.2). The product yields
can be estimated as the integrated peak areas from the chromatograms by comparison

to standards of violacein (MilliporeSigma, St. Louis, MO, USA).
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Figure 4.2 Representative chromatogram, photo spectrum, and mass spectrum of
product obtained from yeast violacein biosynthesis highlighting the
detection of violacein from mixtures.

4.4 Results

4.4.1 Strand Displacement using Heterodimeric Coiled-coils can Control
Protein Interaction

To demonstrate the use of coiled-coils that can be recombinantly expressed as
peptide tags to control protein-protein interactions, we first constructed pairs of EK
coiled-coils fused to MBP and split Nanoluciferase reporters (Figure 4.3). Split
Nanoluciferase was developed by splitting NanoLuc luminescent reporter into two
subunits, LgBit and SmBit, and was shown to exhibit low affinity between the two
split fragments (Kp~190uM), making them ideal for use in protein complementation
assays to investigate of protein interactions both in and out of the cell (Dixon et al.
2016). The recombinant fusions were then expressed in E. coli and harvested (Figure
4.1). The resultant cell lysates were then mixed in concentrations indicated in Figure

4.3 below. Each reaction mixture was further subjected to NanoLuc® luminescence
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assays according to manufacturer’s instructions (Promega Corporation, Fitchburg, WI,
USA). As expected, the addition of an equimolar amount of the longer E4 coil fused to
MBP and a Flag peptide led to a dramatic decrease (>25-fold) in luminescence,
suggesting that the LgBit-Es fusion was displaced from the SmBit-K4 fusion by Flag-
E4. This decrease in luminescence was driven lower by another order of magnitude by
adding slight excess of the longer Flag-E4 protein to ensure stoichiometric pairing of
E4 and K4 coils. Further increase in the amount of Flag-E4 added did not yield lower
luminescence (data not shown), indicating that the low luminescence signal originated
from spontaneous reconstitution of LgBit and SmBit caused by their low affinity at
these concentrations. These results demonstrated the ability to recombinantly express

coiled-coils motifs as peptide tags to modulate protein-protein interactions.
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Figure 4.3 EK coiled-coils recombinantly fused and expressed as peptide tags onto
proteins of interests. Each fragment of the split Nanoluciferase reporter
and a Flag peptide tag is fused to either an E or K coil and an N-terminal
MBP tag (MBP not shown for simplicity). The fusions were then
expressed in E. coli and harvested. Cell lysates containing the different
fusions were then mixed and tested for luminescence. Luminescence
assays for reaction mixtures containing different combinations of coiled-
coil fusions suggested that the fragments of the split Nanoluciferase
reporter were displaced from close proximity by strand displacement of
the Es coil by the longer E4 coil.

4.4.2 Coiled-coil Strand Displacement is Functional Intracellularly

After confirming strand displacement functions of coiled-coil motifs fused to
proteins in vitro, we next designed a three-color FRET system in yeast using the EK
coils and three fluorescent proteins to demonstrate the use of coiled-coil displacement
as a dynamic mechanism to control intracellular protein interactions (Figure 4.4). The
fluorescent proteins are cloned and expressed as N-terminal fusions of the EK coils
using the MoClo-YTK toolkit (Lee et al. 2015) (Table A.3.2). In this scheme,

mTurquoise2-Ez and Venus-K, are constitutively expressed and self-assemble into
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heterodimers that place mTurquoise2 into close proximity of Venus. Upon induction
of mRuby2-E4 by galactose, mTurquoise2-Ez is displaced from Venus-Ks, thereby
gradually switching from the initial cyan-to-yellow FRET signal to yellow-to-red
signal and increasing mTurquoise2 emission.

The FRET signal changes observed following galactose induction suggested
that coiled-coil strand displacement can indeed control protein interactions in an
intracellular setting (Figure 4.5). Induction of mRuby2-E4 resulted in the restoration of
mTurquiose2 emission spectrum and the reduction of Venus emission at 530nm,
suggesting that mRuby?2 replaced mTurquoise?2 in the heterodimers. Importantly, the
rate of displacement is notably enhanced by inducing the expression of mRuby2-E4
relatively to inducing expression of mRuby2-Es (Figure 4.6). Compared to mRuby2-
E4, mRuby2-E3 is unable to displace mTurquoise2-E3 as quickly or as completely,
suggesting that the extra heptad repeat is acting as a “toehold” region for initiation of
the strand displacement reaction akin to DNA strand displacement (D. Y. Zhang and
Seelig 2011) described in Chapter 1.3.2. Lastly, yellow-to-red FRET ratio rise slowly
compared to the decrease in blue-to-yellow FRET ratio, likely because mRuby?2 needs
time to mature (t12~150min) to become fully fluorescent. These results suggests that
higher thermodynamic drive to form the E4/K4 heterodimeric complex endowed by the
toehold region was necessary for the dynamic rearrangement of the fluorescent protein

complexes.
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Figure 4.4 Detection of intracellular coiled-coil strand displacement using three-color
Forster resonance energy transfer system. The initially dominant cyan-to-
yellow FRET is disrupted as Venus-Kj is displaced away from
mTurquoise2-Ez and instead complexes with mRuby2-E4, shifting the
FRET to yellow-to-red as mRuby2 fluorescent protein matures and
allowing mTurquoise2 to fluoresce.
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Figure 4.5 Emission spectra change after induced expression of the displacing
mRuby2-E4 fusion at 20hrs after galactose induction. The rise in
fluorescence at 470nm with 430nm excitation and the drop in
fluorescence at 530nm with 475nm excitation observed in the induced
sample relative to the uninduced sample suggested that the proximities of
the fluorescent proteins have been changed.
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Figure 4.6 Toehold is necessary for efficient coiled-coil strand displacement.
Compared to mRuby2-E4, mRuby2-E3 is unable to displace
mTurquoise2-E3 as quickly. Because mRuby?2 needs time to mature
(t2~150min) to become fully fluorescent, yellow-to-red FRET ratio rise
slowly compared to the decrease in blue-to-yellow FRET ratio. Values
are mean s.e.m. for n=3 independent experiments.
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To expand our repertoire coiled-coil pairs that can be used for further
applications, we also tested SYNZIP5/SYNZIP6 coils (Reinke, Grant, and Keating
2010) elongated with P1/P2 coils (Gradisar and Jerala 2011) functioning as toeholds to
initiate strand displacement reactions. These synthetic chimera can be used a second
set of peptide tags to execute strand displacement that are orthogonal to the EK coils.
The same three-color FRET system in yeast was used for testing their efficacy and
similar results as EK coils were obtained using the SYNZIP5/SYNZIP6 coiled-coils
(Figure 4.7), albeit slightly less in magnitudes; this is likely a result of tighter binding
between SYNZIP5-SYNZIP6(P1)4 relative to E3-K4 and differences in expression
levels of the fusion proteins. All amino acid sequences of coiled-coil motifs used in

this study are listed in Table A.3.1.
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Figure 4.7 Second pair of coiled-coils can also execute strand displacement
intracellularly. a) Three-color FRET coiled-coil displacement system
using SYNZIP5/6-P2/1 coils in place of EK coils. Analogous to the
additional EK coil repeats, P2/1 coils act as the toehold to initiate strand
displacement. b) The changes in FRET ratios using these second set of
coiled-coils are similar to the EK coils. Values are mean +s.e.m. for 3
independent experiments.

4.4.3 Directing Violacein Pathway Fluxes by Coiled-coil Displacement

To demonstrate the versatility of coiled-coil strand displacement to
dynamically rearrange protein complexes, we created an artificial supramolecular
complex consisting of VioC, VioD, and VioE enzymes from the violacein pathway
(Lee et al. 2013) (Figure 4.8a) scaffolded together with the EK and
SYNZIP5/SYNZIPG6 coiled-coils (Figure 4.8b). Scaffolding allow substrate channeling
of the intermediates between VioC, VioD, and VioE enzymes, thereby increasing

apparent reaction rates and shifting the ratios of the four different products in
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accordance with the arrangement of enzymes in the complex. Because the four
products exhibits strikingly different colors, this bifurcating pathway provides an
easily measurable outcome for us to determine the success of our dynamic scaffolding
scheme. Different enzyme complex arrangements are formed using fluorescent
protein-coiled-coil fusions from the previously described three-color FRET system to
displace one or both of VioC and VioD from VioE (Figure 4.8b). Once displaced, the
enzymes are no longer in proximity to the others and thus loses the enhanced reaction
rates enabled by substrate channeling, ultimately leading to changes in yields and

distributions of the four colored products.
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Figure 4.8 Violacein biosynthesis in yeast controlled by coiled-coil-mediated dynamic
scaffolding. a) Five enzymatic reactions, along a non-enzymatic reaction,
produce the primary purple-colored product, violacein. Each reaction is
labelled with the italicized name of the associated enzyme or “(NE)” for
non-enzymatic reactions. The synthetic dynamic enzyme complex is
made of the underlined enzymes, VioC, VioD, and VioE. b) By
displacing one or both of VioC or VioD enzymes from the
supramolecular enzyme complex, fluxes through the pathway can be
redirected as a result of substrate channeling, leading to changes in yields
and compositions of the final product mixtures.

Significant changes in the compositions of the products are visually observable
as colorimetric changes (Figure 4.9a). Quantitatively, the shifts in yields and
compositions can be observed from chromatograms obtained from HPLC analysis of
the extracted products from different induction conditions (Figure 4.9b). Inducing
expressions of fluorescent protein-coiled-coil fusions to displace VioC and/or VioD

enzyme from the artificial enzyme complex resulted in substantial changes in product
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yields, while only modest changes were observed by inducing expressions of non-
displacing fluorescent proteins alone. These results indicated that not only does
substrate channeling play a significant role for our scaffolding scheme, but the
supramolecular enzyme complex is also altered by the expression of the displacement
coils. In particular, the >2-fold reduction in yields of violacein when VioD-
SYNZIP5(P2)> was displaced away from SYNZIP6-VioE-Es by the induced
expression of mRuby2-SYNZIP6(P1)s suggested that channeling of
protodeoxyviolacenic acid to either VioD or VioC from VioE significantly altered the
overall productivity and product quality of the heterologous pathway. This effect, in
turn, was dynamically modulated by inducing enzyme complex rearrangement using

coiled-coil displacement.
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Figure 4.9 Different enzyme complex arrangements using coiled-coils lead to different
product yields and compositions from violacein biosynthesis. a)
Intensities of the dominant purple color visually changed under different
induction conditions, especially apparent when induced fluorescent
proteins are fused to displacement coils. b) HPLC analysis of the extracts
from different induction conditions. Values are mean +s.e.m for 3
independent experiments.
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45 Discussions

45.1 Strand Displacement using Heterodimeric Coiled-coils can Control
Protein Interaction

The ability of coiled-coil motifs to organize functional protein supramolecular
complexes has proven useful in the bottom-up design and construction of
biomolecular systems. By exploiting specific interactions between coiled-coils of
varying lengths, dynamic systems based on strand displacement can be readily
designed (Groger, Gavins, and Seitz 2017). As this work and previous studies show,
this mechanism exhibits fast kinetics, often reaching completion within minutes
(Groth et al. 2018). This fast kinetics enable protein rearrangement to occur quickly,
often limited only by protein synthesis and turnover rates for intracellular applications.

Similar to the nucleic acid-based counterpart (R. P. Chen et al. 2018), coiled-
coil strand displacement reaction is able to not only organize any moieties attached to
the peptide motifs, but also change the configurations of the resulting supramolecular
complexes dynamically. In contrast to nucleic acid-based schemes, however, coiled-
coil motifs can be genetically fused onto any protein of interests. Direct recombinant
expression of these peptides bypasses the need to deliver multiple exogenous
components and thus expedites applications that require control of protein
organization inside the cell. As this work demonstrated, this peptide-based strand
displacement strategy can be readily applied in a variety of context. This versatility is
further enhanced by the expanding repertoire of orthogonal coiled-coils that enables
multiplexing where multiple interactions need to be controlled independently of one

another (Reinke, Grant, and Keating 2010; Negron and Keating 2014).
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4.5.2 Coiled-coil Strand Displacement can Direct Dynamic Reassembly of
Enzyme Complexes

The ability to direct protein interactions by coiled-coils can be used to
construct and rearrange artificial enzyme complexes. While artificial enzyme
complexes have been shown to enhance the productivity of metabolic pathways in
many contexts (Dueber et al. 2009; Moon et al. 2009), a dynamic complex consisting
solely of exogenous enzymes that can be assembled and disassembled on demand has
yet to be reported. This rearrangement process needs to disrupt complexes formed in
one particular state and reconfigure the pathway to another state in response to
metabolic cues. Hence, using induced expression of coiled-coil-enzyme fusions
controlled by metabolic changes can exploit the displacement mechanism to redirect
fluxes through enzyme pathways. Gaining dynamic control over fluxes can potentially
alleviate excessive metabolic burdens, especially as heterologous pathways become
increasingly complex and intertwined with native components (Nielsen and Keasling
2016; P. Xu et al. 2014).

For biosynthesis that involve multiple enzymatic steps and bifurcating reaction
pathways such as the violacein pathway tested in this study, controlling spatial
proximities of the relevant enzymes through dynamic reassembly may provide a
potentially effective and convenient way to achieve high yields and quality of specific
products that is independent of the more conventional transcriptional control of
enzyme expression. Because coiled-coil strand displacement is a relatively fast
process, enzyme complex reassembly using coiled-coils can potentially be a more
responsive, rapid control strategy, as conventional expression control schemes rely not

only on switching gene expression, but also protein turnover rates.
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Chapter 5

CONCLUSIONS

5.1 Engineering Biological Control Systems: Opportunities in Synthetic Biology

This work illustrates multiple avenues to manipulate regulatory mechanisms of
cellular functions through the creation of synthetic biomolecular constructs. As
discussed in Chapter 1, these methods not only reflect the great diversity of ways that
nature has evolved to respond to changes, but also represent the ample opportunities
for synthetic biologists to design control elements and circuits not found in nature. In
that vein, the successes of our designs are largely defined by our own motivations and
aspirations. Nonetheless, we hope our studies have highlighted a few lessons of value
for the synthetic biology field at large:

First, our parallel schemes of split signal peptide reconstitution using intein-
mediated reactions in Chapter 2 demonstrated that even “undesirable” side reactions
(i.e. N-terminal cleavage) that diverge from a canonical biochemical reaction pathway
(i.e. protein trans-splicing) can be adapted to serve a useful function for synthetic
applications. While nature may have driven the evolution of a given biochemical
pathway to increase fitness for the host organism, this selective pressure does not
necessarily apply in our synthetic context. The study in fact underscored the potential
benefits of exploiting NTC in place of the canonical PTS for our particular purposes,
because of the higher reaction efficiencies upon additional engineering and higher
signaling activity of the reconstituted wild-type peptide (Figure 2.9 and Figure 2.10).

The discrepancy between native and synthetic objectives thus should not only be
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viewed as a source of complications but also an opportunity to be freed from
constraints imposed by natural selection, a recurring theme that is frequently
encountered in metabolic (Nielsen and Keasling 2016) and protein engineering
(Nobeli, Favia, and Thornton 2009) studies.

Second, the interface established between endogenous transcripts and synthetic
riboregulators in the form of our thgRNAs in Chapter 3 provided a glimpse of the
potential rewards of creating an autonomous control element capable of assessing
cellular states. If implemented successfully, such a device may be particularly useful
in bioprocessing applications to prevent the biosynthesis of unnecessary
RNAs/proteins/metabolites and increase the efficiencies of energy and material usage.
For instance, our dynamic control system can promote or repress expression of
pathway enzymes based on growth conditions or stress signals reflected in
concentrations of cellular SRNA and mRNA, thereby decoupling cell growth and
production phases such that resources can be efficiently allocated on one major task at
a time (P. Xu et al. 2014; F. Zhang, Carothers, and Keasling 2012). These thgRNASs
therefore represent an early attempt toward creating autonomous synthetic regulatory
systems. Future progress in this efforts will be indispensable for making
biotechnology competitive in industry.

Third, the successful application of entirely synthetic modules presented in
Chapter 4 involving coiled-coil motifs that are designed de novo and their associated
strand displacement validates the efficacy of modeling and computational methods as
powerful tools that can aid future designs of synthetic control elements and engineered
biological systems in general. As discussed in Chapter 1.4.1, years of theoretical and

experimental work on coiled-coils culminated in a uniquely deep understanding of
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their sequence-to-structure relationship. Predictive algorithms based on this
understanding enabled the precise design of tailor-made nanostructures. In addition,
much like the toehold-mediated strand displacement reaction for nucleic acids
discussed in Chapter 1.3.2, coiled-coil strand displacement is also thermodynamically
driven; hence, it is likely that similar computational models can be made for coiled-
coil displacement to predict the rates and efficiencies of any particular reaction,
besides the kinetic model fitting studies already underway (Groth et al. 2018). The
robustness of the coiled-coil complex reassembly process facilitates the use of the
structural motifs in and out of the cellular environment. These synthetic modules can
thus be straightforwardly used to construct more complex control networks even
inside the crowded cellular environment, given a sufficiently thorough understanding
of their characteristics.

Lastly, an obligatory word of caution: despite our growing knowledge of
biological components and their interactions, surprising outcomes such as slow
kinetics observed for protein trans-splicing in Chapter 2 or activation of certain
sequestered thgRNAs in Chapter 3 remain commonplace throughout our studies.
These hurdles, while unforeseen, are not necessarily unexpected, as we are only
beginning to understand some of the complex processes present in living systems. We
only overcame these complications by experimentally testing many variants and
refining the design in molecular details over several iterations. While time-consuming
and, at times, tedious, this iterative process was nonetheless humbling and valuable as

an affirmation of a well-known proverb:

What | cannot create, | do not understand. — Richard Feynman
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5.2 Ongoing Studies and Future Perspectives on Synthetic Biomolecular
Control Circuits

All results presented in this dissertation represent work in progress. It is,
therefore, appropriate to elaborate on their prospects, for both the immediate and long
term future:

The control of yeast cellular behaviors by extracellularly reconstituted a-factor
signaling peptide detailed in Chapter 2 is an important step toward the eventual
objective of creating a synthetic extracellular sensing circuit. As suggested in Figure
2.13, the next step is to append the actual sensing domains onto our chimeric sensor
units. The sensors” modular design enabled by the promiscuity of intein-mediated
reactions allows us to change the specific sensing and signal peptide domains
depending on the application. Beyond extensions on the molecular architecture, we
attempted to secrete our sensors from S. cerevisiae using both native and engineered
secretory pathways, with unsatisfactory levels of success (data not shown). A potential
workaround for this practical issue may be to screen for secretory peptide signals that
maximize the secretion of our sensors (Hashimoto, Koyabu, and Imoto 1998;
Kjeldsen, Frost Pettersson, and Hach 1999; Deschuyteneer and Garcia 2010).
Alternatively, a host with higher secretory capacities such as Pichia pastoris (Ahmad
et al. 2014) can be adapted to secrete our extracellular sensors and be co-cultured with
engineered S. cerevisiae.

The thgRNA design described in Chapter 3 proves to be highly flexible in
regards to both sequences and types of RNA that could be used as trigger strands.
Despite this valuable trait, some sequence constraints remain in place. Namely, the
DNA target for inducible Cas9 protein is coupled by base-pairing complementarity to

the sequence of the spacer, which in turn is coupled to the branch migration region in
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the hairpin structure (Figure 3.2a). This means that while virtually any trigger
sequence can be used to activate Cas9 functions, the DNA target inevitably shares
sequence identity with parts of the branch migration region. In other words, Cas9
proteins can only be induced to act on the very specific subset of DNA sequences that
are somewhat complementary to the trigger sequence. The utility of this version of our
thgRNA is thus limited to only synthetic targets. The next development must free the
design from target sequence constraints for this class of synthetic control elements to
seamlessly interface with native components. Likely, this will involve either changing
the basic schematic of the riboregulators, perhaps to a molecular beacon-like structure
(Zheng et al. 2015). Another avenue is to rely on multi-layered strand displacement
reactions to produce a trigger strand that differs from the desired transcript signal(s).
Recent successes of implementing similar series of displacement reactions give early
indications that such a scheme can be adapted for our purposes (Wang et al. 2009; L.
Li et al. 2016).

The ability to modulate protein-protein interactions by using coiled-coil strand
displacement shown in Chapter 4 presents a unique opportunity to expand the utility of
synthetic modules in dynamic control circuits. Beyond transcriptional switching and
enzyme complex rearrangement, we anticipate applications in engineering cell
signaling (Wei et al. 2012), protein translocation (Guntas et al. 2015; Niopek et al.
2014), and targeted protein degradation (Nishimura et al. 2009). Additionally, coiled-
coil strand displacement schemes that parallel those devised for DNA strand
displacement such as displacement reaction cascades (D. Y. Zhang and Seelig 2011)
would allow us to construct different logic gates that can further diversify their

potential applications in controlling protein-protein interactions.
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The fundamental questions addressed in Chapters 2, 3, and 4 revolve around
the idea that dynamic control at the cellular level is not only beneficial, but also
essential for the application of synthetic biological systems in biotechnology and
human health. To that end, our results demonstrated the vast potential of biomolecules
as valuable and malleable parts for engineering synthetic control circuits in biological
systems. The incredible diversity provided by naturally evolved molecules represents
an almost infinitely large space from which these engineered components can be
generated. Furthermore, as computational power and methods continue to advance,
biomolecular modelling algorithms will undoubtedly be improved in their accuracies
and speed. As such, we expect the use of synthetic modules like the thgRNAs in
Chapter 3 and the coiled-coil motifs in Chapter 4 to take on increasing importance.

The synthetic control elements designed and constructed in this work provide
the basic toolkits that can be integrated as high-level decision-making regulatory
mechanisms in engineered organisms capable of performing many tasks
simultaneously. While the devices and platforms created in this work remain early in
the development stage, the core conceptual principles that drove their designs—
modularity, connectivity, transferability— should endure as the devices themselves
become more refined in synthetic biologists’ quest to establish robust, adaptable
platforms with autonomous control to advance bioprocessing and human health

applications.
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Appendix A

SUPPLEMENTARY TABLES AND INFORMATION

A.1 Strains and Plasmids used in Chapter 2

Table A.1 Strains and plasmids used in Chapter 2

Strains

Escherichia coli

NEB®5a

endAl thi-1 hsdR17

thuA2 A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15 gyrA96 recAl relAl

BL21-Gold (DE3)

ompT hsdS(rB- mB-) dem+ Tetr gal A(DE3) endA The

Saccharomyces cerevisiae

BY4741 barl A MATa his3A1 leu2 A0 met1 SAO ura3A0 barl::KanR
CB009 MATa farl A mfa2::pFUS1-GFP barl::NatR his3 trpl leu2 ura3
Plasmids*
Short Name | Name Features/Notes
pl-CutA-L-NpuN Template of NpuN intein fragment
pI-NpuC-S-CutA Template of Npu® intein fragment
PET-24a(+) Empty vector for protein expression
N1 pET24a-aN-NpuN-GB1-his | Expression of N1
N1B pET24a-MBP-aN!-NpuN- Expression of N1B
GB1-his
C1 pET24a-his-GB1-NpuC- a*! | Expression of C1
N2 pET24a-aN?-NpuN-GB1-his | Expression of N2
N2B PET24a-MBP-aN?-NpuN- Expression of N2B
GB1-his
C2 pET24a-his-GB1-NpuC- o> | Expression of C2
N3 pET24a-a-NpuN-GB1-his Expression of N3
N3B pET24a-MBP-a-NpuN-GB1- | Expression of N3B
his
C3 pET24a-his-GB1-NpuC*-his | Expression of C3

132




A.2 Sequences of thgRNA, Trigger Strands, and DNA Targets used in Chapter 3

Table A.2 Sequences of thgRNA, trigger strands, and DNA targets used in Chapter 3

Name | Sequence
thgRNA
b (Branch
a (Toehold) migration) Loop
AUACA
. P ccuuua 02
ACAUUG ACUGC
G
A
A2 AGUUUGAUU QUje{€]5[8]5/:N 2@2@3
ACAUUG GU GCA
A3 AXe1viuuler2\Ul08 UCGUUUA XgACU
ACAUUG GU GCA
§[0/e7\SI8/Ae7s UCGUUUA CUAAA
Ad UUG GU ACACU
GCA
0/0/e7:\u[8/A oA UCGUUUA
A5 UUG GU UAGA
AUACA
o GAAGAAUAA [y SR VNeTTE
GCAUGA GCUAC
GG A
AUACA
[ eccuw |
CcGu ACUGC
€ A
AVAXE1D/AVAb/Ae GUGAGC | UAUUA
D S[efe7AVAe(oAVAl AAUGUCG | AACAC
U uG UCA
AUACA
E1 ACGGUAAUA S\lLJJgﬁGXg AACUU
JAVA\GJAVAVAY C GCUAC
A

133




UAACA
E9 UCAGAAAUG iﬁg?ﬁﬂg AACUU
AAUGAC GCUAC
U
A
UUACA
= GAUUUUACA ggzéigg AACUU
CCAAUA GCUAC
A
A
UUACA
Gl UGAUGGCCA ggggﬁgg AACUU
UGUUAU GCUAC
C
A
AUACA
G2 GCCCUCGCC Sggiﬁgg AACUU
CucCGCC GCUAC
C
A
AUACA
- celecicicell = 122 | AACUU
UACAUCC GCUAC
CCuU A
Trigger strands'
*
5 bl o (Tochold)
migration)
GGAUCCACU
A* GACUAUUCU Xéﬁ??? CAAUGUAA
GUGCAAUAG CGA UCAAACU
UCAGUAAA
GGAUCCACU
B* GACUAUUCU ngg:g UCAUGCUU
GUGCAAUAG Gcu AUUCUUC
UCAGUAAA
GGAUCCACU
Cx GACUAUUCU | GAAUAA [ee.vilecis(c
GUGCAAUAG | CUAAAG AV ®019V]Y;
UCAGUAAA
T L Aol AUUGCULC
D* GUGCAAUAG AUUGCU [Ne7A(€18/A\B[5/A
CAC Cuu

UCAGUAAA
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AGAUCUAGCUAGCAUAAC
CCCUUGGGGCCUCUAAA
CGGGUCUUGAGGGGUUU
uuu

AGAUCUAGCUAGCAUAAC
CCCUUGGGGCCUCUAAA
CGGGUCUUGAGGGGUUU
uuu

AGAUCUAGCUAGCAUAAC
CCCUUGGGGCCUCUAAA
CGGGUCUUGAGGGGUUU
uuu

AGAUCUAGCUAGCAUAAC
CCCUUGGGGCCUCUAAA
CGGGUCUUGAGGGGUUU
uuu




OxyS

GAAACGGAG
CGGCACCUC
UUUUAACCC
UUGAAGUCA
CuGCCCGuUU
UCGAGAGUU
UCUCAACUC

GAAUAA
CUAAAG

RyhB

GCGAUCAGG
AAGACCCUC
GCGGAGAAC
CUGAAAG

CACGAC
AUUGCU
CAC

MicF (E1)

(N/A)

GCUAUC
AUCAUU
AAC

MicF (E2)

GCUAUCAUC
AUUA

ACUUUA
UUUAUU
ACC

SgrS

GAUGAAGCA
AGGGGGUGC
CCCAUGCGU

CAGUUUUAU

CAGCACUAU

UUUACCGCG

ACAGCGAAG
UUGUGCUGG
UUGCGUUGG
UUAAGCGUC

CCACAACGA

UUAACCAUG

CUUGAAGGA
CUGAUGCAG

UGGGAUGAC
CGCAAUUCU

GAAAGUUGA
CUUGCCUGC

A

UCAUGU
GUGACU
GAG

mCherry
(Gl)iii

(39)-

GCAAGG
GCGAGG
AGG

AUAACAUG
GCCAUCA
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CCAACGUG
AACUUUU

GCGGAUCUCCAGGAUCC
GCUG

AUUGCUUC
CAGUAUUA
Cuu

AGCCAGCCGGGUGCUGG
Cuuuu

CAUUCAUUUCUGAAUGUC
UGUUUACCCCUAUUUCAA
CCGGAUGCCUCGCAUUC
GGUUUUUUUU

UUUAUUUAU
UACCGU

AUGUCUGUUUACCCCUAU
UUCAACCGGAUGCCUCG
CAUUCGGUUUUUUUU

GUCAUUCA
UUUCUGA

ACCCGCCAGCAGAUUAUA

SNe Sl CCUGCUGGUUUUUUUU

UAAAAUC

-(722)




GAGUUC
mCherry GGCGAGGG
(122)- GAGAUC -(639)
(G2)n GAG CGAGGGC
AGGCCU
mCherry GGAUGUAC
(G3)i @77)- CCUCCG CCCGAGG -(284)

'5°-end of thgRNA start with GGN (not shown) prior to the toehold region (a). The canonical
sequence(Jinek et al. 2012b) of crRNA repeats (not shown) begins at the 3’-end of the spacer
region.

i Artificial trigger strands contain 5’ hairpins that enhance stability of the resulting transcript
inside the cell(Green et al. 2014) as well as 3’ T7 terminator sequence. The endogenous SRNA
sequences are shown, with the intended hybridization regions used in toehold-mediated strand
displacement highlighted. Only the sequences used for thgRNA activations were shown for
mCherry mRNA, with the number of 5” and 3’ bases outside of the regions of interest shown in
parenthesis.

il Numbers in () indicates the number of bases upstream or downstream of the intended
hybridization regions.

v Shown sequences are the intended targets that will hybridize with the spacer region of the

gRNA, these are placed on the coding strand downstream of the transcriptional start site and
upstream of the RBS of the reporter gene.
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A.3 Strains and Plasmids used in Chapter 3

Table A.3 Strains and plasmids used in Chapter 3

Strains

NEB®5a

thuA2 A(argF-lacZ)U169 phoA ginV44 ©80 A(lacZ)M15 gyrA96
recAl relAl endAl thi-1 hsdR17

BL21-Gold (DE3)

ompT gal decm lon hsdSB(rB-mB-) A(DE3 [lacl lacUV5-T7p07
ind1 sam7 nin5]) [malB+]k-12(AS)

LAA-T/t

Plasmids*
# | Name | Marker | Features/Notes
Reporter*
CR143 pUC19 J23101p-TA-Nluc- Amp Nanoluciferase reporter downstream of
LAA-TTt J23101p promoter and target A in a high
copy number plasmid; linearized with
Notl restriction enzyme prior to use in in
vitro cleavage assay (Figure 3.5)
CR295 PETJ15 J23115p-TA-Nluc- Amp Nanoluciferase reporter downstream of
LAA-T/t J23115p promoter and target A in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover
CR277 PETJ15 J23115p-TB-Nluc- Amp Nanoluciferase reporter downstream of
LAA-TTt J23115p promoter and target B in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover
CR285 PETJ15 J23115p-TC-Nluc- Amp Nanoluciferase reporter downstream of
LAA-TTt J23115p promoter and target C in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover
CR380 pETJ15 J23115p-TD-Nluc- Amp Nanoluciferase reporter downstream of

J23115p promoter and target D in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover
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CR479

pETJ15_J23115p-TE1-NIuc-
LAA-TT7t

Amp

Nanoluciferase reporter downstream of
J23115p promoter and target E1 in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover

CR480

pETJ15_J23115p-TE2-Nluc-
LAA-TT7t

Amp

Nanoluciferase reporter downstream of
J23115p promoter and target E2 in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover

CR482

pETJ15_J23115p-TF-Nluc-
LAA-TT7t

Amp

Nanoluciferase reporter downstream of
J23115p promoter and target F in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover

CR487

pETJ15_J23115p-TG1-Nluc-
LAA-TT7t

Amp

Nanoluciferase reporter downstream of
J23115p promoter and target G1 in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover

CR488

pETJ15_J23115p-TG2-Nluc-
LAA-TT7t

Amp

Nanoluciferase reporter downstream of
J23115p promoter and target G2 in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover

CR489

pETJ15_J23115p-TG3-Nluc-
LAA-TT7t

Amp

Nanoluciferase reporter downstream of
J23115p promoter and target G3 in a
modified ePathBrick vector; ssrA
degradation tag is fused at the C-terminus
of Nluc to promote turnover

CR307

pETJ15_J23115p-TB-BFP-T7t

Amp

Blue fluorescent protein  reporter
downstream of J23115p promoter and
target B in a modified ePathBrick vector

CR396

pETJ15_J23115p-TD-
mCherry-T7t

Amp

mCherry fluorescent protein reporter
downstream of J23115p promoter and
target D in a modified ePathBrick vector

Cas9 protein / gRNA

62374
(Addgene)

PET-Cas9-6xHis

Amp

Cas9-6xHis expression vector from
David Liu via Addgene; transformed in
BL21-Gold (DE3) cells for expression
and purification
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64108 pHAGE-TO-dCas9- Amp dCas9 fused with C-term. 3xmCherry;,
(Addgene) | 3XmCherry template of dCas9 gene for all subsequent
constructs
CR097 pCDF_ProC-dCas9 J23100p- | Spect dCas9 protein under constitutive ProC
SgRNA A promoter and SgRNA A under
constitutive J23100p promoter in a
medium copy number plasmid (Figure
3.10)
CR098 pCDF_ProC-dCas9 J23100p- | Spect dCas9 protein under constitutive ProC
thgRNA Al promoter and thgRNA Al with toehold
under constitutive J23100p promoter in a
medium copy number plasmid (Figure
3.10)
CR099 pCDF_ProC-dCas9 J23100p- | Spect dCas9 protein under constitutive ProC
AthgRNA Al promoter and thgRNA Al without
toehold under constitutive J23100p
promoter in a medium copy number
plasmid (Figure 3.10)
CR2%4 pETJ15 J23115p-T7RBS- Amp dCas9 protein under constitutive J23115p
dCas9-T7t promoter in modified ePathBrick plasmid
CR346 pETJ15 J23115p-T7RBS- Amp Nuclease active Cas9 protein under
Cas9-TT7t constitutive  J23115p promoter in
modified ePathBrick plasmid
CR278/ pETJ15 J23115p-thgRNA Amp thgRNA A1/B/C/D/EL/E2/FIGL/IG2/G3
CR280/ Al/B/C/D/IE1/E2/FIGLIG2/G3- under constitutive J23115p promoter in
CR282/ T7t modified ePathBrick plasmid
CR378/
CR483/
CR484/
CR486/
CR493/
CR494/
CR495
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CR279/ PETJ15 J23115p-sgRNA Amp Unmodified sgRNA A/B/C/D under
CR281/ A/B/CID -TT7t constitutive  J23115p promoter in
CR283/ modified ePathBrick plasmid
CR379
CR296/ pETJ15_J23115p-thgRNA Amp thgRNA A1/B/C/D/EL/E2/FIG1/G2/G3
CR290/ Al/B/C/DIE1V/E2/IFIGLIG2/G3- and Nluc reporter under constitutive
CR292/ T7t J23115p  promoter in  modified
CR397/ J23115p- ePathBrick plasmid
CR490/ TA/B/C/DIE1/E2/FIGLIG2/G3-
CR491/ Nluc-LAA-T7t
CR492/
CR500/
CR50V/
CR502
CR297/ pETJ15 J23115p-sgRNA Amp SgRNA A/B/C/D and Nluc reporter
CR29V/ A/B/CID-TT7t under constitutive J23115p promoter in
CR293/ J23115p-TA/B/C/D-Nluc- modified ePathBrick plasmid
CR398 LAA-TTt
CR304/ pETJ15 J23115p- thgRNA | Amp thgRNA
CR299/ Al/B/C/DIE1/E2/IFIG1IG2/G3- Al/B/C/DIEVE2/FIG1/G2/G3, Nluc
CR30V/ T7t reporter, and dCas9 under constitutive
CR397/ J23115p- J23115p  promoter in  modified
CR496/ TA/B/C/D/IEV/E2/FIGLIG2/G3- ePathBrick plasmid (Figures 3.10-19)
CR497/ Nluc-LAA-TT7t
CR498/ J23115p-dCas9-T7t
CR504/
CR505/
CR506
CR305/ PETJ15 J23115p-sgRNA Amp sgRNA A/B/C/D, Nluc reporter, and
CR300/ A/B/C/D-TTt dCas9 under constitutive J23115p
CR302/ J23115p-TA/B/C/D-Nluc- promoter in modified ePathBrick plasmid
CR398 LAA-TTt (Figure 3.11)

J23115p-dCas9-T7t
CR303/ pETJ15 J23115p- Amp No gRNA control plasmids; Nluc
CR356/ TA/B/C/D/IEV/E2/FIGLIG2/G3- reporter and dCas9 under constitutive
CR358/ Nluc-LAA-T7t
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CR399 J23115p-dCas9-T7t J23115p  promoter in  modified
ePathBrick plasmid (Figures 3.11-19)
CR413 PETJ15 J23115p- thgRNA D- | Amp thgRNA B,C,& D, BFP, mCherry, &
T7t Nluc reporters, and dCas9 under
J23115p- TD-mCherry-T7t constitutive  J23115p promoter in
J23115p- thgRNA B-TT7t modified ePathBrick plasmid (Figure
J23115p- TB-BFP-LAA-T7t 3.14)
J23115p- thgRNA C-T7t
J23115p- TC-Nluc-LAA-T7t
J23115p-dCas9-T7t
CR412 pETJ15 J23115p- TD- | Amp No gRNA; BFP, mCherry, & Nluc
mCherry-T7t reporters, and dCas9 under constitutive
J23115p- TB-BFP-LAA-TTt J23115p  promoter in  modified
J23115p- TC-Nluc-LAA-T7t ePathBrick plasmid (Figure 3.14)
J23115p-dCas9-T7t
PETJ15 J23115p- thgRNA B- | Amp thgRNA B, Nluc reporter with target B,
T7t and Cas9 under constitutive J23115p
J23115p-TB-Nluc-LAA-T7t promoter in  modified ePathBrick
J23115p-Cas9-T7t plasmid; nuclease active Cas9 used to
induce plasmid loss (Figure 3.20)
PETJ15 J23115p- thgRNA C- | Amp thgRNA C, mismatched with Nluc
T7t reporter with target B, and Cas9 under
J23115p-TB-Nluc-LAA-T7t constitutive  J23115p promoter in
J23115p-Cas9-T7t modified ePathBrick plasmid; nuclease
active Cas9 used to induce plasmid loss
(Figure 3.20)
PETJ15 J23115p- thgRNA B- | Amp thgRNA B, mismatched with Nluc
T7t reporter with target C, and Cas9 under
J23115p-TC-Nluc-LAA-TTt constitutive  J23115p promoter in
J23115p-Cas9-T7t modified ePathBrick plasmid; nuclease
active Cas9 used to induce plasmid loss
(Figure 3.20)
Trigger
CR109 pMB1_pLlacO1-5’hp-A*-T7t | Amp Trigger A* under pLlacO1 promoter with
5 hairpin and 3’ T7 terminator in
medium copy number plasmid
CR138 pMB1 pLlacO1-5’hp-A*-T7t_ | Amp Trigger A* under pLlacO1 promoter with
J23101p-TA-Nluc-LAA-T7t 5 hairpin and 3’ T7 terminator and
Nanoluciferase reporter downstream of
J23101p promoter and target A in
medium copy number plasmid (Figure
3.10)
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CR124

pSC101 pLlacO1-5’hp-A*-TT7t

Kan

Trigger A* under pLIlacO1 promoter with
5’ hairpin and 3’ T7 terminator in low
copy number plasmid (Figure 3.11)

CR364

pSC10L_pLtetO1-5’hp-B*-T7t

Kan

Trigger B* under pLtetO1 promoter with
5’ hairpin and 3’ T7 terminator in low
copy number plasmid (Figures 3.11-13,
3.17, & 3.20)

CR365

pSC10L_pLtetO1-5’hp-C*-T7t

Kan

Trigger C* under pLtetO1 promoter with
5’ hairpin and 3’ T7 terminator in low
copy number plasmid (Figure 3.11)

CR366

pSC101 pLtetO1-OxyS-T7t

Kan

Full-length OxyS sRNA under pLtetO-1
promoter with 5° hairpin and 3* T7
terminator in low copy number plasmid
(Figure 3.17)

CR400

pSC10L_pLtetO1-5’hp-D*-T7t

Kan

Trigger D* under pLtetO1 promoter with
5’ hairpin and 3’ T7 terminator in low
copy number plasmid (Figure 3.11)

CR402

pSC101 pLlacO1-5’hp-B*-T7t
pLtetO1-5’hp-C*-T7t

Kan

Trigger B* under pLlacO1 promoter and
Trigger C* under pLtetO1 promoter with
5’ hairpin and 3’ T7 terminator in low
copy number plasmid (Figure 3.14)

CR403

pSC101 pLlacO1-5’hp-B*-T7t
pLtetO1-5’hp-D*-T7t

Kan

Trigger B* under pLlacO1 promoter and
Trigger D* under pLtetO1 promoter with
5’ hairpin and 3’ T7 terminator in low
copy number plasmid (Figure 3.14)

CR418

pSC101 pLlacO1-5’hp-C*-T7t
pLtetO1-5’hp-D*-T7t

Kan

Trigger C* under pLlacO1 promoter and
Trigger D* under pLtetO1 promoter with
5’ hairpin and 3’ T7 terminator in low
copy number plasmid (Figure 3.14)

CR468

pSC101_pLtetO1-MicF-T7t

Kan

Full-length MicF sSRNA under pLtetO-1
promoter with 5° hairpin and 3* T7
terminator in low copy number plasmid
(Figure 3.18)

CR469

pSC101 pLtetO1-SgrS-T7t

Kan

Full-length SgrS sRNA under pLtetO-1
promoter with 5° hairpin and 3* T7
terminator in low copy number plasmid
(Figure 3.18)

CR470

pSC101_pLtetO1-mCherry-TT7t

Kan

Full-length mCherry mRNA under p
pLtetO-1 promoter with 5* hairpin and 3’
T7 terminator in low copy number
plasmid (Figure 3.18)
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Miscellaneous

49795
(Addgene)

pETM6

Amp

ePathBrick parental vector

CR275

pETJ15 J23115p-Empty-T7t Amp

Modified ePathBrick  vector by
subsitution of constitutive J23115p
promoter in place of T7-lac promoter. No
meaningful transcriptional  products;
parental vector of constructs for induced
transcriptional repression assays

CR276

PETJ1S J23115p-T7RBS-
Empty-T7t

Amp

RBS inserted after J23115p promoter in
CR275; parental vector of Cas9 proteins
for induced transcriptional repression
assays

*All plasmids listed are constructed for this study unless otherwise noted.

*Sequence and characteristics of ssrA tag fused to Nluc is described in Andersen JB et
al.(Andersen et al. 1998)

A.4  Amino Acids Sequences of Coiled-coil Motifs used in Chapter 4

Table A.4 Amino acids sequences of coiled-coil motifs used in Chapter 4

Name Amino acid sequence*

Esia EIAALEK EIAALEK EIAALEK / EIAALEK

K4 KIAALKE KIAALKE KIAALKE KIAALKE

SYNZIP5 N TVKELKN YIQELEE RNAELKN LKEHLKF AKAELEF ELAA

SYNZIP6(15-54)"

K ENAYLEN IVARLEN DNANLEK DIANLEK DIANLER DVAR

(P1)4

EIQALEE ENAQLEQ ENAALEE EIAQLEY

(P2),*

KIAQLKE KNAALKE

“Amino acids group by heptad repeats patterns denoted gabcdef in common coiled-coil

conventions

"Only the portion that binds to SYNZIPS5 is used (Reinke, Grant, and Keating 2010)

*The first two heptad repeats of P2 coil was used as toehold for initiating displacement
with P1 (GradiSar and Jerala 2011; Groger, Gavins, and Seitz 2017)
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A.5 Strains and Plasmids used in Chapter 4

Table A.5 Strains and plasmids used in Chapter 4

Strains
Escherichia coli
NEB®5a thuA2 A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15 gyrA96 recAl relAl
endAl thi-1 hsdR17
NEB®Express | fnuA2 [lon] ompT gal sulAll R(mcr-73:miniTn10--TetS)2 [dem] R(zgb-
210::Tn10--TetS) endA1 A(merC-mrr)114::1S10
Saccharomyces cerevisiae
BY4741 MATa his3A1 leu2A0 met1 SA0 ura3A0
ySKO001 MATa his3A1 met1 5A0 ura3A0 leu2::VioABCDE
Plasmids*
# | Name | Marker(s) | Features/Notes
In vitro assay reporters
pPMAL_ptac-MBP-LgBit-Es Amp LgBit fragment of split Nanoluciferase
reporter fused to N-terminal MBP and C-
terminal Ez coil (Figure 4.3)
PMAL_ptac-MBP-SmBIit-Ks | Amp SmBit fragment of split Nanoluciferase
reporter fused to N-terminal MBP and C-
terminal K4 coil (Figure 4.3)
PMAL_ptac-MBP-Flag-E4 Amp Flag-tag fused to N-terminal MBP and C-
terminal E4 coil (Figure 4.3)
Added MoClo-YTK parts
CC004 T4a: E3 Cam Type 4a containing Ez coil
CC005 Tda: K4 Cam Type 4a containing K coil
CCO008 T4a: E4 Cam Type 4a containing E4 coil
CC042 T4a: SYNZIP5(P2), Cam Type 4a containing SYNZIP5(P2), fused
coil
CC043 T4a: SYNZIP6(P1)4 Cam Type 4a containing SYNZIP6(P1), fused
coil
CC088 T4a: SYNZIP6 Cam Type 4a containing SYNZIP6 coil
CCO057 T3a: SYNZIP6 Cam Type 3a containing SYNZIP6 coil
CC044 T3: VioA Cam Type 3 containing VioA enzyme
CC045 T3: VioB Cam Type 3 containing VioB enzyme
CC055 T3:VioC Cam Type 3 containing VioC enzyme
CC056 T3:VioD Cam Type 3 containing VioD enzyme
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CC060 T3b: VioE Cam Type 3b containing VioE enzyme
Assembled MoClo-YTK gene cassessets
CC006 pHHF2-mTurqoise2-Es3 Amp mTurqoise2 reporter fused to Es coil
CCo011 pPGK1-Venus-K4 Amp Venus reporter fused to K4 coil
CCO009 pGAL1-mRuby2-E4 Amp Galactose inducible mRuby2 reporter
fused to E4 coil
CC046 pGAL1-mRuby2-E;3 Amp Galactose inducible mRuby2 reporter
fused to Es coil
CC096 pHHF2-mTurqoise2- Amp mTurqoise2 reporter fused to SYNZIP6
SYNZIP6 coil
CC097 pPGK1-Venus-SYNZIP5(P2), | Amp Venus reporter fused to SYNZIP5(P2),
coil
CCO054 pGAL1-mRuby2- Amp Galactose inducible mRuby2 reporter
SYNZIP6(P1)4 fused to SYNZIP6(P1)4 coil
Ccosl pGAL1-mRuby?2 Amp Galactose inducible mRuby2 reporter
without any coils
CC053 pCUP1-mTurqoise2-E4 Amp Cup+ inducible mTurgoise2 reporter
fused to E4 coil
CC080 pCUP1-mTurqoise2 Amp Cup+ inducible mTurgoise2 reporter
without any coils
CC052 pPRNR2-VioA Amp VIioA enzyme
CC063 pTDH3-VioB Amp VioB enzyme
CC058 pTEF2-VioC-K4 Amp VioC enzyme fused to K4 coil
CC059 pHHF2-VioD-SYNZIP5(P2), | Amp VioD enzyme fused to SYNZIP5(P2),
coil
CC065 pPPGK1-SYNZIP6-VioE-E3 Amp VioE enzyme fused to N-terminal
SYNZIP6 and C-terminal Es coils
Multi-gene constructs for yeast transformation
CC012 CEN2/ARS6: Kan/URA | Three-way FRET reporter system for EK
CC006+CC011+CC009 coiled-coil strand displacement in yeast
(Figures 4.4-6)
CC062 CEN2/ARS6: Kan/URA | Three-way FRET reporter system control
CCO006+CC011+CC046 without toehold on displacer protein
mRuby? (Figure 4.6)
CC101 CEN2/ARS6: Kan/URA | Three-way FRET reporter system for
CC096+CC097+CC054 SYNZIP5/6 coiled-coil strand

displacement in yeast (Figure 4.7)
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CC102 CEN2/ARS6: Kan/URA | Three-way FRET reporter system control

CC096+CC097+CC081 without displacing coil (P1)s fused to
mRuby?2 (Figure 4.7)

CCO070 LEUZ2: Kan/LEU | Integration plasmid containing all
CC052+CC063+CC058+CCO violacein biosynthetic pathway with
59+CC065 coiled-coil fusions for constitutive

expression of scaffolded complex (Figure
4.8); integrated into leu2 locus to create
ySK001

ccar7 CEN2/ARS6: Kan/URA | mTurgoise2-SYNZIP6(P1)4 and
CCO053+(Spacer)+CC054 mRuby2-E4 displacing reporter fusions

for induced rearrangement of violacein
scaffolded enzyme complex (Figure 4.9)

CC082 CEN2/ARS6: Kan/URA | mTurgoise2 and mRuby2 non-displacing

CCO080+(Spacer)+CC081 controls for induced rearrangement of

violacein scaffolded enzyme complex
(Figure 4.9)
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