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Modern metabolic engineering uses platform organisms such as E. coli and S. 

cerevisiae to produce a variety of chemical compounds valuable to various industrial 

areas such as medical and food/flavor. Production of such compounds is usually 

achieved by introduction of non-native metabolic pathways. However, often the 

introduction of these non-native pathways can lead to metabolite imbalances that 

can cause slow growth, or low titers. Traditional approaches to optimize product 

yield involve pathway engineering or directed protein evolution. An alternative 

approach inspired by nature, scaffolds enzymes of interest to create metabolons that 

can increase pathway flux through substrate channeling. However, these synthetic 

scaffolds remain static and provide limited relief from metabolite imbalances. To 

address this issue, a dynamic, high affinity, modular scaffold toolkit that relies on 

RNA-RNA interactions for dis-/assembly and CRISPR/Cas6 proteins for enzyme 

localization on the RNA scaffold is proposed. 

 The first step in demonstrating the functionality of the proposed scaffold was 

proving that the scaffold can assemble with high affinity and specificity in vitro and in 

vivo. Scaffold assembly was demonstrated both in vitro and in vivo only when all 

components of the scaffold were expressed concurrently. Furthermore, 

complementary RNA sequences were required to drive scaffold assembly. Scaffold 

stability was demonstrated via long term growth studies, and the physical tethering 

of the two proteins was shown via coimmunoprecipitation. Different scaffold 
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hybridization lengths underscored the importance of protein orientation on the 

scaffold. The scaffold’s ability to assemble is contingent upon the expression of both 

the scaffold RNA and the two orthogonal Cas6-enzyme fusion proteins. 

 The scaffold’s dynamics are perhaps its most novel characteristic. Conditional 

dynamic scaffold disassembly via toehold mediated strand displacement was 

demonstrated to occur only in the presence of short RNA triggers with appropriate 

sequences. A cycling system that can transition from assembled to disassembled and 

back to assembled state via a pair of trigger RNAs allowed for even finer control of 

protein colocalization in real time. Implementation of a riboswitch gated trigger 

sequence showed that conditional scaffold disassembly can be driven by metabolite 

sensing RNA constructs, which can allow the cell to self-regulate the scaffold state. 

Finally, a trigger-mediated scaffold assembly system drove scaffold assembly upon 

trigger expression. The development of wide array of scaffold architectures for 

dynamic dis-/assembly gives the user freedom of design when implementing the 

system for their desired metabolic engineering goals. 

 The capability of the scaffold to control intracellular metabolic flux was 

demonstrated with the non-native indole-3-acetic acid pathway and one of the 

native malate production pathways. Scaffolding of the indole-3-acetic acid pathway 

enzymes showed increases in product titer upon scaffold assembly, which 

demonstrated the system’s capabilities when scaffolding consecutive enzymes. 

Scaffolding of the malate pathway enzymes demonstrated a novel way to control 

metabolic flux by scaffolding of two enzymes that both produce substrates that are 

combined downstream. The control of metabolism by the scaffold in multiple 

configurations showed the scaffold’s broad potential applications and modularity. 



 1 

INTRODUCTION 

 Microorganisms have been used to produce useful chemicals since the early 

stages of civilization. What started as simple fermentation using yeast and bacteria to 

produce ethanol and lactic acid in wine, beer, and cheese, has evolved into a massive 

industry that is predicted to be worth over 2 trillion dollars by 2028 according to a 

Grand View Research Report. The humble beginnings of this industry started with the 

discovery of specialized microorganisms that can produce desirable compounds, such 

as Alexander Fleming’s discovery of P. chrysogenum, to produce penicillin and Chaim 

Weizmann’s discovery of C. acetobutylicum to produce acetone and butanol. These 

discoveries showed the potential for microorganisms to serve as highly specialized 

biocatalysts for the production of useful chemicals both in medicine and industry. 

The first step towards modern metabolic engineering came with the introduction of 

foreign genes into bacterial cells (Cohen et al. 1973) leading to great discoveries, such 

as production of insulin from engineered bacteria. However, these advances also 

exposed limitations of this simple approach, as engineering strains to produce 

simpler chemicals such as ethanol by overexpression of the genes involved was not 

as straightforward. The identification of the limitations and potential of this approach 

for chemical production led to the birth of modern metabolic engineering (Bailey 

1991). 

  

Chapter 1 
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1.1 Approaches for Metabolic Engineering of Platform Organisms 

1.1.1 Traditional Approaches to Metabolic Engineering 

1.1.1.1 Enzyme Expression Modulation 

 To engineer organisms for production of a target chemical means altering 

native metabolism from its natural state to an engineered one, that can drive 

production of the target compound. Since the early 90s a variety of different 

approaches have been used to engineer organisms for compound production, 

focusing on improving titer, rate, and productivity of the process. The most 

traditional approach involves overexpression of targeted genes to drive metabolic 

flux to the desired products. A well-known example of such an approach involved the 

engineering of C. glutaminum for the overproduction of lysine. Identification of key 

bottleneck steps lead researchers to overexpress pyruvate carboxylase and aspartate 

kinase which led to a 150% increase in lysine production, while also maintaining cell 

growth rate similar to a control strain(Koffas, Jung and Stephanopoulos 2003). 

Engineering non-native compound production involves the introduction of non-

native genes and their expression in platform organisms, such as S. cerevisiae 

engineered to produce amorpha-4,11-diene, a precursor to artemisin. By simple 

overexpression of the identified genes of interest, a 10-fold increase in amorpha-

4,11-diene production was observed(Westfall et al. 2012). More complex enzyme 

balancing can help increase productivity for nonnative pathways, as demonstrated by 

Pitera et al. By identifying the bottleneck in the production of mevalonate as the 

intermediate accumulation, and modulating the expression of HMG-CoA-reductase, 



 3 

they were able to increase mevalonate production when compared to a strain simply 

expressing all of the non-native pathway genes (Pitera et al. 2007).  

 Deletion of genes of interest can help redirect flux to metabolic branches of 

interest. In complex metabolic networks, where a target compound can be a 

substrate for downstream pathways, deleting enzymes of interest can force 

metabolic flux to follow the desired pathway. Such an approach is common when 

trying to engineer host cells to produce compounds used by their native metabolic 

networks. By deleting specific enzymes in the TCA cycle, bacteria have been 

engineered to produce higher titers of malate (Zhang et al. 2011) and 

succinate(Sanchez, Bennett and San 2005). In both of these examples, the target 

product was a chemical found in the tricarboxylic acid cycle (TCA) of the central 

carbon metabolism network. By deleting genes that used malate or succinate as their 

substrate, the two groups were able to achieve an accumulation of malate/succinate.  

 The two approaches towards metabolic engineering work even better in 

tandem (see Fig. 1(a)). The ability to both increase flux through one pathway via gene 

overexpression and reduce it through another via deletion can lead to drastic 

improvements in product titer. The engineering of bacteria for the production of 1,3-

propanediol involved knocking down genes of nonproductive pathways, while also 

deleting the glucose phosphotransferase system and upregulating expression of 

several other genes. The combined alteration in gene expression levels yielded 1,3-

propanediol titers of 135 g/L (Nakamura and Whited 2003). Using these approaches 

organisms can also be engineered to process non-native carbon sources, such as the 

engineering of yeast to consume xylose by optimizing the expression levels of xylose 
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reductase and xylitol dehydrogenase(Kotter and Ciriacy 1993), or xylose isomerase 

((Kuyper et al. 2003, van Maris et al. 2007)).  

 Being able to introduce non-native enzymes into host organisms and alter the 

expression of both native and non-native genes to redirect metabolic fluxes has given 

us the capability to produce a wide array of chemical compounds with useful 

applications in medicine and industry (Woolston, Edgar and Stephanopoulos 2013). 

With an increase in computational capabilities, prediction of optimal enzyme 

expression levels combined with high throughput assays can allow for rapid 

engineering of high titer producing strains (Choi et al. 2019). 

1.1.1.2 Directed Evolution of Enzymes 

A different approach towards engineering a microorganism’s metabolism 

involves engineering the proteins themselves via directed evolution (see Fig. 1.1(b)). 

The groundbreaking work in directed protein evolution by Arnold (Chen and Arnold 

1993) and Stemmer (Stemmer 1994) demonstrated that proteins can be rapidly 

evolved to develop increased specificity, faster kinetics, or even selectivity for 

different compounds and stereoisomers (Johannes and Zhao 2006). The initial 

approach towards directed evolution utilized error prone polymerases to introduce 

random mutations in the genetic sequence of a target protein. The mutant library 

was then screened for the desired traits, and following several rounds of enrichment 

and further mutagenesis, the targeted trait was amplified. Apart from point 

mutagenesis, directed evolution can also be achieved through recombination, 

computational methods or any combination of these techniques (Chatterjee and 

Yuan 2006). Recombination techniques such as DNA shuffling (Stemmer 1994) and 
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incremental truncation for the creation of hybrid enzymes (ITCHY)(Ostermeier, Shim 

and Benkovic 1999) use either homologous or non-homologous genetic fragments to 

create hybrid proteins with desirable characteristics. More recently, computational 

approaches that identify regions of interest in a protein that can be targeted for 

mutagenesis have also been developed (Voigt et al. 2001, Zhao 2007). 

Applying directed evolution to metabolic engineering invariably involves 

identifying bottleneck steps in a pathway. The enzyme involved in the bottleneck 

step is then evolved to improve the kinetics, selectivity, and specificity of the enzyme 

to drive a higher metabolic flux through that step. The directed evolution of the 

enzyme polyhydroxyalkanoate (PHA) synthase yielded an improvement of 3-

hydroxybutyrate accumulation(Kichise, Taguchi and Doi 2002). Recombination of 

different monoterpene synthase enzymes produced variants with the ability to 

synthesize more complex terpenes than those observed in nature (Lucker et al. 

2004). Evolution of the ALDH enzyme involved in the 3-hydroxypropionic acid (3-HP) 

production pathway prevented accumulation of the toxic intermediate 3-

hydroxypropionaldehyde (3-HPA) and resulted in a 2.79-fold increase in titer of 3-HP 

(Seok et al. 2018). Directed evolution of proteins is another powerful tool in the belt 

of metabolic engineers, but is not always guaranteed to work. It often requires 

multiple iterations of mutation and selection to yield only modest improvements. 
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Figure 1.1 Different Approaches for Metabolic Engineering.  

(a) Pathway optimization via over expression of enzymes in bottleneck 

steps (E3), and deletion of enzymes that can use the target product as a 

substrate (E4) . 

(b) Directed evolution of bottleneck enzymes (E3) can increase their 

processing rate, and specificity . 

(c) Scaffolding of metabolic pathways creates metabolons that increase 

pathway flux through substrate channeling or eliminating the risk of 

intermediate diffusion. 
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1.1.2 Synthetic Metabolons for Metabolic Engineering 

Precise organization of enzymes through metabolons, which are temporary 

structures that spatially organize enzymes in the same metabolic pathway, allows for 

metabolic flux control without changing enzyme activities or expression levels as 

shown in Figure 1.1(c)(Agapakis, Boyle and Silver 2012). Native cell metabolons 

increase the turnover rate of metabolic pathways or help facilitate protein 

signaling(Menard, Maughan and Vigoreaux 2014). In plants, it allows the formation of 

isoprenoids and other products with toxic intermediates, while in muscle tissue it 

directs glycolysis(Jørgensen et al. 2005, Menard et al. 2014). The assembly of the 

metabolon, typically found on intracellular and plasma membranes, enables 

substrate channeling, which allows the product of one enzyme to be quickly 

processed by the downstream enzymes, due to the proximity of the enzymes. 

Complex protein structures can also form in the cytoplasm, such as the modular 

polyketide synthases (PSKs) (Tsuji, Cane and Khosla 2001), the tryptophan synthesis 

complex(Hyde et al. 1988), central carbon metabolism complexes, (Ishikawa et al. 

2004), and the synthesis of secondary metabolites such as isoprenoids(Leivar et al. 

2005). Through their self-assembly, metabolons provide an alternate means of 

facilitating the up-/ and down-regulation of native metabolic pathways beyond 

altering the expression level or turnover rate of the enzymes involved. Substrate 

channeling of intermediates limits their diffusion into the surrounding environment, 

maintains separate pools of intermediates, facilitates fast turnover of labile or toxic 

intermediates, and prevents undesired crosstalk between different metabolic 

pathways. In some eukaryotes, metabolon formation can be dynamically modulated 
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to enable rapid switching of biosynthesis profiles in order to prioritize cellular 

resources.(Møller 2010, Laursen, Møller and Bassard 2015),. 

1.1.2.1 Direct Fusion of Enzymes 

Inspired by nature, synthetic metabolons or protein scaffolds have been 

developed to redirect metabolic flux using a wide array of approaches (Chen et al. 

2014). The simplest, direct protein fusion shown in Figure 1.2 (a) uses flexible peptide 

linkers to tether proteins to each other. Direct fusion of proteins has achieved a 2-

fold increase in glycerol synthesis (Salles et al. 2007), and a 70% increase in 

polyhydroxybutyrate (PHB) synthesis (Kourtz et al. 2005) in vivo. Direct protein fusion 

has also been successful in vitro for starch hydrolysis (Wang et al. 2007), NADH 

recycling(Prachayasittikul et al. 2006) and methanol reduction to fructose-6-

phosphate(Price et al. 2016). Direct fusion of proteins is the simplest form of 

scaffolding but is limited to smaller proteins and only pairs of proteins, as direct 

fusion of larger complexes can lead to poor expression and/or activity and makes 

changing the stoichiometry of the fused enzymes really difficult. 

1.1.2.2 Protein Scaffolds Mediate More Complex Metabolon Formation 

A more sophisticated approach towards synthetic metabolon formation uses 

secondary proteins as the foundation of the scaffold as shown in Figure 1.2(b). More 

complex enzyme structures can be created with this approach. Protein-protein 

interacting domains such as SRC homology 3 domain (SH3) have been used to 

arrange pathway enzymes at different molar ratios to promote higher flux and 

product yield. This approach has been applied successfully to increase mevalonate 
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production by 77-fold (Dueber et al. 2009) glucaric acid production by 5-fold(Dueber 

et al. 2009, Moon et al. 2010), in vivo, and cellulose hydrolysis (Fierobe et al. 2002, 

Mingardon et al. 2007). Metabolon formation on a protein scaffold is a powerful tool 

that provides finer control of protein organization and the ability to scaffold more 

than two proteins for more complex pathways. However, even this approach is 

limited by the number of orthogonal protein-protein interaction domains available, 

and the size of the expressed scaffold. 

1.1.2.3 Nucleic Acids as the Foundation of Complex Metabolons 

A newer approach to developing synthetic metabolons uses nucleic acids, 

such as DNA and RNA as the scaffold for the metabolon formation. To achieve this, 

nucleic acid binding proteins such as zinc finger proteins (ZFPs) (Choo and Isalan 

2000), Cas9 proteins (Jinek et al. 2012), TAL effector nucleases (TALEN)(Boch et al. 

2009), and a wide array of RNA binding proteins (Chen and Varani 2013) are utilized. 

These classes of proteins, when fused to enzymes of interest can localize the 

enzymes on a DNA/RNA scaffold as shown in Figure 1.2(c). The nucleic acid binding 

proteins outlined above all have strong binding specificity and high levels of 

orthogonality, which allows rational design of nucleic acids for scaffold assembly. 

Using DNA as a scaffold, in vitro hydrolysis of cellulose has been improved 1.7 fold by 

creating artificial cellulosomes using either ZFPs (Sun et al. 2014) or deactivated Cas9 

proteins (Berckman and Chen 2019). DNA scaffolds have also been implemented in 

vivo using TALENs to increase (Zhu et al. 2016) indole-3-acetic acid (IAA) production 

by 9-fold. ZFPs have also been engineered for in vivo scaffold formation to increase 

production of n-alkenes by 8.8-fold in E. coli (Rahman et al. 2014). RNA scaffolds are 
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too unstable for use in vitro, but have been successfully implemented in vivo to 

create higher order structures and increase hydrogen production by 48-

fold(Delebecque et al. 2011), pentadecane production by 80% and succinate 

production by 88%(Sachdeva et al. 2014). DNA and RNA scaffolds can offer the same 

benefits as protein scaffolds, while potentially adding less of a metabolic strain on 

the host strain, and even allow for formation of higher order scaffold structures. 

1.1.3 Creating a Dynamic Metabolon 

Inspiration from natural systems has led to great developments in metabolic 

engineering, from mimicking evolution of proteins to assembling large structures of 

proteins to promote product formation. Synthetic metabolons have demonstrated 

great flexibility and adaptability for a wide array of systems, but still lack one critical 

aspect of natural systems, they are not dynamic. Most approaches in metabolic 

engineering result in static systems, designed to continuously drive metabolic fluxes 

through the desired pathway. While some attempts have been made for dynamic 

upregulation of a pathway under optimal conditions(Tai and Stephanopoulos 2013, 

Xu et al. 2014), these work on the transcription level, meaning they tend to have slow 

kinetics especially for downregulation. In contrast, natural systems work by 

assembling and disassembling metabolons in the intracellular environment which can 

rapidly alter the metabolic flux distribution in the cell. Examples include the 

pyrinosome assembly(An et al. 2008) and carbon fixation pathway 

microcompartmentalization in bacteria(Yeates, Crowley and Tanaka 2010).  

Developing dynamic synthetic metabolons is important to create engineered 

cells capable of self-regulating their non-native processes. One of the goals of 
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synthetic biology and metabolic engineering is eventually developing synthetic cells 

with all the hallmarks of a living organism. One of those is the ability to respond to 

external stimuli and actuate physical responses. A dynamic scaffold, with appropriate 

feedback loops would allow a cell to recognize optimal production conditions and 

assemble a pathway on cue. Such a development could lead to less metabolic strain 

on host cells, longer production cycles, and improved product titer and yield. To 

achieve this goal, I propose developing a dynamic, modular, high affinity scaffold 

toolkit using RNA scaffolds and CRISPR/Cas proteins for the control of protein 

colocalization and intracellular metabolic flux. 

 

Figure 1.2 Approaches for scaffolding enzymes of a metabolic pathway 

(a) Direct fusion via flexible linkers. 

(b) Assembly on a secondary protein scaffold using protein-protein 

interaction domains. 

(c) Assembly on a nucleic acid scaffold using DNA/RNA binding proteins 

such as ZFPs, TALENs, and dCas9. 

1.2 An RNA Based Scaffold for Dynamic Protein Colocalization 

 The proposed scaffold system will rely on proteins with high binding affinities 

to specific RNA sequences and de novo designed scaffold RNA molecules. The 
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scaffold will assemble through RNA strand hybridization and disassemble through 

toehold mediated strand displacement technology (TMSD). RNA strands can 

successfully hybridize and, by having scaffold proteins bound to RNA molecules with 

complementary 5’ regions, the scaffold should dynamically assemble and bring the 

fused proteins of interest in proximity. Once the scaffold has assembled, the 

disassembly will be triggered through TMSD, a technology that allows for displacing 

one DNA or RNA strand in favor of a new trigger strand(Green et al. 2014, Siu and 

Chen 2019b, Chen et al. 2018). The displacement is facilitated by the presence of an 

unhybridized 6-18 nucleotide long toehold region at the end of one of the initially 

hybridized strands. The toehold region provides a foothold onto which the trigger 

strand can begin to hybridize on. Eventually, the trigger strand will completely 

hybridize with the toehold strand, displacing the second strand as shown in Figure 

1.3.  

 

Figure 1.3 Demonstration of Toehold Mediated Strand Displacement (TMSD). 

Introduction of the trigger strand leads to hybridization in the 2-2* 

region also known as the toehold. Following initial trigger binding, the 

trigger sequence begins displacing the secondary strand. Final output is 

the trigger strand hybridized to the bottom strand and complete 

displacement of the top strand. Arrows indicate 3’ ending of the 

DNA/RNA. 
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TMSD is an excellent candidate for facilitating the dynamic dis-/assembly of 

the scaffold because its kinetics can be varied by a factor of over 106 (Zhang and 

Winfree 2009). The kinetics can be fine-tuned by altering the length of the toehold 

and/or by introducing mismatched base pairs in the toehold region (Machinek et al. 

2014). Design of de novo toehold gated devices to regulate metabolic flux at the 

genetic or protein level has found success in a wide array of applications(Chen et al. 

2020). Complex structures can be designed using computational methods with 

predicted reactions to specific biomolecular inputs (Hong et al. 2017, Zhang and 

Seelig 2011). By utilizing toehold mediated strand displacement in complex static 

DNA structures, such as tweezers (Yurke et al. 2000), origami (Douglas, Bachelet and 

Church 2012), and scaffolds, such static complexes can now become dynamic. 

Toehold gated devices have also been successfully employed to regulate gene 

transcription. De novo designed riboregulators, such as small transcription activating 

RNAs (STARs)(Chappell, Takahashi and Lucks 2015, Chappell et al. 2017), toehold 

switches (Green et al. 2014), and even toehold gated guide RNAs (Siu and Chen 

2019a) have been implemented to successfully control protein activation and/or 

repression based on simple RNA inputs. By careful design of such devices, higher 

level logic computation has also been achieved, ranging from simple logic gates (Kim 

et al. 2019) to complex 12-input systems (Green et al. 2017). Most complex nucleic 

acid computations have been demonstrated in transcriptional control of metabolism, 

however, there have also been some important developments for toehold gated 

devices as physical actuators, which is my proposed model of scaffold design. 
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1.2.1 Toehold Gated Devices as Physical Actuators 

The displacement or rearrangement of nucleic acids through TMSD can be 

harnessed to create physical actuators that can translate a DNA/RNA input into a 

change in metabolic flux by changing the physical proximity of proteins and cofactors 

to overcome the limits imposed by the diffusion rates of substrates. Control is 

achieved by designing complex DNA constructs whose structure changes through the 

initiation of TMSD to achieve the desired outcomes. De novo designs such as these 

allow for creation of fast response nanoreactors which are actuated through toehold-

gated devices.  

1.2.1.1 Spatial control of two proteins or cofactors through TMSD 

 The advent of DNA origami designs greatly contributed to the development 

of toehold-gated devices as physical actuators. Through DNA origami, complex 2D 

and 3D DNA structures can be created(Hong et al. 2017). Site-specific control of 

enzymes, and cofactor localization on these nanostructures, allows precise enzyme 

activity and metabolic flux control. The most well studied DNA nanomachine utilizes 

a tweezer mechanism to bring two pieces of a metabolic pathway in close proximity 

to increase the flux. The DNA machine is designed with two DNA double crossover 

motifs which form two rigid arms (Fig. 1.4(a)). The two rigid arms can open and close 

through a 4-way junction actuated by TMSD. By fusing glucose oxidase (GOx) and 

horseradish peroxidase to the two arms of the tweezer, the activity of the pathway 

could dynamically change by 30% from the open to the closed state multiple times 

(Xin et al. 2013). Furthermore, the same nanomachine has been employed to 

increase NAD+ availability for GOx resulting in a 5-fold increase in GOx activity 
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between the open and closed states. With kinetics in the hour range, the 

nanoreactor offers precise control of biological reactions (Liu et al. 2013). Finally, 

through computational design, the tweezer on/off kinetics and tightness of states has 

been further improved up to 32% (Dhakal et al. 2016). Simple DNA nanomachines 

using TMSD are straightforward to design and provide quick kinetics of physical 

actuation but are limited in complexity, often only having two locations on which 

proteins and cofactors can be attached. 

1.2.1.2 Spatial control through the use of linear DNA scaffolds expands potential 

uses 

Linear DNA scaffolds in conjunction with toehold-gated devices can be used 

to dynamically assemble proteins. Using linear DNA scaffolds allows the 

implementation of complex logic circuits to translate multiple inputs in successful 

physical actuation. Furthermore, the longer scaffolds can be used to control flux 

through more complex metabolic pathways due to the availability of more locations 

onto which proteins can be attached (Fig. 1.4(b)). However, with more complexity, 

slower kinetics and more design constraints can become a problem. Dynamic protein 

assembly upon addition of the ON strand and disassembly though the addition of the 

OFF strand on a linear ssDNA scaffold was demonstrated through FRET (Chen et al. 

2018). The same system was used to successfully assemble an artificial cellulosome 

for cellulose hydrolysis in vitro and a split yeast cytosine deaminase protein (yCD) in 

HeLa cell lysate for targeted cell death (Chen et al. 2018). The system uses the input 

DNA or RNA in order to alter the spatial arrangement of target proteins and shows 

promise for in vivo applications since it can successfully operate in cell lysate with 

RNA inputs. A linear DNA scaffold can also be used to colocalize enzyme cascades by 
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fusing the enzymes to orthogonal dCas9 proteins that use gRNAs designed to bind in 

adjacent locations on the DNA scaffold (Berckman and Chen 2019). The assembly can 

be made conditional through the use of toehold gated gRNAs, thus allowing precise 

control over when the scaffold assembles (Berckman and Chen 2019). Linear DNA 

scaffolds and TMSD actuation increase the capabilities of physical actuation by 

allowing the use of more complex circuitry and the control of more complex 

pathways.  

1.2.1.3 Spatial control of a branched reaction pathway using complex DNA 

origami 

More complex DNA origami structures increase the capabilities of TMSD as a 

physical actuator through the creation of bigger and more complex nanoreactors. 

While designing such nanoreactors can be more difficult than even linear DNA 

scaffolds, the ability to colocalize different pathway branches and more copies of the 

pathway enzymes in the same DNA structure can yield more dramatic flux control. 

The flux through the branched reaction pathway of GOx with either malate 

dehydrogenase (MDH) or lactate dehydrogenase (LDH) was achieved by placing all 

three enzymes on a 2-D DNA scaffold with 2 small blocked anchors (between MDH 

and GOx and GOx and LDH) (Fig 1.4(c)). The NAD+ cofactor, which is reduced by GOx 

and then reoxidized by either MDH or LDH was attached to a four-way Holliday 

junction that can bind to either one of the anchors in the presence of the appropriate 

“key” strand (Wang et al. 2016). Substrate diffusion has also been controlled through 

TMSD by creating a DNA nanochannel containing the GOx and HRP enzyme cascade. 

The channel can be opened with a “key” strand and closed with a “lock” strand, thus 

controlling the diffusion of glucose into the channel (Ke et al. 2016). The GOx and 
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HRP cascade has also been assembled on a DNA triangle prism by hybridizing DNA-

protein constructs on the triangle prism. Through TMSD the proteins can dissociate 

and associate with the triangle-prism in a dynamic cycling that exhibits a 3-fold 

change in activity (Zhou et al. 2018). These DNA origami structures provide the 

potential to control branched pathways and substrate transport at the tradeoff of 

even more complex design principles and limitations. 

Most of the work in developing toehold-gated physical actuators has been 

limited to in vitro applications so far due to the need for complex ssDNA to form the 

actuator structures. However, the future for in vivo applications is promising. There 

has been success in using TMSD as an activator of RNAi in vivo by delivering DNA-RNA 

complexes that can dissociate from one another and form active dicer substrate RNA 

once in the cells to silence GFP, and the HIV-1 coat protein group specific antigen 

(Gag) (Afonin et al. 2016). In the past, RNA origami technology has mainly exploited 

RNA tertiary structures that are formed cotranscriptionally. However, recently it has 

taken inspiration from its DNA counterpart, and more complex RNA origami 

structures have been created (Weizmann and Andersen 2017). The design of RNA 

structures in vivo and the use of RNA as toehold sequences indicates that building a 

metabolon on an RNA scaffold with toehold gated dynamic dis/assembly is possible. 
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Figure 1.4 Toehold gated devices as physical actuators. a) Architecture of the DNA 

tweezer nanomachines. The green rectangles represent the two rigid 

arms of the nanomachine. They are composed of DNA strands that form 

two double helixes on each arm that are attached to each other in two 

locations. The two arms are connected by a regulatory oligomer (shown 

in red). In the absence of the set strand the regulatory oligomer adopts 

a stem-loop hairpin structure that closes the tweezer and brings the two 

arms in proximity. The set strand contains a toehold so upon the 

addition of the fuel strand the set strand is sequestered from the 

nanomachine through TMSD. Thus, the nanomachine can cycle between 

open and closed configurations. B) Using a long DNA helix as a scaffold 

allows the colocalization of more than two proteins for increased flux 

through the pathway. Each protein of interest is fused to an orthogonal 

Cas9 protein. The gRNA binding sequences are designed to be close to 

each other. Assembly can be made dynamic by creating toehold gated 

RNAs that only allow the Cas9 proteins to bind them upon addition of 

the appropriate trigger strand. C) Controlling flux through branched 

pathways using a 2-D scaffold. Proteins GOx MDH and LDH are attached 

to a 2-D DNA origami scaffold. The cofactor NADH+ necessary for both 

the GOx-MDH and the GOx-LDH pathway is attached via a 4-way 

Holliday junction to the 2-D scaffold as well. The cofactor can swing 

from one pathway branch to the other by addition of the corresponding 

“key” strand that will open up the DNA anchor between the two 

enzymes of the pathway branch. Dynamic cycling between two branches 

of the pathway is thus achieved through TMSD. 
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1.2.2 RNA Binding Proteins Localize on Specific RNA Sequences 

Using an RNA based scaffold for the dynamic dis-/assembly of metabolic 

pathway enzymes requires a method to localize proteins of interest on the RNA 

scaffold with high affinity and specificity. A multitude of RNA binding proteins exist 

that can bind to specific RNA substrates. The Pumillo/fem-3 binding factor repeat 

domains (PUF) are found in most eukaryotic organisms and have been engineered to 

bind specific RNA sequences with sub-nanomolar dissociation constants (Cheong and 

Hall 2006). The amino acids responsible for recognizing each RNA base have been 

deciphered, so design of PUF proteins with custom RNA binding sequences is possible 

(Filipovska et al. 2011). While the easy programmability of PUF proteins could allow 

me to develop a modular scaffold, their eukaryotic origin limits their use in microbial 

organisms. Because PUF proteins are made of 8-11 repeating domains(Quenault, 

Lithgow and Traven 2011), their size also plays a role in limiting their ability to 

assemble in complex structures. 

Bacteriophage RNA binding proteins including MS2 (Johansson, Liljas and 

Uhlenbeck 1997), and PP7 (Lim and Peabody 2002) possess unique RNA binding 

motifs and can bind short RNA sequences with high specificity and affinity in the low 

nanomolar range (Lim, Downey and Peabody 2001, Lago et al. 1998). MS2 and PP7 

have been used for translational regulation(Katz et al. 2018), in vivo imaging of RNA 

(Choi, Lee and Park 2021), and even successful scaffold assemblies in vivo 

(Delebecque et al. 2011). However these proteins tend to aggregate in low μM 

ranges to form phage like capsids (Johansson et al. 1997), meaning that their 

aggregation could disrupt scaffold formation and prevent dynamic disassembly, or 
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cause constitutive assembly which defeats the purpose of the proposed scaffold 

system.  

Instead of looking at viral and eukaryotic systems for the ideal proteins to use 

as the building block of my scaffold, I decided to turn back to prokaryotic systems. 

The CRISPR/Cas defense system is a combination of proteins and RNA which 

functions as the immune system of prokaryotic cells(Makarova et al. 2011, Horvath 

and Barrangou 2010). Although Cas9 is the popular protein, the Type I Cas6 proteins 

are better suited for the proposed dynamic scaffold system. The Cas6 family of 

proteins are small size (~20-25 kDa) endoribonucleases that bind in a sequence 

specific manner to short RNA loop structures (20-30 bp) and cleave at the 3’ end of 

the loop (Carte et al. 2008). Discovered Cas6 proteins with their corresponding 

binding sequences include Csy4 (CRISPR-Type I Subtype Ypest) from P. aeruginosa, 

Cas6 from P. furiosus, Cse3 (CRISPR Type I Subtype E) from E. coli, and another Cse3 

from T. thermophilus(Haurwitz et al. 2010, Brouns et al. 2008, Carte et al. 2010). The 

role of Cas6 in the CRISPR/Cas system is to initiate formation of the Type I complex 

(Deltcheva et al. 2011) as shown in Figure 1.5, however, the Cas6 proteins are the 

only proteins of the Type I system that will be used for the proposed scaffold.  
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Figure 1.5 Native function of the Cas6 protein in the Type I CRISPR/Cas systems. 

Cas6 processes pre CRISPR RNA (crRNA) and cleaves it into shorter 

crRNAs with unique RNA sequences used for phage identification. 

Following binding to the RNA hairpin and cleavage of the 3’ end, Cas6 

proteins such as Csy4 (CRISPR Type I Subtype Ypest) and Cse3 (CSRISPR 

Type I Subtype E) begin recruitment of the remaining CRISPR/Cas 

machinery, starting with Cas5, followed by Cas7 and then the Large and 

Small Subunits. The assembled Cascade system can now bind and cleave 

RNA/DNA sequences complementary to the crRNA sequence. 

Cas6 proteins are preferred over Cas9, because they and their RNA binding 

motifs are much smaller than their Cas9 analogs (Gasiunas, Sinkunas and Siksnys 

2014, Sashital, Jinek and Doudna 2011). Each of the scaffold components should be 

as small as possible to minimize steric hindrances when enzymes of interest are fused 

to them. The small size of the Cas6 proteins will also reduce the risk of TMSD not 

occurring due to the protein complexes blocking the toehold region. Cas6 proteins 
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have the potential to be fused to large proteins, such as the maltose binding protein 

(MBP) (Haurwitz, Sternberg and Doudna 2012) . All Cas6 proteins also have high 

binding affinities, with their dissociation constants (KD) being in the pM 

range(Niewoehner, Jinek and Doudna 2014, Plagens et al. 2014, van der Oost et al. 

2014, Sokolowski, Graham and White 2014). High binding affinity is desired to ensure 

that the scaffold will not randomly begin to dissociate after it is formed. Using Cas6 

proteins ensures that the only way scaffold components will dissociate is through 

TMSD. Cas6 proteins allow dynamic scaffold assembly to be controlled purely by the 

RNA components due to their high binding affinity and are proven functional fusion 

partners. 

Each of the Cas6 proteins binds to a specific sequence(Jore et al. 2011), with 

minimal crosstalk(Du et al. 2016). Their high orthogonality ensures that specific 

scaffold RNA-Cas6 pairs can be formed. A single RNA scaffold is first used to recruit 

two orthogonal Cas6-enzyme fusions onto their respective hairpin. After cleavage of 

the RNA scaffold by the first Cas6 protein at the 3’ end, two unique enzyme-RNA 

hybrids are generated. Spontaneous formation of an enzyme complex is achieved 

based on hybridization between the two complementary 5’ RNA handles. A small 

toehold sequence is added to the 3’ end of the hybridization sequence to drive the 

spontaneous TMSD reaction in the presence of an RNA trigger. The processing and 

generation of RNA-protein hybrids is shown below in Figure 1.6. 

The high affinity, specificity, modularity, dynamicity, and control of 

intracellular metabolic flux of the proposed scaffold system are demonstrated in the 

following three chapters as shown in Figure 1.6. In Chapter 2, the high affinity and 

specificity of scaffold assembly is demonstrated both in vitro and in vivo. In Chapter 3 
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the dynamic properties of the scaffold are demonstrated by dynamic disassembly, 

assembly, and cycling between assembled and disassembled states. Physical 

actuation via a small molecule sensing riboswitch was also developed to demonstrate 

the scaffold’s capability to respond to changes in intracellular metabolite 

concentrations. In Chapter 4 control of intracellular metabolic fluxes is demonstrated 

using both a non-native and a native metabolic pathway. Modularity of the scaffold is 

demonstrated throughout this dissertation by developing a wide array of scaffold 

assembly architectures and enzyme-Cas6 proteins with ease. 

 

Figure 1.6 Graphical overview of the work performed in this dissertation. 

The subchapter on Toehold-Gated Devices as Physical Actuators has been 

adapted from “Controlling metabolic flux by toehold-mediated strand displacement” 

Current Opinion In Biotechnology, 2020 DOI: 10.1016/j.copbio.2020.07.002. 



 24 

According to the journal rules, no permissions are needed to reuse this work as I am 

the original author of that portion of the Review 



 25 

EXPERIMENTAL DESIGN AND VALIDATION OF SCAFFOLD ASSEMBLY WITH HIGH 

AFFINITY AND SPECIFICITY 

2.1 Introduction 

Dynamic synthetic metabolons inspired by natural systems provide an 

alternative to traditional pathway engineering. An important characteristic of any 

synthetic metabolon is its ability to successfully assemble with high affinity and 

specificity. For the proposed scaffold system, assembly with high affinity and 

specificity is achieved in two ways: First, carefully designed RNA sequences with 

complementary sequences are used to assemble RNA-RNA pairs (Delebecque et al. 

2011). Orthogonal Cas6 proteins (Du et al. 2016) colocalize enzymes of interest that 

are fused to them at a 1:1 molar ratio with the RNA scaffold. In vitro scaffold 

assembly is the first step towards developing the scaffold toolkit. All components of 

the scaffold were created separately which allows for precise design of the 

experiments that probe whether the scaffold assembles with high affinity and 

specificity.  

In vivo demonstration of scaffold assembly is perhaps even more important, 

since the motivation of this design is to control intracellular protein localization and 

metabolic flux. The scaffold should only assemble upon expression of all correct 

components and show minimal levels of background assembly. Further investigation 

of scaffold induction conditions and 3-D orientation provided more information 

Chapter 2 
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supporting the proposed mechanism of scaffold assembly and the importance of 

appropriate expression ratios for all scaffold components.  

2.2 In vitro Design and Validation of Scaffold Assembly 

To determine the feasibility of the proposed scaffold system, the assembly 

was initially assessed in vitro. Performing in vitro experiments prior to transitioning 

the system in vivo allowed me to understand the extent of scaffold assembly because 

I can precisely control the molar ratios of the components in the reaction. 

Confirmation of scaffold assembly in vitro provided concrete proof of protein 

colocalization due to RNA hybridization because of the nature of the reaction setup. 

With the ability to control the exact concentration and combination of RNA and 

proteins in the reaction the measured output provided a direct measurement of 

scaffold assembly. 

To assess scaffold assembly, the split luciferase reporter system was selected. 

It is comprised of the LargeBit (LgBit, 18 kDa) and the SmallBit (SmBit, 1.3 kDa).(Dixon 

et al. 2016) The two protein pieces apart exhibit minimal luminescence activity, with 

most of that observed in the LgBit. When brought into proximity, the two pieces can 

form a fully functional luciferase protein that exhibits significantly higher activity. The 

system was selected because the proteins are small, and easy to fuse to the Cas6 

proteins Moreover, it has a high signal to noise ratio, which allowed me to 

definitively assess if the scaffold is assembling, even at low luminescence values.  

To perform the in vitro assays, the fusion proteins needed to be designed, 

expressed, and purified. Furthermore, the RNA molecules responsible for the scaffold 

assembly also had to be transcribed and purified in vitro. Validation of all the scaffold 
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components produced was necessary to ensure that the reaction contains all the 

parts as expected. Finally, necessary controls to move forward in the in vivo 

experiments were established.  

2.2.1 Design and Production of Protein and RNA Constructs. 

2.2.1.1 Protein Construct Expression and Purification 

For the initial in vitro tests two protein fusions Csy4-SmBit and Csy4-LgBit 

were created. Because all the experiments are performed in vitro, individual 

components can be combined as desired, so there was no need to incorporate an 

orthogonal Cas6 protein into the system. The Csy4-LgBit-his6x and Csy4-SmBit-his6x 

proteins were placed under control of the pLlacO-1 promoter (Lutz and Bujard 1997) 

and expressed with the isopropyl β-d-1-thiogalactopyranoside (IPTG) induction. 

Following expression, the fusion proteins were purified using nickel affinity 

chromatography(Chaga et al. 1999), and the purity was assessed using a 15% SDS 

acrylamide gel. 
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Figure 2.1 15% SDS-PAGE acrylamide gel for the purification of Csy4-LgBit-his6x 

and Csy4-SmBit-his6x. Expected size for the proteins are ~37 kDa for 

Csy4-LgBit and ~ 24kDa for Cse3-SmBit. Sol refers to the soluble fraction, 

FT refers to the column flow through, W refers to the column wash. E1 

and E2 are the two eluted fractions off the column. 

Both fusion proteins were expressed at full length with some truncation. In 

Figure 2.1, for the Csy4-LgBit protein the most prominent band in E1 is at a size of 

around 37kDa which corresponds to the expected protein size. Furthermore, for 

Csy4-SmBit, the most prominent band is at around 22kDa which again corresponds to 

the expected protein size. There are other bands present in the elution, but I believe 

most of them are not truncated protein fragments, because both elution lanes 
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contain the same fragments. It is likely that these bands are native E. coli proteins 

which bind nonspecifically to the column. While washing the columns with a higher 

imidazole concentration in the wash buffer (75 mM) helped reduce the nonspecific 

binding, it was impossible to eliminate the other bands without losing a lot of my 

fusion product as well. I decided to move forward with the impure elution because I 

did not expect the nonspecific proteins to interact with the system in any way. The 

protein yields were 26.25 μM for the Csy4-LgBit and 29.55 μM for the Csy4-SmBit 

which is low in comparison to easier to express proteins but is enough for me to 

perform the required experiments for in vitro scaffold assembly. The scaffold system 

is designed to be implemented in vivo so further optimization of protein expression 

and purification was not deemed necessary for the project. 

 

2.2.1.2 In vitro RNA Design. Transcription and Purification 

The RNA components of the scaffold system were designed in silico and then 

transcribed in vitro and purified. The design of the scaffold RNA (scRNA) had two 

components to take into consideration. The first was the Csy4 binding hairpin which 

was present in all the scRNA molecules design. That hairpin serves as the anchor for 

the fusion proteins and is always placed at the 3’ end of the RNA sequence because 

the Csy4 protein will cleave at the 3’ end of the hairpin. For the in vitro experiments, 

because cleaving of the RNA is not necessary and I was only assessing scaffold 

assembly levels, a minimal hairpin sequence containing only the nucleotide sequence 

upon which Csy4 binds to was used(Haurwitz et al. 2012). The full Csy4 binding motif 

contains a small sequence of nucleotides following the 3’ cleavage site. In this case 
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that sequence was excluded to help boost the RNA transcription levels. There is an 

observed loss in transcript purity as the length of the template increases, due to the 

polymerase terminating early.  

The second component is the 5’ extension of the scRNA. These can be 

designed to be either complementary or non-complementary and that should dictate 

whether the scaffold is able to assemble or not. The length of the 5’ extension was 13 

nucleotides long, which corresponds to about a full turn of the RNA helix and ensures 

that the two fusion proteins will be in a cis orientation upon scaffold assembly. A cis 

orientation is desired to ensure that the split luciferase fragments can reconstitute 

into a functional luciferase upon scaffold assembly. The melting temperature of the 

hybridization region was designed to be around 38℃ to ensure that scaffold 

hybridization can occur at both room temperature as well as at 37℃. In total 3 scRNA 

sequences were designed: scRNA-A and scRNA-B had complementary 5’ extension 

regions and scRNA-C had a non-complementary 5’ extension region.  
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Figure 2.2 10% Urea-PAGE acrylamide gel for confirmation of in vitro transcript 

products. Products A, B, and C should have a full length of around 36 nt. 

Based on the image above, most of the final product is the expected 

length of ~ 36 bp for all three RNA constructs. 

The in silico designed scRNAs were transcribed and purified in vitro. All 

transcripts had good yields, around 900 ng/μL. Transcript purity was assessed using a 

10% acrylamide-urea denaturing gel shown in Figure 2.2 Full length RNA was 

expected at 36 nt which is around the size of the brightest bands observed in Figure 

2.2 While the sample purity is only modest, the brightest band in each lane is 

observed at around 36 nt indicating that most of the sample RNA is at the expected 

size. Because the in vitro assembly assay is only needed to demonstrate scaffold 

assembly, obtaining higher RNA purity was not necessary, as the only foreseeable 
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problem with fragmented RNA molecules could be the inability of the Csy4 to bind to 

the hairpin, or the inability of the two RNA fragments to hybridize. Both these effects 

can lead to lower scaffold assembly, which is not of concern, so long as the scaffold 

assembly can indeed be demonstrated. The final collection of expressed proteins and 

scRNA molecules is illustrated below in Figure 2.3. 

 

Figure 2.3 In vitro transcribed scRNA molecules, expressed protein fusions and 

proposed in vitro scaffold assembly. scRNA A and scRNA B have 

complementary 5’ extension regions. scRNA C is not complementary to 

either A or B and serves as a negative control. The two protein fusions 

Csy4-LgBit and Csy4-SmBit should assemble in the presence of the 

correct scRNA molecules. 

2.2.1.3 In vitro scaffold assembly 

To test in vitro scaffold assembly, different combinations of the components 

were mixed, incubated for half an hour at room temperature, and then sample 

luminescence was recorded. The samples tested were the Csy4-LgBit with scRNA A 

(Lg-A), Csy4-SmBit with scRNA A (Sm-A), Csy4-LgBit with Csy4-SmBit, Csy4-LgBit with 
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Csy4-SmBit, scRNA A, and ScRNA B, and Csy4-LgBit with Csy4-SmBit, scRNA A, and 

ScRNA C. To ensure that each fusion protein was binding its respective scRNA in 

samples containing two fusion proteins and two scRNA samples, each protein-RNA 

pair was initially incubated separately, before combining the two which ensured that 

there was minimal double binding (i.e. Csy4-LgBit binding to both scRNA A and scRNA 

B) occurring in the system. With the proposed experimental design, I expected a 

distinct increase in luminescence only in the sample containing scRNA A and scRNA B 

along with the two fusion proteins.  
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Figure 2.4 In vitro scaffold assembly driven by RNA hybridization. Different in vitro 

components were mixed, and luminescence was assayed after 15 

minutes of incubation. The two fusion proteins together exhibited 

minimal activity. A 3-fold increase in luminescence was observed (Lg-

A+Sm-B) when the RNA scaffolds added are complementary, while no 

increase was observed when the two RNA scaffolds do not have 

complementarity (Lg-A+Sm-C). Values are mean ±s.d. of 3 independent 

replicates. 

In vitro scaffold assembly is supported by the results illustrated in Figure 2.4. 

The two proteins on their own exhibited minimal activity, with the LgBit fusion 

demonstrating higher activity than the SmBit fusion. When the two proteins were 

combined without any scaffold RNA, there was a slight increase in luminescence, 

which was caused by the native affinity of the two split luciferase pieces for one 

another. It is known that the two fragments do exhibit affinity for each other in the 

high micromolar range. When two complementary scRNA molecules are added along 
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with the fusion proteins, a 3-fold increase in luminescence was observed compared 

to the background (Lg+Sm) indicating that the scaffold can assemble and reconstitute 

the luciferase. More interestingly, when scRNA-B was replaced with scRNA-C in the 

reaction, the luminescence of the sample dropped back down to background levels 

indicating that for successful scaffold assembly, not only are all 4 components 

required, but the scRNA molecules must have complementary 5’ hybridization 

sequences. 

2.3 In vivo Implementation and Optimization of Scaffold 

Successful demonstration of in vitro assembly paved the way for in vivo 

application of the scaffold system. The proposed mechanism for scaffold assembly in 

vivo shown below in Figure 2.5 involves the expression of three components in the 

cell. The two fusion proteins Csy4-LgBit and Cse3-SmBit as well as the unprocessed 

scaffold RNA. For in vivo application of the scaffold, one of the Csy4 proteins was 

substituted with the orthogonal Cse3 protein to ensure selective binding to each 

scaffold RNA molecule for colocalization of the two target proteins. Cse3 originates 

from E. coli and has a different binding hairpin sequence than Csy4 with similar 

size(Sashital et al. 2011). Upon expression of the two fusion proteins and the 

unprocessed RNA, I expect the two Cas6 proteins to bind to their respective hairpins 

on the scaffold RNA. Following binding, the two Cas6 proteins cleave at the 3’ ends of 

their respective hairpins, thus generating two protein fusions bound tightly to their 

respective scRNA molecules(Carte et al. 2008). With 5’ complementary extensions, 

the scaffold can then assemble, allowing the reconstitution of a fully functional 

luciferase. 
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Figure 2.5 Proposed mechanism of scaffold assembly. 

 Upon expression of the two orthogonal Cas6 proteins and the scaffold 

RNA, the Cas6 proteins bind to their respective hairpins and cleave at 

the 3’ end. Following cleavage, the two scRNA molecules can hybridize, 

thus driving scaffold assembly. 

2.3.1 In vivo Scaffold Design 

To ensure that scaffold assembly occurs only upon expression of all the 

correct scaffold components, a 3-promoter 2-plasmid system was designed and 

implemented. Csy4-LgBit was expressed using the arabinose inducible promoter 

(pBAD), Cse3-SmBit was expressed using the isopropyl β-d-1-thiogalactopyranoside 

(IPTG) inducible promoter (pLlacO-1), and the scaffold RNA was expressed using the 

anhydrotetracycline (ATc) inducible promoter (pLtetO-1)(Lutz and Bujard 1997). The 

full plasmid structure is shown below in Figure 2.6. To create the scaffold RNA, a few 

modifications were made on the original scaffold sequences used for the in vitro 

experiments. One of the Csy4 binding hairpins was replaced with the respective Cse3 

binding hairpin. For both hairpins, the fully conserved sequence was used (including 

the small sequence following the 3’ cleavage sites). Finally, a toehold sequence of 

13nt was added next to the second 5’ hybridization region, intended to drive 

disassembly in later experiments.  
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Figure 2.6 Initial plasmid design for in vivo scaffold assembly experiments. The two 

plasmids are co-transformed in E. coli and are designed to be 

compatible with one another.  

2.3.2 In Vivo Scaffold Assembly Demonstration 

Based on the proposed scaffold design, I postulated that only upon induction 

of all three components of the scaffold should an increase in luminescence be 

observed. After cotransforming E. coli with the two plasmids, the cells were grown 

under different induction conditions and 2.5 hours post induction, the luminescence 

of the cultures was measured. The results shown in Figure 2.7 indicate that only upon 

expression of all three components of the system was there successful scaffold 

assembly and reconstitution of the split luciferase. The results are similar to those 

observed in the in vitro assembly assay, where minimal signal was observed when 

either the LgBit or the SmBit fusion were expressed individually. Upon induction of 

the two fusion proteins but not the scaffold RNA, there was a small increase in 
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luminescence signal, driven by the non-specific association of the two pieces of the 

split luciferase. Upon induction of the scaffold RNA as well, an 8-fold increase in 

luminescence was observed, indicating that the scaffold can only assemble and form 

a functional luciferase when all the correct components of the model are expressed 

concurrently. The luminescence values observed in this experiment are higher than 

those in the in vitro experiment, indicating that the proteins and scRNA behave 

better in vivo which is promising for my intended applications. 
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Figure 2.7 In vivo split luciferase assay using the 3-promoter system. Each scaffold 

component has been placed under the control of a separate promoter, 

to demonstrate that scaffold assembly is dependent on the concurrent 

expression of all scaffold components. An 8-fold increase in 

luminescence was observed between the sample with only the two 

fusion proteins expressed and the sample with the two fusion proteins 

and the scRNA expressed. scRNA was induced with 10 ng/μL of ATc. 

Values are mean ±s.d. of 3 independent replicates. 

 

2.3.3 In vivo scaffold assay optimization 

The results of the initial scaffold assembly while confirming the initial 

hypothesis, still leave much to be desired in terms of scaffold assembly efficiency. 

The luminescence values seen in Figure 2.7 indicate that while there is successful 
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scaffold assembly, the quantity of scaffold present in the system is rather low. A 

reason for that could be plasmid loss in the assay. The ampicillin resistance conferred 

by one of the two plasmids is not a strong motivator for the cells to retain the 

plasmid, as ampicillin is unstable at 37℃ and as the density of the cultures grows, 

non-specific ampicillin resistance can be conferred to cells not harboring the 

corresponding plasmid. With loss of the plasmid, the Cse3-SmBit expression is also 

hindered, thus leading to the observed lower levels of luminescence. To test this 

hypothesis, a colony assay was performed, where 2.5 hours post induction, around 

1000 bacteria were plated on plates with ampicillin, chloramphenicol, or both. The 

results of Figure 2.8 demonstrate that there is indeed a plasmid loss of the ampicillin 

plasmid, as the colonies on the plate with ampicillin only and the plate with ampicillin 

and carbenicillin are both significantly lower than those on the plate with the 

chloramphenicol resistance.  
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Figure 2.8 Colony assay for initial in vivo scaffold assembly experiments.  

The colonies were plated in 1:1000 (left) and 1:2000 (right) dilution 

ratios. These ratios were chosen so that around 1000 colony forming 

units would be plated on each side of the plate. The presence of 

significantly less colonies on the amp+ and amp+/cam+ plates indicates 

that there is undesired plasmid loss of the ampicillin plasmid. 

To minimize plasmid loss, ampicillin was replaced by carbenicillin in the 

culture medium, and the overnight cultures were started later in the day to avoid 

overgrowth that could lead to plasmid loss. Carbenicillin is a much more stable 

analog to ampicillin which should force the bacteria to retain the ampicillin resistance 

plasmid(Jacobs et al. 1970). The same in vivo split luciferase assay was performed 

using the new conditions, and a colony assay was performed on the same samples as 

well. The results of Figure 2.9 indicate an increase in luminescence of the cultures, as 

well as an improvement in the fold increase between the sample with no scRNA 

expressed and that with a scRNA expressed (8fold to 10fold). At this level of 

luminescence, it is clearer that there is a significant level of scaffold assembly in the 
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system meaning that its application towards control of intracellular metabolic flux is 

possible. 

 

Figure 2.9 In vivo scaffold assembly using optimized culture conditions. 

The system behaves in the same way as in the initial experiment, with a 

significant increase in luminescence only observed upon induction of all 

3 scaffold components. The fold change in this case is 10-fold which is 

an improvement over the previous results. The overall luminescence 

levels observed with the improved culture conditions are about 50-fold 

higher, indicating better protein expression and scaffold assembly. The 

background assembly of LgBit and SmBit also is minimized, in this case 

being no different than induction of Csy4-LgBit alone. scRNA was 

induced with 10 ng/μL ATc. Values are mean ±s.d. of 3 independent 

replicates. 

The colony assay performed using the improved culture conditions shown in 

Figure 2.10 indicates that there is a much higher retention of the ampicillin resistant 

plasmid. Both the amp+ and amp+/cam+ plates now have comparable number of 

colonies to the cam+ plate. With these improvements in colony culture, the 
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luminescence levels and fold-increase in luminescence due to scaffold assembly were 

improved significantly. 

 

Figure 2.10 Colony assay on cultures with carbenicillin and shorter overnight 

growth. In this colony assay, the dilution rates used were 1:5000 (left) 

and 1:1000 (right). For both dilution rates, the number of colonies is 

now comparable across all three antibiotic conditions which indicates 

plasmid retention as desired. 

To ensure that the observed increase in luminescence is driven by full length 

protein expression and scaffold assembly, a western blot probing for the histidine 

tags affixed on the Csy4-LgBit and Cse3-Smbit was performed as shown in Figure 

2.11. The results of the western blot indicate that the majority of the protein in the 

system is full length, meaning that there were minimal truncated protein fragments 

that could be interfering with the scaffold assembly or aggregating with one another. 

It is also apparent from the western blot that the Cse3-SmBit protein had leaky 
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expression, as it is present even in samples were no IPTG was added. This is not of 

concern, as the SmBit exhibits minimal activity on its own, however it is worth noting 

for the subsequent work in this chapter. 

  

Figure 2.11 Western Blot probing for histidine tags on the two fusion proteins.  

The lane titles describe the different induction conditions. The size of 

each of the two fusion proteins is noted on the left side of the western 

blot. It appears that Cse3-SmBit demonstrates leaky expression. 

Furthermore, different expression conditions seem to have minimal 

impact on the amount of protein expressed with the only noticeable 

change being a small drop in the amount of Csy4-LgBit present when all 

3 inducers are added. 

The initial in vivo scaffold assembly experiments indicate assembly of the 

proposed scaffold upon expression of all the correct components. Improvement of 
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protein expression and luminescence fold enhancement was achieved by optimizing 

culture conditions to minimize plasmid loss.  

2.3.4 Modularization of Scaffold Plasmid System and Demonstration of Scaffold 

Stability 

To further streamline, and increase the modularity of the scaffold, the 

expression system was modified. The two scaffold proteins were combined into one 

operon with the Csy4-LgBit being placed second in the operon, to minimize any 

background luminescence. The operon was placed on the chloramphenicol resistant 

plasmid under the ATc inducible promoter. By placing both proteins on the same 

operon and under the ATc inducible promoter, the relative and overall expression of 

the two proteins could be controlled. The scaffold RNA was placed on the ampicillin 

resistant plasmid and under the IPTG inducible promoter. The new system 

architecture is depicted in Figure 2.12 below. 
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Figure 2.12: Optimized modular expression system. 

The two fusion proteins were combined onto one plasmid which was 

placed on the p15a plasmid under the pLtetO-1 promoter. The pET29b 

plasmid contains the scaffold RNA sequence under control of the 

pLlacO-1 promoter. Both plasmids were designed to be modular, having 

unique cut sites around each DNA sequence of interest, which can allow 

users to easily introduce new RNA scaffold sequences and/or fusion 

proteins.  

The new system was tested in vivo by either inducing the proteins alone, or 

with the scaffold RNA. To assess the scaffold stability, luminescence measurements 

were taken at 2.5, 5, and 7.5 hours post induction. Figure 2.13 demonstrates scaffold 

assembly and strong scaffold stability with the new system. The fold increase shown 

is the luminescence ratio of a sample with protein and scaffold RNA induction to that 

of a sample with only protein induction. At 2.5 hours post induction, the fold increase 

in luminescence is comparable to that of the three-promoter system. At 5 and 7.5 

hours the fold increase in luminescence drastically increases, peaking at around 200-

fold, which indicates that there was scaffold accumulation. These results 
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demonstrate that the proposed scaffold is stable in the system for up to 7.5 hours, 

due to the drastic increase in fold-enhancement, which could only occur if fully 

formed scaffold structures were accumulating in the cells. 

 

Figure 2.13 Stability of the assembled split Nluc. 

The fold increase in luminescence continued to increase with time. The 

fold increase in luminescence was calculated by taking the ratio of: 

Luminescence (Sample with proteins + scaffold induced) over 

Luminescence (Sample with proteins only induced). Proteins were 

induced with 1 ng/μL ATc. Values are mean ±s.d. of 3 independent 

replicates. 

To demonstrate the modularity of the new system and examine the effect of 

scaffold length and protein orientation on assembly efficacy, two new scRNAs were 

designed and placed on the scRNA plasmid. The two new scRNAs had progressively 
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increasing 5’ hybridization lengths which were designed to correspond to 1.5 and 2 

RNA turns as shown in Table 1.  

Table 1 Different scRNA hybridization region lengths and predicted protein 

orientation. 

 

 

The three scRNA sequences were assayed using the new assembly system and 

the fold enhancement at 7.5 hours was used as the benchmark for level of scaffold 

assembly. Figure 2.14 demonstrates that the original scRNA design with a 13 nt 

hybridization region has the best fold enhancement of luminescence at 200-fold. 

scCR_19 exhibited the lowest fold enhancement at around 150-fold indicating that 

the trans orientation of the two proteins is the most impactful factor regarding 
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scaffold assembly efficacy. scCR_26 showed an increase in fold enhancement in 

comparison to scCR_19 but was still lower than scCR_13 indicating that while 

cis/trans orientation plays the most important role, scaffold length can also impact 

assembly efficacy. While for this system the scCR_13 original scRNA was the best 

performer, the remaining two scRNA constructs could prove to be useful when 

moving to larger fusion partners that may need more space for proper colocalization. 

 

Figure 2.14 Fold increase in luminescence 7.5 hours post protein and RNA induction 

for each of the three different RNA scaffold constructs. 

Fold increase was calculated as the luminescence ratio of: (proteins + 

scaffold RNA induction)/ (proteins only induction). Induction conditions 

were kept the same in all three cases and experiments were performed 

in parallel. Luminescence results indicate that both proximity of proteins 

as well as orientation play a significant role on the assembly of the 

functional Nluc. Proteins were induced with 1 ng/μL ATc. Values are 

mean ±s.d. of 3 independent replicates. 
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2.3.5 Coimmunoprecipitation indicates physical scaffolding of proteins drive 

luminescence increase 

To assess whether the scaffold physically tethers the two target proteins, a 

coimmunoprecipitation was performed. The coimmunoprecipitation was a secondary 

way to confirm scaffold assembly (alongside luminescence increase). To perform the 

coimmunoprecipitation, a histidine tag was affixed on Csy4-LgBit and a FLAG tag was 

affixed on Cse3-SmBit. The two-promoter system with scCR_13 was used for this 

experiment. Samples harvested at 7.5 hours post induction were used to perform the 

coimmunoprecipitation using protein G magnetic beads(Ren et al. 2003). An anti-his 

mouse antibody was used to probe the system. As shown in Figure 2.15 if the 

scaffold assembles as expected, probing for the histidine tag should pull out both 

proteins from the cell lysate. The presence of each protein in the eluate can then be 

quantified via western blot by probing for each of the tags. 
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Figure 2.15  Co-immunoprecipitation schematic illustrating that upon expression of 

the scaffold RNA, the two fusion proteins are tethered together via RNA 

interactions and can both be pulled down via an immunoprecipitation 

using an anti-his antibody. 

Figure 2.16 illustrates SDS-acrylamide gel and western blot performed on a 

coimmunoprecipitation of a sample with both protein and scaffold RNA induction. 

The SDS gel showed three distinct bands in the coimmunoprecipitation elution. The 

top two bands correspond to the fusion proteins in the system, while the lowest one 

is the light chain of the mouse antibody used in the coimmunoprecipitation. This is 

further supported by the western blot of the eluted fraction. When probing for the 

histidine tag, a band at around 40 kDa appeared, corresponding to the Csy4-LgBit-his 

protein. The other two bands are the light and heavy chain of the mouse antibody 
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used in the coimmunoprecipitation. When probing for the FLAG tag a band around 29 

kDa appeared, which corresponds to the Cse3-SmBit-FLAG protein. Similarly, two 

other bands are observed at 50 and 25 kDa corresponding to the light and heavy 

chain of the antibody used in the coimmunoprecipitation. The results in Fig. 2.16 

demonstrate from a molecular view point a physical tethering of the two target 

proteins when the scaffold is assembled, which confirmed that the increase in 

luminescence observed upon scaffold induction is indeed due to the colocalization of 

the LgBit and the SmBit on the RNA scaffold. 
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Figure 2.16 Successful pulldown of Cse3-SmBIt-FLAG using coimmunoprecipitation. 

The 10% SDS acrylamide gel shows two distinct bands at 29 and 40 kDa 

corresponding to the Cse3-SmBit-FLAG and Csy4-LgBit-his proteins. The 

presence of these proteins is further confirmed by performing a western 

blot that either probed for the his tag or the FLAG tag present on the 

constructs. The bands observed at 50 and 25 kDa correspond to the 

heavy and light chain of the antibody used for the 

coimmunoprecipitation. 

2.4 Discussion 

2.4.1 In Vitro Scaffold Assembly Demonstration 

In this section, I proposed a test to assess in vitro scaffold assembly following 

the proposed mechanism. To achieve this, the fusion proteins Csy4-LgBit and Csy4-

SmBit were constructed, expressed, and purified. Furthermore, three scRNA 

molecules were designed in silico with precise design conditions intended to drive 

scaffold assembly, transcribed, and purified. Both protein and RNA production had 
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yields considered adequate for the experiment set forth. While the components were 

not of exceptional purity, I postulated that for the proposed experiment, purity was 

not necessary, if it can be shown that there is minimal interference from the 

impurities in the samples. The experimental results validated my proposed 

mechanism of assembly, as I observed an increase in luminescence only in the 

sample that contained both fusion proteins and the two scRNA molecules designed 

to be complementary to one another. Because no significant increase in 

luminescence was observed in the sample with the proteins only (Lg+Sm) and in the 

sample with the two non-complementary scRNAs (Lg-A+Sm-C) I can infer that there is 

no other driving mechanism for split luciferase assembly in the system. The 

impurities could be reducing the efficiency of scaffold assembly, but because the 

intended purpose of the scaffold is control of intracellular protein colocalization I 

believe that further improving the experiment was beyond the scope of the project. 

 

2.4.2 In Vivo Scaffold Assembly Demonstration and Optimization 

The genetic design of the plasmids containing the scaffold components was 

chosen specifically to promote modularity of all the components. In vivo application 

of the scaffold in E. coli demonstrated that the scaffold works well with the split 

luciferase system. The initial three-promoter system used allowed me to confirm that 

once again, successful scaffold assembly was only achieved when all components of 

the scaffold are expressed in the system. By optimizing culture conditions, the 

luminescence signal of the system was improved by at least 20-fold. The scaffold was 

transitioned to the two-promoter system to simplify the system and allow for easier 



 55 

adaptation to different conditions. Replacing the RNA scaffold with a different 

sequence or changing a part of the scaffold is easy and can be done with simple 

molecular cloning techniques. Similarly, the fused target proteins can also be easily 

exchanged with different proteins due to the design of the system and the presence 

of unique restriction enzyme sites on the flanks of the proteins. The high increase in 

fold luminescence upon expression of the scaffold and the persistence of it over long 

time periods demonstrates that the scaffold can potentially be applied in 

fermentations with long time frames. The RNA and proteins of the scaffold were 

placed on separate plasmids to allow the testing of different scaffold constructs with 

the protein configurations and vice versa. 
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2.5 Methods and Materials 

2.5.1 In Vitro Scaffold Assembly 

2.5.1.1 Plasmid Construction 

All strains and plasmids used for this study are listed in Appendix A.1 

All RNA sequences used for this study are listed in Appendix A.2 

The plasmids used for the in vitro assay containing the fusion proteins Csy4-

LgBit or Csy4-SmBit were created using the high-copy pET29b plasmid backbone. The 

plasmid contained a pLlacO-1 promoter. The plasmids were transformed into BL21-

Gold(DE3) cells for expression. The Csy4 gene and the LgBit were amplified from 

preexisting stock in the laboratory. The SmBit sequence was created by designing 

overlapping oligonucleotides, which were synthesized and purified by commercial 

vendor (Integrated DNA Technologies, Inc., Coralville, IA, USA). The overlapping 

oligonucleotides were treated with PNK and annealed. The pieces (Backbone, Csy4, 

LgBit/SmBit) were assembled into a fully functional plasmid with traditional 

subcloning techniques using unique enzyme restriction sites. 

 

2.5.1.2 Protein Expression and Purification 

The Csy4-LgBit and Csy4-SmBit fusion proteins were expressed from the 

corresponding plasmids in E. coli. The cultures were grown in Terrific Broth (TB 12 g/L 
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tryptone, 24g/L yeast extract, 0.4% v/v glycerol, .017M KH2PO4 and 0.072M K2HPO4). 

The expression was induced with 500μM Isopropyl β- d-1-thiogalactopyranoside 

(IPTG) at an OD ~ 0.7. Following induction, the cultures were grown at 20℃ for 16 

hrs. The cells were harvested by centrifugation (3,000 RPM 20 minutes) and 

resuspended to a final OD of 15 in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

1.8 mM KH2PO4, pH 7.4). The cells were lysed with a standard sonication protocol and 

then centrifuged (30,000 RPM, 15 minutes) to separate the soluble and the insoluble 

phase. The fusion proteins were purified using a standard histidine tag purification 

protocol with Ni-NTA His•Bind® Resin (MilliporeSigma, Burlington, MA, USA). Protein 

concentration was measured using a standard Bradford assay and protein purity was 

assessed by running samples using PAGE electrophoresis with a 7.5% SDS-Acrylamide 

gel. 

 

2.5.1.3 In vitro RNA transcription and purification 

The scaffold RNAs (A, B, C) were synthesized in vitro using oligonucleotides 

which were synthesized and purified by commercial vendor (Integrated DNA 

Technologies, Inc., Coralville, IA, USA). Transcription was performed using the 

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 were analyzed by spectrophotometry on a 

NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, 

MA, USA) and PAGE electrophoresis using a 8 M urea 10% polyacrylamide gel. 
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2.5.1.4 In Vitro Scaffold Assembly 

For the in vitro assay, the purified proteins and scaffold RNAs were mixed 

together in equimolar ratios (10 nm) in a black costar 96-well plate and incubated for 

15 minutes at 37℃ while shaken in binding buffer (100 mM NaCl, 50 mM Tris–HCl, 

10 mM MgCl2, 100 μg/ml BSA, pH 7.9). Following incubation, luminescence was 

measured according to NanoGlo vendor’s instructions (Promega Corporation, 

Madison, WI, USA) using a Synergy H4 Hybrid microplate reader. The data was 

analyzed using Origin software (OriginLab Corporation, Wellesley Hills, MA, USA). 

 

2.5.2 In Vivo Scaffold Assembly 

2.5.2.1 Plasmid Construction 

All strains and plasmids used for this study are listed in Appendix A.1 

All RNA sequences used for this study are listed Appendix A.2 

The plasmids used in the in vivo assay containing the pLtetO-1 and the pBAD 

promoter were created using the low-copy p15a plasmid backbone. Two separate 

constructs were created, one containing the pLtetO-1 scaffold RNA sequence and one 

containing the pBAD – Csy4-LgBit fusion protein. The two pieces were then ligated 

together along with the backbone plasmid to form the full plasmid. The Cse3-SmBit 

containing plasmid was constructed from the in vitro assay Csy4-SmBit plasmid by 

replacing the Csy4 gene sequence with the Cse3 one using traditional subcloning 

techniques. The Cse3 gene was amplified from a gene sequence synthesized and 

purified by commercial vendor (Integrated DNA Technologies, Inc., Coralville, IA, 
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USA). To create the pLtetO-1 Cse3-SmBit – Csy4-LgBit plasmid the two fusion proteins 

genes were amplified from previously constructed plasmids and ligated with the 

p15a backbone in a 3-piece ligation using standard molecular cloning techniques. All 

the scaffold RNA plasmids were created using the high copy pET29b plasmid 

backbone with the pLlacO-1 promoter. The scaffold RNA sequences were created 

using overlapping oligonucleotides which were synthesized and purified by 

commercial vendor (Integrated DNA Technologies, Inc., Coralville, IA, USA), PNK 

treated, annealed then added into the backbone via traditional molecular cloning 

techniques. The remainder of the in vivo assay plasmids were created using the same 

approaches illustrated thus far. 

2.5.2.2 In Vivo Scaffold Hybridization Assay 

Depending on the experiment performed, the corresponding plasmids were 

transformed into BL21-Gold(DE3) E. coli via heat shock and plated on LB (10gL 

tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L agar) with ampicillin (100μg/mL) and 

chloramphenicol (25 μg/mL) antibiotics for selection. Colonies were picked from the 

agar plates and cultured overnight in TB supplemented with 100 μg/mL carbenicillin 

and 25μg/mL chloramphenicol at 37℃. The following day these cultures were used to 

inoculate subcultures at an OD of ~0.05. The subcultures were grown until an OD of 

~1.2 upon which time they were induced with the appropriate inducer depending on 

the promoter system. For the pLlacO-1 promoter 300 μM IPTG was used, for the 

pLtetO-1 promoter, 1 or 10 ng/μL of anhydrotetracycline was used, and for the pBAD 

promoter 1% w/v arabinose was used. Depending on the experiment, time points 

were taken at 2.5, 5, and 7.5 hours.  
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For each time point, the OD of the cultures was measured first following that 

samples were taken, and the live cells were harvested by centrifuging at 2,500 RPM 

for 5 minutes. The samples were resuspended at an OD of 2.0 in PBS. 100 μL of each 

sample was combined with 100 μL of the NanoGlo buffer/substrate mix in a 96-well 

black costar plate. Luminescence was measured according to NanoGlo vendor’s 

instructions for 45 minutes (Promega Corporation, Madison, WI, USA) using a 

Synergy H4 Hybrid microplate reader. The data was analyzed using Origin software 

(OriginLab Corporation, Wellesley Hills, MA, USA). The luminescence values of each 

replicate were the average of the 45 minute time course. 

2.5.2.3 Coimmunoprecipitation Assay 

For the co-immunoprecipitation assay, BL21-Gold(DE3) were transformed 

with the plasmids CR605 and CR435. A culture was grown following the protocol 

outlined in the in vivo assay method. The culture was induced at an OD~1.2 with 100 

ng/mL anhydrotetracycline and 300 μM IPTG. Following induction, the sample was 

grown for 7.5 hours and then harvested via centrifugation at 2,500 RPM for 5 

minutes. The bacterial pellet was resuspended in 1x Monarch® DNA/RNA Protection 

Reagent (New England BioLabs, Inc., Ipswich, MA, USA) to a final OD of 5. 200 μL of 

the sample was taken and the pH was adjusted to ~7 using 5M NaOH (about .25 μL). 

The co-immunoprecipitation was performed using protein G magnetic beads (New 

England BioLabs, Inc., Ipswich, MA, USA) according to the protocol provided by the 

manufacturer. For the immunoprecipitation 2.5 μg of mouse monoclonal anti-his 

antibody was used (GenScript Biotech, Piscataway, NJ, USA). Following the co-

immunoprecipitation, the samples were analyzed using PAGE electrophoresis on two 
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7.5% SDS acrylamide gels. One of the gels was transferred using standard Western 

Blot transfer protocol on a nitrocellulose membrane. The membrane was then cut in 

half (each half containing the same samples) and one half was probed using mouse 

anti-his antibody (1:10000 dilution) and the other half was probed using mouse anti-

FLAG antibody (1:3000 dilution). The blots were then both probed with HRP 

conjugated goat anti-mouse antibodies (1:10000) concentration and were imaged 

using Amersham™ECL™ Prime Western Blotting Detection Reagent (GE Healthcare 

UK Limited, Amersham Place, Little Chalfont, Buckinghamshire, UK). 
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DYNAMIC SCAFFOLD ASSEMBLY AND DISASSEMBLY USING TOEHOLD MEDIATED 

STRAND DISPLACEMENT 

3.1 Introduction 

 The capability to assemble and disassemble dynamically is the main 

characteristic of the proposed scaffold system that sets it apart from previously 

developed synthetic metabolons. Dynamic modulation of the state of scaffold 

assembly via toehold mediated strand displacement (TMSD) will create a system that 

closely mimics those seen in nature. TMSD has been as dynamic transcription 

regulators(Chappell et al. 2015), genetic transducers, and physical actuators (Chen et 

al. 2020). Successful demonstration of dynamic scaffold dis/-assembly would be one 

of the first examples of toehold gated devices as physical actuators in vivo.  

Multiple scaffold configuration designs actuated trigger-mediated assembly 

or disassembly, dynamic cycling between assembled and disassembled states, as well 

as conditional disassembly based on a theophylline sensing riboswitch device. It is 

important to demonstrate different dynamic architectures for broad applicability of 

the scaffold. Conditional dis-/assembly of the scaffold can down-/upregulate 

metabolic flux through protein colocalization when desirable metabolite profiles are 

met (high product accumulation or high substrate availability). Dynamic cycling 

between states and small molecule sensing riboswitch devices can pave the road to 

Chapter 3 
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smart synthetic metabolons, capable of self-regulating for long term production of 

target chemical compounds.  

3.2 Dynamic Scaffold Disassembly Using Synthetic Short RNA Triggers 

To satisfy the requirements set forth for the proposed scaffold system, it was 

necessary to establish dynamic disassembly of the scaffold following the initial 

assembly. Disassembly is achieved using toehold mediated strand displacement in 

the presence of the trigger strand. The proposed scaffold disassembly mechanism, 

shown in Figure 3.1 is driven by TMSD. If the correct trigger sequence is present, it 

will begin by hybridizing in the toehold region of one of the scRNAs. Following 

binding of the toehold region, the trigger should completely displace one of the two 

strands, resulting in scaffold disassembly. To assess the level of disassembly, the split 

luciferase system was used. With scaffold disassembly, I expected a drop in 

luminescence. The expression system used in this chapter is the last one developed 

in the final part of Chapter 2. For the trigger sequence, there are two parts that need 

to be considered. The branch migration region, which was designed to be 

complementary to the 1 region as shown below and the toehold region which is 

designed to be complementary to the 2 region. For the toehold region, a sequence 

previously developed was selected, because of its proven functionality. The toehold 

sequence and the branch migration region were both 13 nucleotides long, which 

maximized the displacement probability, while also minimizing the presence of 

secondary structures in the trigger 
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Figure 3.1 Proposed mechanism for scaffold disassembly.  

3.2.1 Assessing Scaffold Disassembly Using Constitutively Expressed Triggers 

To assess the capability of a trigger strand to drive scaffold disassembly, an 

expression cassette involving a constitutively expressed trigger was implemented. It 

was important to first establish scaffold disassembly, because adding a separate 

synthetic trigger would require increasing the complexity of the system by adding a 

third inducible promoter. To achieve this, two new scaffold constructs were designed 

shown in Figure 3.2. The modularity of the established expression cassette allowed 

the creation of new scaffold plasmids easily, with a simple replacement of the 

original scRNA (scCR_RegA) with the new scRNA constructs. One of the constructs 

contained the trigger sequence attached at the 3’ end of the scaffold RNA. By 

attaching the trigger sequence to the 3’end of the scRNA, equal molarity of scRNA 

and trigger RNA is ensured. Upon binding of the Cse3 protein to the scRNA, the 

trigger sequence is then cleaved off and is free to displace the scaffold. While the 

constitutively expressed trigger does not show disassembly on demand, it provides 
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useful information regarding the ability of the scaffold to disassemble in the presence 

of a trigger sequence. To quantify the extent of scaffold disassembly using the 

constitutive trigger, a negative control containing a scrambled 5’ hybridization region 

(scCR_ScramA) was also designed and implemented. This scRNA sequence should 

serve as a baseline for luminescence when assessing the level of disassembly.  

 

Figure 3.2 The design of the three scRNAs used to assess constitutive scaffold 

disassembly. 

The designed plasmids were cotransformed with the protein plasmid and 

luminescence was measured 2.5, 5, 8, and 11 hours later. To establish the level of 

scaffold disassembly, ratios of the sample luminescence (protein + scRNA induction) 

were taken. Specifically, the ratio of scCR_CT/scCR_ScramA and 

scCR_RegA/scCR_ScamA were used. Figure 3.3 shows the experimental results as 

luminescence ratios. The ratio of scCR_CT/scCR_ScramA was around 1 throughout 

the time course, which indicates that the scRNA construct with a constitutive trigger 

on the 3’ end exhibits the same level of scaffold assembly as the sample with a 

scrambled 5’ hybridization region. On the other hand, the ratio of 
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scCR_RegA/scCR_ScramA steadily increased, peaking at 8 hours around 5-fold. The 

luminescence ratio scCR_RegA/scCR_ScramA is quite a bit lower than the ratios seen 

in Chapter 2 (200-fold vs 5-fold), indicating that there is some level of background 

scaffold assembly even when the 5’ scRNA regions are not complementary. The 

results of Figure 3.3 indicate that the constitutive trigger scRNA behaved the same as 

the scrambled scRNA indicating that the presence of a correctly designed trigger 

sequence is enough to drive scaffold disassembly. 

 

Figure 3.3 In vivo luminescence ratios demonstrating constitutive trigger 

expression drives scaffold dissociation. Values are mean ± s.d. of 3 

independent replicates. 
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The background assembly could be caused by either unprocessed scaffold 

RNA or by the split luciferase reconstituting before the scRNA is processed. Because 

the scRNA contains both binding sequences on one RNA molecule, if the Cas6 

proteins do not cleave the RNA, then the split luciferase fragments remain 

colocalized regardless of the design of the scRNA. While this is a possibility, it is not 

very likely, as the processivity of the Cas6 proteins has been well demonstrated in the 

literature(Ferreira et al. 2018). Mutations in the RNA hairpin sequences could lead to 

inability of the proteins to cleave, however I do not believe that this is a major 

contributing factor. More likely, the time between protein colocalization and scaffold 

cleavage allows the two split luciferase fragments to reconstitute in a fully functional 

luciferase. The reconstituted split luciferase then remains colocalized regardless of 

the scRNA design conditions. I believe this to be the more likely explanation, as there 

has been little work done demonstrating full separation of the split luciferase 

fragments once they have been assembled. The scaffold is intended to be used with 

full sized proteins that do not have any affinity for each other, so I do not expect this 

inability to disassemble to be of concern.  

3.2.2 Demonstrating Scaffold Disassembly with an Inducible Synthetic Trigger 

To induce scaffold disassembly with a separate trigger, the design of the 

scaffold system needed to be altered. The arabinose inducible promoter system 

pBAD (Lutz and Bujard 1997) was added to the scRNA containing plasmid to maintain 

all RNA components on the same plasmid. Figure 3.4 illustrates the new expression 

system that allowed me to separately induce the trigger RNA required to disassemble 

the scaffold.  
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Figure 3.4 Scaffold plasmid system to allow for separate induction of trigger RNA. 

To ensure that toehold mediated strand displacement is the only driver of 

scaffold disassembly three distinct trigger sequences were designed as shown in 

Figure 3.5: a) the regular trigger, which was the same sequence as in scCR_CT, b) a 

trigger sequence with a scrambled toehold, and c) a fully scrambled trigger. These 

control triggers allow me to quantify how much of the scaffold disassembly is due to 

TMSD. The scrambled toehold trigger checks if there is any disassembly by just having 

a complementary branch migration region. The fully scrambled trigger acts as a 

control, ensuring that the addition of the new induction system does not interfere 

with scaffold assembly or cause any unexpected scaffold disassembly. 
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Figure 3.5 Three Separate trigger constructs and predicted disassembly. 

To assess scaffold disassembly, E. coli were cotransformed with the protein 

harboring plasmid and one of the three separate trigger plasmids. Two and a half 

hours post scaffold and protein induction, the trigger was induced with arabinose. 

Luminescence was measured both at the time of trigger induction and 5 hours post 

trigger induction. For each trigger construct, two sets of samples were generated, 

one with trigger induction and one without trigger induction. The data shown in 

Figure 3.6 represents the luminescence ratio of a sample with trigger induction to a 

sample with no trigger induction. In the case of the regular trigger, 5 hours post 

induction a 50% drop in luminescence was observed indicating scaffold disassembly. 

With the scrambled toehold and fully scrambled triggers, there was no observable 

decrease in luminescence (ratio ~1) indicating that triggers with the incorrect 

sequence are incapable of disassembling the scaffold. The fact that a scrambled 
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toehold was enough to prevent scaffold disassembly supports the claim that toehold 

mediated strand displacement is the sole driver of disassembly. The experiment 

provides conclusive evidence of dynamic scaffold disassembly via toehold mediated 

strand displacement. 

 

Figure 3.6 In vivo assay demonstrating split Nluc disassembly after trigger 

induction. Trigger was induced 2.5 h after proteins and scaffold RNA 

induction. Sample luminescence was measured upon trigger induction 

(T=0) and 5 h post trigger induction (T=5). The fold increase in 

luminescence was calculated by taking the luminescence ratio of 

samples with trigger RNA, scaffold RNA, and proteins induced to 

samples with only scaffold RNA and proteins induced. Values are mean 

±s.d. of 3 independent replicates. 

The drop in luminescence post trigger induction does not match the 

background luminescence observed when only the fusion proteins are induced. Once 

again, the most likely culprit is the inability of the split luciferase to fully separate 

once it has been reconstituted. However, the definitive difference in the ratios 
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between the scrambled triggers and the regular trigger support dynamic scaffold 

disassembly.  

3.2.3 Dynamic Cycling System 

To develop a fully dynamic scaffold, cycling between the assembled and 

disassembled states more than once should be demonstrated. The proposed cycling 

system, shown in Figure 3.7 builds on the direct assembly system developed in 

previous chapters. The trigger sequence used in the previous chapter was extended 

by 18 nt. This extension serves as a secondary toehold, upon which a secondary 

trigger (T2) can bind and sequester off the primary trigger (T1). Upon this binding, 

the scRNA is then free to reassemble. The individual triggers can be expressed at 

different times, to drive either assembly or disassembly, but need to be expressed 

sequentially (i.e. T1 first, followed by T2). The secondary toehold was designed to be 

longer than the primary toehold with higher GC content to promote rapid and strong 

binding of the T1 and T2 RNA sequences. Again, the sequence selected was taken 

from a previous design, and altered slightly to minimize the secondary structures 

present on the triggers using NUPACK(Zadeh et al. 2011). With the designed system, I 

expect the scaffold to transition from the assembled state to the disassembled state, 

and back to the assembled state. 
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Figure 3.7 Proposed scaffold cycling system.  

T1 drives scaffold disassembly and T2 drives scaffold assembly. Toehold 

mediated strand displacement is the driving force between all the 

transitions. 

3.2.3.1 Cycling System Design and Implementation 

Due to the addition of a secondary trigger increasing the complexity of the 

system, adjustments had to be made for the expression of all the different 

components. To allow for the separate induction of the two trigger strands, the 

expression of the scaffold RNA was placed under control of the ATc inducible 

promoter (pLtetO-1)(Lutz and Bujard 1997). On the same chloramphenicol resistant 

plasmid, the Cas6 protein operon was placed under control of a constitutive 

promoter taken from the J. Anderson synthetic promoter library. To fine-tune the 

scaffold assembly efficiency and have the option to use different expression levels of 

protein, a library of plasmids containing constitutive promoters of different strengths 

was created. The two trigger sequences were placed on the ampicillin resistant 

plasmid. T1 was placed under the IPTG inducible promoter pLlacO-1 and T2 was 
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placed under the arabinose inducible promoter pBAD. The plasmid architecture is 

shown in Figure 3.8 below. 

 

Figure 3.8 Expression architecture for the cycling scaffold system. 

To test the expression strength of the library of promoters with the split Nluc 

system, E. coli transformed with just the plasmid containing the Cas6 operon and 

scRNA expression cassette were grown overnight in Lysogeny Broth (LB). 

Luminescence was measured the next day and the results are shown in Figure 3.9 

and Table 2. Based on the results of the background expression of the protein 

operon, the promoter J23113 was selected to move forward because the 

luminescence levels observed were the closest to those measured in the original 

system. For future applications, the ability to select different expression strengths for 

the protein system as well as the scRNA (with different ATc strength) could prove 

useful in optimizing scaffold expression for different conditions. The comparison of 
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the relative induction strengths of the constitutive promoter library are a close match 

to those reported in literature, indicating that the system is assembled and 

functioning as expected. 

 

Figure 3.9 Luminescence levels for different constitutive promoters.  

All promoter sequences used were taken from the synthetic library and 

are always responsible for expression of the Cas6 Split Nluc operon. 

Table 2 Expected and Calculated Relative Constitutive Promoter Strengths 

Promoter Expected Actual 

J23100 1 1 

J23108 0.5 0.48 

J23114 0.1 0.1 

J23113 0.01 0.023 

J23112 0.004 0.0006 
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The cycling experiment was performed by co-transforming E. coli with the 

trigger plasmid and the scRNA/protein plasmid. Two hours post scRNA and protein 

induction, IPTG was added to induce T1 after media exchange. Two hours following 

T1 induction, the media was exchanged a second time and arabinose was added to 

induce T2. A sample where only scRNA and proteins were produced without T1 and 

T2 induction was also included, to measure baseline luminescence of the assembled 

scaffold. The data shown in Figure 3.10 represents the ratio in luminescence of 

samples with cycling (i.e. T1 and T2 induction) to the luminescence of samples with 

no cycling (i.e. only scRNA and protein induction) over the time period of the assay. 

The luminescence levels of both cultures were similar before T1 induction, suggesting 

little variability in the split Nluc assembly. Two hours after T1 induction, the 

luminescence ratio decreased to 0.7, indicating 30% of the reconstituted split Nluc 

was disassembled by TMSD. The level of scaffold disassembly aligns with the original 

experiments, where about 60% drop in luminescence was observed 5 hours after 

induction of the trigger strand. More importantly, a luminescence ratio of 1 was 

again detected two hours after T2 induction indicating that the second trigger can 

successfully reassemble split Nluc to a similar level as the control within 2 hours. 

These results demonstrate the scaffold can dynamically cycle between its ON and 

OFF states with simple toehold design using cascading trigger strands. 
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Figure 3.10 Cycling of the scaffold system between assembled and disassembled 

states. The luminescence ratio is that of a sample with cycling to a 

sample with only scRNA and protein induction. Proteins and scRNA were 

induced at 0 hrs. T1 was induced at 2 hrs and T2 was induced at 4 hrs. 

Values are mean ±s.d. of 3 independent replicates. 

The raw luminescence data of the cycling assay, shown in Figure 3.11 further 

supports scaffold cycling. The only time when the average luminescence of the 

cycling and not cycling samples are statistically different is at 4 hours, when only T1 

has been induced, which according to the proposed system should drive scaffold 

disassembly. The raw luminescence data also further support my claim that the 

scaffold is stable. The scRNA inducer was removed at 2 hours and never added again. 

The raw luminescence of the cultures, while trending downwards, remains in the 

same order of magnitude, even 4 hours after the scRNA inducer has been removed. 

While there may be some modest scaffold degradation, most of it remains intact and 
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stable for a significant time. The degradation of the scaffold is not expected to be a 

problem for longer term experiments, as in that case there will be continuous scRNA 

and protein synthesis to counteract the degradation observed. 

 

Figure 3.11 Raw luminescence data of the cycling experiment supports scaffold 

disassembly and reassembly. 

(a) Luminescence data 2 hours post scRNA and protein induction  

(b) Luminescence data 2 hours post T1 induction (4 hours post initial 

induction)  

(c) Luminescence data 2 hours post T2 induction (6 hours post initial 

induction). Values are mean ±s.d. of 3 independent replicates. 

3.2.4 Riboswitches for Small Molecule to Scaffold Disassembly Actuation 

Being able to disassemble the scaffold using synthetic RNA triggers is good for 

theoretical design, but when moving to practical applications, having to induce a 

trigger at a given time can prove to be difficult and costly. Constant monitoring of the 

intracellular metabolites would need to occur to determine the precise time for 

scaffold disassembly and large amounts of inducers would be required for industrial 

sized cultures. To solve this problem, I propose using RNA aptamers to sense 

metabolite concentration and translate the sensing event to actuate scaffold 

disassembly. RNA aptamers offer versatility, can be designed de novo using 
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techniques such as SELEX (Cho 2015)to meet desired specifications, and have fast 

kinetics that reversibly respond to metabolite concentrations. RNA aptamers change 

their secondary structure upon binding their target molecule. Depending on the 

aptamer, this in turn can expose previously blocked RNA sequences, which I propose 

to use as the trigger strand to disassemble the scaffold. To demonstrate the 

proposed mechanism, I selected a specific class of RNA aptamers, called 

riboswitches, which can block or allow downstream translation of mRNA in the 

presence/absence of their target metabolite(Berens, Groher and Suess 2015, Page et 

al. 2018). I specifically chose the theophylline riboswitch(Seeliger et al. 2012, Kamiura 

et al. 2019), because it is well characterized, and upon binding theophylline exposes 

an 18 nt sequence. The 18 nt sequence is a bit shorter than the 26 nt trigger/branch 

migration sequences I have used in previous experiments. To adjust for that, the 

remainder of the trigger sequence was chosen to be the sequence downstream of 

the riboswitch. The proposed design leaves part of the toehold unblocked even in the 

absence of theophylline. However, as the rest of the sequence is blocked, I do not 

expect there to be leaky scaffold disassembly because of the stability of the 

theophylline riboswitch. The proposed mechanism for scaffold disassembly using a 

theophylline riboswitch is shown in Figure 3.12. 



 79 

 

Figure 3.12 Scaffold disassembly using a theophylline responsive riboswitch. 

Initially, the trigger component is sequestered as part of the 

theophylline riboswitch. Once theophylline is added to the system, the 

secondary structure of the riboswitch changes, allowing downstream 

translation and unblocking the trigger system thus driving disassembly 

of the scaffold. 

3.2.4.1 Theophylline Riboswitch Design and Implementation 

To assess the level of riboswitch activation, the protein mCherry was placed 

downstream of the theophylline riboswitch. By measuring fluorescence of the 

samples alongside the luminescence, I can correlate the level of riboswitch activation 

to the luminescence decrease in the sample. The theophylline riboswitch-mCherry 

was placed under control of the IPTG inducible promoter in the ampicillin resistant 

plasmid. The scRNA and protein operon were kept in the same architecture as in the 

previous chapter, with a constitutive promoter expressing the proteins and the 

scRNA under ATc control. Two scRNA constructs were used to determine the 

specificity of the theophylline riboswitch disassembly: 1) scCR_RegA is the regular 

scRNA construct that has been used in Chapters 2 and 3 which serves as a control in 
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this case and 2) scCR_TheoRBS is the new scRNA construct designed with sequences 

complementary to those of the theophylline riboswitch. The protein operon is again 

constitutively expressed using the J23113 promoter. The plasmid architecture for this 

design is depicted in Figure 3.13. 

 

Figure 3.13 Proposed plasmid design for scaffold disassembly using a riboswitch. 

To test the proposed system, E. coli were co-transformed with the two 

plasmids. All components were induced and theophylline was added at the same 

time. Fluorescence and luminescence were measured 2.5 and 5 hours post induction. 

The fluorescence results are shown in Figure 3.14 for both scRNA constructs. 

Inducing only the scRNA without IPTG resulted in no observable fluorescence 

indicating that the combination of a riboswitch and an inducible promoter offers 

tighter regulation than just the IPTG inducible promoter on its own (based on the 

results of Chapter 2.2.1). When only IPTG was added there was a modest increase in 

fluorescence indicating that the theophylline riboswitch does have modest leaky 
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translation. The fluorescence levels of these samples across the two different scRNAs 

constructs are comparable, which indicates that extending the toehold to the 

unblocked region of the riboswitch does not impact toehold unlocking. If the scaffold 

were able to hybridize to the riboswitch merely due to the 8 nt exposed region then I 

would expect to see higher fluorescence levels in the scCR_TheoRBS sample, because 

the scaffold hybridization would essentially be unblocking the riboswitch. Finally, 

when theophylline is also added to the samples a significant increase in fluorescence 

is observed, indicating successful activation of the riboswitch and translation of the 

mCherry. The increase in fluorescence is comparable between scCR_RegA and 

scCR_TheoRBS, indicating that the level of riboswitch unlocking is similar between 

the two sets of samples and therefore any change in luminescence can be attributed 

to specific scaffold dissociation via TMSD. 
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Figure 3.14 mCherry fluorescence via theophylline riboswitch activation indicates 

successful riboswitch unblocking.  

scCR_TheoRBS is the scRNA that has complementary sequences to the 

riboswitch.  

scCR_RegA is the original scaffold scRNA which here serves as a control. 

The induction conditions refer to None: proteins only, ATc: 

Proteins+scRNA ATc+IPTG: Proteins+scRNA+TheoRBS-mCherry, 

ATc+IPTG+Theo: Proteins+scRNA+TheoRBS-mCherry (activated). Values 

are mean ±s.d. of 3 independent replicates. 
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The luminescence levels of the samples demonstrate scaffold disassembly 

upon theophylline addition. The results of Figure 3.15 are two sets of ratios. The first, 

(ATc+IPTG)/ATc is a measure of scaffold disassembly when no theophylline is added 

to the system. It serves as a control to ensure that the riboswitch is not opening 

without the presence of theophylline. The second, (ATc+IPTG+Theo)/ATc measures 

the level of scaffold disassembly. A ratio of around 1 indicates no scaffold 

disassembly, and a ratio lower than 1 indicates scaffold disassembly. With both 

scaffold RNAs, the first ratio was around 1 indicating that no matter what scaffold 

sequence is used, unless theophylline is added to the system, there is no observable 

difference in luminescence when the riboswitch is expressed versus when it is not 

and minimal scaffold disassembly. The second ratio with the scCR_TheoRBS starts at 

0.6 2.5 hours post theophylline addition and drops down to 0.55 at 5 hours indicating 

successful scaffold disassembly of around 40-45%. The level of disassembly is 

modestly lower than with the synthetic trigger, which could be due to the more 

complex secondary structure of the riboswitch trigger. The second ratio with the 

scCR_RegA on the other hand remains around 1 indicating that without a 

complementary sequence to the riboswitch on the scRNA there cannot be 

disassembly. The scaffold can only successfully disassemble if the correct RNA 

sequence is present and if theophylline is added to the sample to activate the 

riboswitch. This demonstration broadens the capabilities of the scaffold system by 

creating an actuator system that can sense the concentration of a metabolite in the 

cell, and then produce a desirable outcome via TMSD. 
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Figure 3.15 Scaffold disassembly is driven by theophylline addition.  

The luminescence ratios shown are ATc+IPTG/ATc sample (blue) and 

ATc+IPTG+Theo/ATc sample (red). Riboswitch opening and scaffold 

disassembly only occurs when theophylline is added to the system and 

the correct scaffold RNA sequence is used (scCR_TheoRBS).  

Values are mean ±s.d. of 3 independent replicates. 



 85 

3.3 Dynamic Protein Assembly via TMSD 

The scaffold system was modified to induce assembly upon trigger induction. 

By developing different operating architectures for my system, I allow the user more 

choice on how the scaffold can be best implemented for their particular needs. To 

achieve this, the system architecture was modified by splitting the scaffold RNA into 

two distinct sequences (Fig. 3.16). The Csy4 RNA hairpin part was designed to 

hybridize onto itself initially, with a toehold sequence exposed. The Cse3 RNA hairpin 

is designed as in the previous system with just a 5’ hybridization region. Expression of 

the correct trigger sequence should unlock the blocked hybridization region of the 

Csy4 hairpin scaffold RNA and result in scaffold assembly. 

 

Figure 3.16 Proposed mechanism for dynamic scaffold assembly using TMSD. 

To properly assess the proposed system’s assembly, the scaffold RNA plasmid 

architecture had to be redesigned. Because the scaffold should only assemble upon 

trigger induction, the Cas6 binding RNA hairpins cannot be transcribed on the same 

scRNA molecule. To achieve this, the original expression system was modified. The 

trigger RNA was placed under IPTG induction, while the two scaffold RNA molecules 
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were expressed separately under the constitutive promoter J23100 taken from the J. 

Anderson synthetic library. J23100 was selected because it is the strongest 

constitutive promoter in the library. The protein operon was still expressed via ATc 

induction. For all the RNA sequences, a T7 terminator was used to ensure minimal 

read through and to minimize the levels of joint hairpin RNA expressed. The new 

expression cassette is shown in Figure 3.17.  

 

Figure 3.17 Dynamic scaffold system assembly via TMSD expression cassette. 

To ensure that TMSD is the main driver of scaffold assembly, three distinct 

trigger constructs were created: A regular trigger, a scrambled toehold trigger, and a 

fully scrambled trigger. Thanks to the modular design of the system, creating the 

three separate scaffold RNA plasmids was straightforward. In effect, it required only 

a simple substitution of one trigger for another via traditional cloning techniques. 

The trigger scaffold combinations are illustrated in Figure 3.18. If the driver for 
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scaffold assembly is TMSD, I would expect an increase in luminescence only upon 

expression of the regular trigger. The toehold and hybridization sequences used for 

this new architecture are the same as the original direct assembly scaffold, so I 

expect to see similar levels of assembly. 

 

Figure 3.18 Schematic of the three different trigger strands used in this experiment 

to determine whether the decrease in luminescence was due to toehold 

mediated strand displacement only. Only in the presence of the regular 

trigger strand is scaffold assembly expected. 

Scaffold assembly using the split luciferase system was confirmed by 

performing a time course assay. The results shown in Figure 3.19 indicate that the 

scaffold can successfully assemble due to trigger induction. Expression of the regular 

trigger strand results in a 190-fold increase in luminescence at the peak which is 

comparable to the luminescence levels observed in the original scaffold 
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configuration. On the other hand, expressing a fully scrambled trigger or a scrambled 

toehold trigger results in significantly lower fold increases in luminescence. The fact 

that there is some increase in luminescence even with the incorrect trigger sequence 

indicates that the system might be opening nonspecifically by some unknown 

mechanism. However, given the fact that the increase observed is still lower than 

that of the regular trigger system and that the luminescence levels of samples where 

no trigger is expressed are extremely low across the board, the nonspecific 

unblocking is not a problem for the system. The new scaffold architecture that allows 

a trigger RNA to activate assembly works demonstrably well and yields similar 

assembly levels as the original system. The two different architectures both exhibit 

high affinity, specificity and can dynamically switch from one state to the other.  
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Figure 3.19 In vivo assay to determine split Nluc assembly for the trigger-mediated 

assembly system. 

All components were induced at t = 0 and luminescence of different 

samples was measured at 2.5, 5, and 7.5 h post induction. The fold 

increase in luminescence was calculated by taking the ratio of 

luminescence of a sample with trigger induction to a sample with no 

trigger induction. Values are mean ±s.d. of 3 independent replicates. 

The lower increase in luminescence observed by the scrambled toehold and 

fully scrambled trigger could be due to some instability of the scRNA blocking hairpin. 

Because the hairpin is relatively short and without a big loop (13 nt in length and 4 nt 

loop), it may be easier to open up. Therefore, expression of any trigger RNA with 

some capability to bind to the hairpin could be sufficient to unblock the hairpin long 
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enough for the second scRNA to bind to the first one and drive split Nluc assembly. 

While these events may be short lived as the hairpin closes onto itself again, they are 

enough to reconstitute the split Nluc. Similarly, in the direct assembly scaffold, there 

was some background assembly even with the constitutive trigger or the scrambled 

scaffold constructs. If we look at the raw luminescence values of the same 

experiment, shown in Figure 3.20, it is evident that there is no luminescence increase 

in any of the constructs without any trigger expression, meaning that none of the 

native RNA sequences in E. coli interact with the scaffold RNAs. If a tighter hairpin 

were to be used, it is more likely that the scaffold would not assemble as efficiently, 

because the trigger would be less effective at opening the hairpin. Since the scaffold 

is only designed to assemble upon trigger induction, and for actual scaffold 

application only the regular trigger will be used, I believe that some hairpin instability 

is a good tradeoff for assembly levels comparable to the original direct assembly 

scaffold design. Extension of the stem region of the hairpin can minimize nonspecific 

opening of the hairpin if necessary(Siu and Chen 2019a, Green et al. 2014). 
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Figure 3.20 Raw luminescence data for the trigger-mediated assembly system. 

RT: Regular trigger, ScThT: Scrambled toehold trigger, FSc: Fully 

scrambled trigger. In this case the only conditions upon which any 

significant increase in luminescence is observed are upon induction of 

one of the three trigger alongside the proteins (orange, green, yellow). 

Values are mean ±s.d. of 3 independent replicates. 

3.4 Discussion 

The work of this chapter demonstrates the modular and dynamic capabilities 

of the proposed scaffold system. The modularity of the RNA components of the 

scaffold allowed me to quickly design and implement multiple configurations of 

triggers and scRNA expression. The different configurations allowed me to build 

dynamic systems that can disassemble and assemble the scaffold using a synthetic 

trigger, disassemble the scaffold using a small molecule-riboswitch pair and even 

cycle between assembled and disassembled states. With all these architectures, the 
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scaffold user now has options to choose the design that best fits the metabolic 

pathway they are trying to optimize.  

The dynamic cycling between assembled and disassembled states is a novel 

discovery that has not been demonstrated in such a system before. Not only am I 

able to drive scaffold disassembly using small synthetic RNAs, but following 

disassembly, I can drive scaffold reassembly with a secondary trigger. Theoretically, 

this cycle could be repeated more than once, to have a dynamic control of enzyme 

colocalization like those seen in native metabolons. This functionality may lead to 

tighter regulation of intracellular metabolic flux and help prevent metabolite 

imbalances such as substrate depletion and toxic intermediate/product 

accumulation. With this system, non-native pathways introduced in model organisms 

can be developed and designed to behave more like native pathways, thus reducing 

strain on the host organism and improving overall product yield. 

Control of scaffold assembly using short synthetic RNAs is good for small 

scale-experiments and optimization, however, it can become problematic at larger 

scale applications. Because the RNA needs to be induced at specific times, constant 

monitoring of metabolites and large amounts of inducer molecules will be required 

for scaffold actuation. By developing the riboswitch approach to translate small 

molecule concentration sensing to scaffold actuation, I provide an alternative more 

efficient approach for dynamic scaffold disassembly. The theophylline riboswitch 

demonstrated scaffold disassembly that is responsive to theophylline concentration. 

By using a riboswitch, an additional effect can be achieved, where a third protein of 

interest is placed under control of the riboswitch. So along with scaffold disassembly, 

I can also upregulate the production of the protein of interest. Furthermore, the 
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advent of de novo RNA design techniques such as SELEX allows for the design of RNA 

riboswitches with precise design characteristics, such as binding strength, as well as 

secondary structure change. With that level of control, riboswitches targeting 

molecules of interest at precise concentrations can be designed and implemented for 

the dynamic regulation of scaffold assembly. Examples of such riboswitch 

development have already been demonstrated by Koffas et al., who developed a 

naringenin sensing riboswitch and used it to select for high producing strains of 

naringenin(Jang et al. 2017). The combination of de novo riboswitch design and my 

dynamic scaffold can prove to be a powerful tool for pathway engineering and 

optimization.  

3.5 Methods and Materials 

3.5.1 Strain and Plasmid Design 

All strains and constructs used in this chapter are shown in Appendix A.1 

All scRNA sequences used in this chapter are shown in Appendix A.2 

scCR_CT and scCR_ScramA constructs were created with simple ligation 

techniques by replacing scCR_RegA with one of the two RNA constructs. The RNA 

constructs were created using overlapping oligonucleotides treated with T4 

polynucleotide kinase (PNK) (New England BioLabs, Inc., Ipswich, MA, USA). To create 

the separate trigger expression constructs, the arabinose promoter system was 

amplified out from plasmid CR271. Plasmid CR435 was used as the backbone, and the 

arabinose promoter sequence was added downstream of the IPTG promoter 
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sequence. The trigger RNA sequences were placed on the arabinose promoter with 

the same classic ligation techniques used in previous plasmid construction. 

To generate the library of constitutive promoters with the protein operon and 

ATc promoter with the scaffold RNA a 5-piece Gibson assembly approach was used. 

The 5 pieces used were the backbone containing pLTetO promoter, the scRNA which 

was assembled using oligonucleotides treated with PNK (New England BioLabs, Inc., 

Ipswich, MA, USA), the different constitutive promoters flanked by two DNA linker 

sequences, and the protein operon. All the fragments were mixed at equimolar ratios 

of 0.25 pmol and incubated with the NEBuilder HiFi DNA Assembly Master Mix (New 

England BioLabs, Inc., Ipswich, MA, USA). Unique restriction cutsites flanking both the 

scRNA sequences and the protein sequences were retained to allow for easy 

substitution of different components and creation of the riboswitch constructs. 

To generate the direct assembly RNA plasmid a 3-piece ligation was 

performed. The backbone used was plasmid CR564 with the arabinose promoter 

sequence excised. The two scRNA hairpins with their constitutive promoters were 

created using annealed oligonucleotides treated with PNK (New England BioLabs, 

Inc., Ipswich, MA, USA). The 2 inserts were added at equimolar ratios at a 1:8 ratio to 

the vector and the reaction was incubated at 25℃ for 1 hour, 20℃ for 1 hour and 

16℃ for 24 hours. All remaining plasmids used in this chapter were created using 

conventional cloning techniques. 
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3.5.2 Dynamic Scaffold Disassembly 

For the scaffold dissociation experiments, the method used up to the 

induction of the proteins and the scaffold RNA was identical to that outlined in the 

scaffold assembly segment. For the constitutive trigger experiments nothing was 

changed in the assay. The plasmids used for the scaffold dissociation assays are listed 

in Appendix A.1. Fr the separate trigger expression, the plasmids were co 

transformed with CR424. 2.5 hours after the protein (IPTG) and scaffold RNA (ATc) 

were induced, the trigger RNA was induced using arabinose (1% w/v). Following 

trigger induction, luminescence was measured 5 hours later, according to the 

method outlined in Chapter 2. 

3.5.3 Dynamic Scaffold Cycling 

The corresponding plasmids were transformed into BL21-Gold(DE3) E. coli via 

heat shock and plated on LB (10gL tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L 

agar) with ampicillin (100μg/mL) and chloramphenicol (25 μg/mL) antibiotics for 

selection. Colonies were picked from the agar plates and cultured overnight in TB 

supplemented with 100 μg/mL carbenicillin and 25μg/mL chloramphenicol at 37℃. 

The following day these cultures were used to inoculate subcultures at an OD of 

~0.05. The subcultures were grown until an OD of ~1.2 upon which time they were 

induced with 10 ng/μL of ATc. Two hours post ATc induction, samples were taken for 

luminescence measurements according to the standard protocol. Then the cultures 

were spun down at 2200 rcf for 5 minutes, the supernatant was removed, and the 

bacterial pellet was washed with fresh TB supplemented with ampicillin (100μg/mL) 

and chloramphenicol (25 μg/mL) and spun down once more at 2200 rcf for 5 
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minutes. Following the second spin, the supernatant was again removed, and the 

cells were resuspended in fresh TB with the same antibiotic concentrations. For the 

sample with no cycling, no inducer was added. For the sample with cycling, the 

samples were resuspended to a final OD600 of 1.6 (to return cell density to 

appropriate levels for induction) and the media was supplemented with 300 μM IPTG 

to induce T1. Then, 2 hours post IPTG induction, samples for luminescence 

measurements were taken again. Following that, a second media exchange was 

performed on the cultures with scaffold cycling using the same procedure outlined 

above. The fresh TB added following the media exchange was supplemented with 2% 

w/v arabinose to drive T2 expression. Finally, 2 hours post arabinose addition, the 

final samples for luminescence measurements were harvested. 

3.5.3.1 Dynamic Scaffold Disassembly Using the Theophylline Riboswitch  

The corresponding plasmids were transformed into BL21-Gold(DE3) E. coli via 

heat shock and plated on LB (10gL tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L 

agar) with ampicillin (100μg/mL) and chloramphenicol (25 μg/mL) antibiotics for 

selection. Colonies were picked from the agar plates and cultured overnight in TB 

supplemented with 100 μg/mL carbenicillin and 25μg/mL chloramphenicol at 37℃. 

The following day these cultures were used to inoculate subcultures at an OD of 

~0.05. Scaffold components were induced at an OD of ~1.2 and depending on the 

samples the following inducer concentrations were used: 375 μM IPTG, 100 ng/mL 

ATc, and 2.5 mM Theophylline. Samples for luminescence and fluorescence were 

taken at 2.5 and 5 hours post induction. Luminescence was measured using the 

standard protocol outlined in previous chapters. Fluorescence was measured by 
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resuspending the sample in PBS at a final OD600 of 0.5 and a final volume of 200 μL. 

The samples were placed on a 96-well Costar black plate. Fluorescence was 

measured by using an excitation wavelength of 585 nm and measuring the emission 

from 590 to 700 nm. The results shown here represent the emission level at 610 nm 

which is the peak emission for mCherry. Measurements were made using Synergy H4 

Hybrid microplate reader. The data was analyzed using Origin software (OriginLab 

Corporation, Wellesley Hills, MA, USA).  

3.5.3.2 Dynamic Scaffold Assembly Using Short RNA Triggers 

The corresponding plasmids were transformed into BL21-Gold(DE3) E. coli via 

heat shock and plated on LB (10gL tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L 

agar) with ampicillin (100μg/mL) and chloramphenicol (25 μg/mL) antibiotics for 

selection. The remainder of the assay was performed using the same parameters as 

previous luminescence assays. The inducers used in this case were 10 ng/mL ATc for 

protein expression and 375 μM IPTG for trigger expression.  
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APPLICATIONS OF THE SCAFFOLD FOR CONTROL OF METABOLIC FLUX AND 

IMPROVEMENT OF PRODUCT TITERS 

4.1 Introduction 

Metabolic engineering of organisms involves pathway manipulation, directed 

enzyme evolution, and scaffolding of pathway enzymes to increase metabolic flux. All 

approaches have their merits and drawbacks and can be used in combination with 

each other to complement their strengths. There is some work being done in 

dynamic metabolic regulation, but most of that work functions on a genetic level by 

controlling transcription or even translation of pathway enzymes(Xu et al. 2014, 

Doong, Gupta and Prather 2018, Cui et al. 2021). These approaches provide robust 

control of pathway flux but are characterized slow kinetics. Upregulation of enzyme 

expression is limited by transcription/translation rates, and downregulation can be 

even slower as it is limited by enzyme degradation rates. The dynamic scaffold 

assembly and disassembly demonstrated in the previous chapter occur in the 

cytoplasm and are only limited by the transcription rate of small RNA molecules. If 

pathway enzyme colocalization on the scaffold is sufficient to increase metabolic flux 

through that pathway, then being able to quickly switch from assembled to 

disassembled states and vice versa could be a powerful tool for real time regulation 

of intracellular metabolism. 

Chapter 4 
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The objective of designing the proposed scaffold has been to control 

intracellular metabolic flux via protein colocalization. Having developed a wide array 

of architectures and tools to demonstrate scaffold functionality with the split 

luciferase system, the next step was to implement the scaffold system to pathway 

engineering. Scaffolding of enzymes has already been shown in literature to promote 

higher product titers, so I believe that the proposed scaffold should be able to 

achieve the same. To demonstrate control of intracellular metabolic flux, the non-

native pathway for indole-3-acetic acid and a native pathway for malate production 

were selected as example pathways. Increasing product titer in these pathways with 

different scaffold architectures supports my claim that colocalization of pathway 

enzymes in the proposed manner results in product titer enhancement and 

metabolic flux control. 

 

4.2 Increasing Indole-3-acetic Acid Titer via Scaffolding 

The first target selected for the demonstration of the scaffold capabilities was 

indole-3-acetic acid (IAA). IAA is a plant growth hormone of the auxin class derived 

from indole that is widely found in both plants and bacteria(Spaepen, Vanderleyden 

and Remans 2007) with both phytogenic and pathogenic effects. For example, IAA 

controls root growth in plants and has been found to be produced by symbiotic 

rhizobacteria(Keswani et al. 2020). On the other hand, infection of plants with 

bacteria capable of producing IAA can lead to tumor growth in leaves(Patten and 

Glick 1996) Production of IAA is achieved through three main pathways depending on 

the organism(Duca et al. 2014). Out of all the pathways, the one of interest to me 
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was first discovered in P. Savastanoi (Patten and Glick 1996)shown below in Figure 

4.1. It is a two-step biosynthetic pathway which starts with tryptophan as the 

substrate. The tryptophan is converted to indole-3-acetamide via the enzyme 

Tryptophan-2-Monooxygenase (IaaM). The indole-3-acetamide is then converted to 

indole-3-acetic acid via the enzyme Indoleacetamide Hydrolase (IaaH). This 

biosynthetic pathway is ideal for the first application of the scaffold because increase 

of IAA production via scaffolding has already been demonstrated with a 9-fold 

increase in product titer after scaffolding(Zhu et al. 2016). Moreover, the proteins are 

both relatively small with IaaM being 61.8 kDa and IaaH being 47.7 kDa meaning that 

fusing them to the Cas6 proteins should be straightforward. 

 

Figure 4.1 Indole-3-acetic acid biosynthetic pathway used. 

4.2.1 Scaffold Design and Implementation 

To determine the ability of our system to increase IAA titer, both the direct 

assembly and the trigger-mediated assembly scaffold architectures were tested. 

Because of the modular design of the whole system, no changes on the RNA plasmids 

were necessary. Instead, the changes made in this case were on the protein plasmid. 
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The plasmid containing the Cas6 operon under the ATc inducible promoter was 

selected because it was the best behaved out of all the protein plasmid architectures 

tested. Furthermore, with protein control under ATc, I was able to test for different 

protein expression levels. To convert the operon from the split luciferase pieces to 

the indole-3-acetic acid pathway, a simple two-step ligation approach was used. In 

the first step, the LgBit sequence was replaced by the IaaM gene derived from P. 

savastanoi. Following the first cloning step, the SmBit sequence was replaced by the 

IaaH gene derived from P. syringae. The new protein construct was then combined 

with both the direct assembly scaffold system and the trigger directed assembly 

scaffold. By testing both configurations I can determine if the similar luminescence 

increases seen in the previous chapter correspond to product titer enhancement of 

the same level. The two plasmid configurations are shown below in Figure 4.2. 

 

Figure 4.2 Plasmid design for (a) the direct assembly scaffold and (b) the trigger 

mediated assembly scaffold. 

IaaM was selected to be the second protein in the operon to ensure that the 

first step of the reaction is the limiting one. The closer a gene is to the termination 
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sequence of an operon, the lower the expression level is as demonstrated by Lim et 

al(Lim, Lee and Hussein 2011). Therefore, by fusing IaaM to the second Cas6 of the 

operon, I can minimize the amount of the indole-3-acetamide intermediate that is 

produced and not consumed by having more IaaH than IaaM in the system. The 

difference should not be big enough to influence the actual production of IAA. The 

pathway proteins were added as C-terminal fusions, after observing the 3-D protein 

structure using the Swiss Model Repository(Guex and Peitsch 1997, Kiefer et al. 2009) 

of IaaM and the predicted 3-D structure based on homology sequences of IaaH (there 

is no direct 3-D structure of IaaH). In both 3-D structures (Appendix B, Figs. B.1,B.2), 

there were no secondary structures at the N-terminal of the proteins, whereas at the 

C-terminal of the proteins there were α-helices in both cases. Furthermore, for both 

3-D structures, the N-terminus slightly extended outwards of the protein meaning 

that it would be easier for the protein to fold correctly by fusing the Cas6 proteins to 

the N-terminus. Finally, by placing the pathway proteins on the C-terminus of the 

fusion constructs, I ensure that there is not background pathway activity due to 

truncated protein products. Most truncations occur due to translation halts, and thus 

by placing the pathway proteins at the end of the fusion constructs, any truncation 

products will most likely not contain active IaaH or IaaM proteins. 

Based on its 3-D structure, IaaM is a homodimer. The N-terminus of IaaM is 

located on the outside of the homodimer, so I do not expect the fusion to Csy4 to 

negatively impact its ability to form a homodimer. More interestingly, the 

homodimer structure of IaaM means that more complex scaffold structures can be 

created if each monomer binds to the RNA scaffold. The higher order scaffold 

structure shown in Figure 4.3 could prove even more beneficial for flux control 
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because it scaffolds the enzymes at a 1:2 ratio of IaaM:IaaH. Through this scaffolding, 

there is a much higher chance of the indole-3-acetamide to be processed by IaaH 

following its creation via IaaM, as there is twice the probability of it finding an IaaH 

enzyme before it diffuses away from the complex. Demonstrating successful 

scaffolding of more complex enzymes also opens more possibilities for future scaffold 

applications and more complex architectures. 

 

Figure 4.3 Proposed higher order scaffold assembly.  

The IaaM monomers homodimerize to form the functional protein and 

allowing to IaaH proteins to be scaffolded in the process. 
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4.2.2 Developing the Methods for IAA Yield Quantification 

4.2.2.1 Salkowski Reagent Method 

In order to quantify the amount of IAA produced in the culture medium, first 

a method to reliably measure IAA concentrations had to be developed. Initial 

attempts to measure IAA concentration involved using the Salkowski reagent method 

to quantify levels of IAA(Sergeeva, Liaimer and Bergman 2002). The Salkowski 

reagent method is a colorimetric assay that involves combining the Salkowski reagent 

(0.1M FeCl3, 35% v/v HClO4) with supernatant of bacterial cultures producing IAA. 

The reaction produces a pink color, which is the result of the IAA forming a complex 

with the Fe3+ and reducing it. The reaction output can be quantified by creating a 

standard curve and measuring the OD535 of the sample. It is a fast, inexpensive, and 

relatively easy way to quantify indoles in cell cultures.  

To assess the accuracy of the Salkowski reagent method, a standard curve, 

shown in Figure 4.4(a) was performed. Figure 4.4(b) also shows an image of the plate 

wells containing the IAA at different concentrations with the corresponding color 

change. The reaction appeared to be working as expected and provided a standard 

curve for the quantification of IAA concentration. However, when attempting to 

measure culture supernatant, there was no significant difference in the amount of 

IAA quantified (Figure 4.4(c)). The most likely explanation for this observation is that 

the IAA produced by the bacteria is too little to be quantified accurately using the 

colorimetric assay. The Salkowski reagent lacks specificity to IAA and can also react 

with other indole compounds including the intermediate of this reaction indole-3-

acetamide(Glickmann and Dessaux 1995). It also appears that the measurements 
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themselves may be inaccurate. Figure 4.4(d) shows the actual plate samples that 

were measured to determine IAA concentration. It is apparent that there is a 

precipitate forming which could be adversely affecting the optical density 

measurements of the samples. I was unable to figure out what the precipitate 

forming was, but I suspect it to be either some proteins or other cell debris found in 

the supernatant that are precipitating out of solution as it acidifies due to the 

perchloric acid in the Salkowski reagent. Some work performed for the IGEM 

competition also found similar results using the Salkowski reaction with BL21 E. coli, 

which ended up saturating the reaction. Because I was unable to accurately measure 

IAA in the supernatant using this assay, it was not deemed appropriate moving 

forward, and instead my efforts focused on developing a High Performance Liquid 

Chromatography (HPLC) method to quantify IAA concentration in the supernatant. 
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Figure 4.4 Salkowski reaction method results indicate it is not a suitable approach 

to quantifying IAA titer.  

(a) Standard curve for IAA concentration generated using the Salkowski 

reaction  

(b) Visual color change in samples used to generate the standard curve 

(c) Salkowski reaction measurements for different culture conditions. No 

scRNA samples refer to bacteria grown without any scRNA plasmid. 

scCR_RegA samples refer to bacteria grown with the scRNA plasmid for 

direct scaffold assembly. Induction conditions: N is no inducer, A is 1 

ng/μL of ATc, and I is 375 μM of IPTG. No observable change in IAA titer 

is present in any of the induction conditions.  

(d) Image of samples in microplate well indicating white precipitate 

formation that could be causing elevated OD535 readings. 

4.2.2.2 High Performance Liquid Chromatography Analysis of IAA Titer 

To develop an HPLC protocol for IAA analysis, a reverse flow column was 

necessary. IAA is not soluble in water, and therefore will not elute particularly well in 

a regular column. Initially, to develop the protocol IAA standards in either methanol 

or 2xYT media (16 g/L Tryptone, 10 g/L Yeast Extract, 5 g/L NaCl) which is the media 

used for IAA cultures were run through the HPLC. 2xYT media was selected for this 
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experiment because of its high tryptone concentration, which will ensure that the 

substrate of the pathway, tryptophan, will be readily available throughout the cell 

culture. After developing a reliable method using the standards, the standard curves 

shown in Figures 4.5(a) and 4.5(b) were generated. IAA was found to elute at around 

21 minutes, and the peak was calculated by measuring UV absorption at 280 nm. 

From the peaks, it is apparent that the solvent used for IAA quantification can affect 

the slope and intersect of the standard curve generated. More specifically, it appears 

that in 2xYT, the peak response of IAA is less than in methanol, possibly because of 

the presence of other components in the 2xYT samples, as opposed to the methanol 

samples which only contain IAA. Based on this observation, moving forward all 

standard curves used for quantification of IAA concentration were performed using 

2xYT samples. The stability of IAA in methanol and 2xYT media was also assayed by 

creating standards and leaving them on the bench top for 7 days. Figures 4.5 (c) and 

(d) show the comparative areas under the peaks seen in freshly made samples and 

samples left out for 7 days. While the IAA in methanol remains relatively stable, there 

is significant degradation observed in the 2xYT samples. Based on these results, the 

standards used for HPLC analysis in 2xYT were made fresh before each run. 

Furthermore, after each experimental run, the supernatant was harvested and stored 

at -80℃ until the time to perform HPLC arrived. This ensured that the degradation of 

IAA in my samples was minimal, and that the standard curves generated were as 

accurate as possible. 
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Figure 4.5 HPLC Standard curves and IAA degradation assay  

(a) IAA standard curve in methanol  

(b) IAA standard curve in 2xYT media  

(c) Degradation of IAA samples left out for 7 days in methanol  

(d) Degradation of IAA samples left out for 7 days in 2xYT. 

To test the system E. coli were co transformed with one of the two scRNA 

plasmid alongside the protein plasmid. Two different induction strengths were used 

for the proteins a low level (1 ng/μL) and a high level (100 ng/μL) of ATc. Induction 

strength for the scaffold RNA was the same as previous experiments. The cultures 

were grown for 16 hours after which the supernatant was harvested, and product 

titer was measured via high performance liquid chromatography. 

Both the direct assembly and the trigger-mediated assembly scaffold systems 

demonstrated a significant increase in product titer upon scaffold induction (Fig 4.6). 

In the low protein expression regime, the direct assembly system demonstrated a 9-
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fold increase in IAA titer and the turn on system demonstrated a 4.5-fold increase in 

product titer. The trigger-mediated assembly system had a slightly lower fold 

increase due to higher background from the protein only expression sample. The 

actual titers for the direct assembly and trigger-mediated assembly system in the low 

protein+ scRNA induction condition are comparable at around 9 μg/mL. In the high 

protein expression regime, the samples with only the protein expressed had 

significantly higher IAA titers in comparison to the low protein counterparts, as 

expected. The fold increase of IAA titer upon scaffold assembly in the high protein 

expression was 2.7-fold for the direct assembly system and 3-fold for the trigger-

mediated system. In both protein expression regimes and both scaffold architectures, 

a significant increase in IAA titer was observed upon induction of scaffold assembly. 

Both the direct assembly and the trigger-mediated assembly systems exhibited 

similar IAA titer increases to each other, indicating that both work equally well at 

increasing metabolic flux through the IAA production pathway. These results also 

confirm that the similar fold enhancements in luminescence observed in the previous 

chapter were an actual indication of comparable levels of scaffold assembly. More 

importantly, comparing the IAA titer levels of the low protein+ scRNA expression 

samples to those of the high protein expression samples, I see that the levels are 

similar, indicating that the presence of the scaffold is enough to make up for a 100-

fold lower protein induction level in the system. The lower fold enhancement 

observed with higher protein induction is consistent with other reports suggesting 

that enzyme concentration directly influences the substrate channeling efficiency 

with lower enhancement expected at higher concentration due to enzyme 

crowding(Ellis et al. 2019). By using the proposed scaffold systems, similar levels of 
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final product can be achieved at a much lower metabolic burden for the cell. Both 

scaffold configurations were successful in increasing IAA titer at multiple protein 

expression levels and achieved the goal set forth at the beginning of the dissertation. 

 

Figure 4.6 Production of indole-3-acetic acid by either direct (blue) or trigger 

mediated (orange) assembly of the IaaM/IaaH metabolon.  

Samples had either only the Cas6 fusions expressed (Csy4-IaaM and 

Cse3-IaaH) or had the fusion proteins assembled into a metabolon. Two 

different protein expression levels were employed to evaluate their 

impact on pathway enhancement. Samples were harvested 16 h post 

induction. HPLC analysis was performed on the sample supernatant to 

determine the IAA titer. Values are means ±s.e.m. of three independent 

experiments. 



 111 

4.3 Increasing Malate Production via Scaffolding of Central Carbon Metabolism 

Enzymes 

Increasing malate production via scaffolding provides me with the 

opportunity to test the efficacy of scaffolding more complex enzymes and 

demonstrate a new functional approach to rewiring metabolic flux. The approach 

selected to increase metabolic flux to malate involved increasing flux through the 

glyoxylate shunt. Previous attempts to increase malate production involved deleting 

genes surrounding malate (Zhang et al. 2011) and using CRISPRi to fine tune 

expression of different carbon metabolism genes (Gao et al. 2018). These approaches 

have been largely successful but required implementation of large gene changes in 

the organism. With the proposed scaffold system, no alterations to the genome of 

the organism would be necessary. Based on the metabolic network of the central 

carbon metabolism shown in Figure 4.7, three potential enzymes were identified as 

candidates for scaffolding: a) the pyruvate dehydrogenase complex (PDH) that 

converts pyruvate to acetyl-CoA, b) isocitrate lyase (ICL) which converts isocitrate to 

glyoxylate and succinate, and c) malate synthase (MS) which condenses acetyl-CoA 

and glyoxylate to malate. MS requires two substrates to produce the final desired 

product. Thus, scaffolding either PDH or ICL with MS could prove ineffective, as the 

benefits of substrate channeling would not be as pronounced, due to diffusion of one 

of the two substrates still being the limiting factor for the reaction to proceed to 

completion. Since PDH is a large complex composed of three subunits –E1, E2, and 

E3- and ICL is a tetramer, successful assembly of these two enzymes allows us to 

demonstrate the ability to generalize the Cas6-mediated strategy for more complex 

enzyme cascades.  
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Figure 4.7 Basic network of central carbon metabolism and tricarboxylic cycle. The 

pathway of interest is highlighted in red as well as the enzymes of 

interest. 
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4.3.1 Design and Implementation of Scaffold System for Malate Titer Increase 

Demonstration of effective product titer increase with this method of 

scaffolding would be a novel approach to metabolic engineering. The proposed 

scaffold assembly depicted in Figure 4.8, may increase the throughput of MS by 

creating environments with a localized increase in concentrations of both substrates 

required for the reaction to proceed forward. MS can catalyze both the forward and 

the reverse reaction, so by driving an increase in availability of both substrates, I 

would also be pushing the equilibrium to the forward reaction. Based on the 

proposed scaffold assembly mechanism and its effect on substrate availability, it also 

becomes clearer that scaffolding either PDH or ICL to MS will not have the desired 

effect. By scaffolding either of the two upstream enzymes to MS, one of the two 

substrates would be readily available, but the malate synthase would still need to 

find the second substrate in the crowded intracellular environment. On the other 

hand, scaffolding of the upstream enzymes would create a multitude of high 

substrate concentration regions in the cytoplasm, which would allow any MS protein 

in the vicinity to process the downstream reaction and produce malate. 
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Figure 4.8 Proposed scaffold assembly and malate titer increase.  

ICL is a homo-4-mer of the monomer protein AceA.  

PDH is a heterotrimer of AceE (E1), AceF(E2), and IpdA (E3).  

MS is also known as AceB  

(a) Lower local substrate concentration leads to lower malate 

production.  

(b) Scaffold assembly creates microenvironments with higher substrate 

availability for malate synthase. 
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The PDH complex is comprised of three subunits: pyruvate dehydrogenase 

(E1/AceE), lipoate acetyltransferase (E2p/ AceF), and dihydrolipoyl dehydrogenase 

(E3/IpdA) (Patel et al. 2014). Out of the three subunits, AceE is the only one with a 

complete 3-D structure available and is the one responsible for the actual catalysis of 

pyruvate + CoA to acetyl-CoA. Out of the three possible fusion candidates to one of 

the Cas6 proteins, AceE is the best candidate. By fusing only one of the three 

subunits, the rest should still be able to assemble around AceE to form a fully 

functional PDH complex. Isocitrate lyase forms a homo-4-mer of AceA monomers to 

become fully functional (Britton et al. 2001). By fusing one of the monomers to a 

Cas6 protein, I am creating the possibility of a multitude of higher order scaffold 

structures. Based on the nature of the design, and because E. coli will express their 

own native AceA as well, a heterogeneous population of scaffold configurations is 

possible, as shown in Figure 4.9. The only way to avoid this heterogeneous 

population would be to delete the native AceA gene. Nevertheless, I do not expect 

the heterogeneous population of scaffold assemblies to be problematic, because in 

all configurations, flux should increase through the pathway.  
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Figure 4.9 Proposed different scaffold assemblies. 

From (a) to (d) the isocitrate lyase homo-4-mer contains 1,2,3, and 4 

copies of the engineered version. As the number increases, so do the 

number of available scaffold locations increases up to 4 total PDH 

complexes per isocitrate lyase. 
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Similar to the experiments with the indole-3-acetic acid pathway, both direct 

assembly and trigger-mediated scaffold assembly configurations were tested. No 

changes to the RNA plasmids were necessary, once again due to the modularity of 

the scaffold system. To create the fusions with the orthogonal Cas6 proteins, a 

similar approach to that used in the previous sub chapter was employed. The PDH 

complex is further upstream than ICL, with the product of the PDH reaction feeding 

into both the TCA cycle and the glyoxylate shunt. To minimize background and 

regulate the reaction network similar to the IAA pathway, the E1 subunit of the PDH 

complex was fused to Csy4 and the isocitrate lyase monomer (AceA) was fused to 

Cse3. Based on the 3-D structure (Guex and Peitsch 1997, Kiefer et al. 2009) 

(Appendix B, Figs. B.3, B.4) of the two pathway proteins in their fully assembled 

structure, the C-terminal of the Cas6 proteins was fused to the N-terminal of the 

proteins. Both N-termini had minimal secondary structures, and in the case of the 

isocitrate lyase homo-4-mer the N-termini were located on the exterior surfaces of 

the homo-4-mer, meaning that the Cas6 fusion should have minimal impact on the 

quaternary structure of the protein. The designed plasmid system is shown below in 

Figure 4.10. 
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Figure 4.10 Plasmid configuration for scaffolding of PDH and ICL with (a) direct 

scaffold assembly and (b) trigger mediated scaffold assembly. 

4.3.2 Scaffolding of PDH and ICL Increases Malate Titer 

To test the scaffold, E. coli cells were cotransformed with the combination of 

plasmids shown in Figure 4.10 (either (a) or (b)). The transformed bacteria were 

cultured in TB supplemented with 20 g/L of glucose. The high level of glucose in the 

medium was added to ensure that reactions in the TCA cycle are driven to the 

forward reaction and that there is plenty of substrate availability. The cultures were 

induced with 100 ng/mL of ATc (the high dose in the previous chapter) as well as 

varying amounts of IPTG. Different levels of IPTG were used to assess expression of 

scaffold at different levels. The scaffold cassette involves expression of large proteins 

that assemble into even bigger complexes. I postulated that lower scaffold RNA 

induction could help the scaffold system assemble at higher levels by reducing the 

burden of RNA scaffold expression on the system. Lower scaffold RNA expression also 

ensures that that are fewer scaffold RNA molecules with only one of the two Cas6 

proteins bound to them. The IPTG dosage levels used were 3μM, 30 μM, and 300 μM 

(comparable dosage to previous experiments). Post induction, the cultures were 

grown for 24 hours, after which the OD600 of the cultures was recorded and the 
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supernatant was harvested for HPLC analysis. Aside from the direct assembly and 

trigger-mediated assembly plasmids, a control was chosen to provide me with 

information regarding the metabolic profile of the system without any proteins of 

interest being expressed or scaffolded. This control uses the plasmid containing the 

split Nluc and the direct assembly scRNA. For HPLC analysis, an ion exchange column 

was used to detect metabolites of interest. Using a previously developed method 

(Charubin and Papoutsakis 2019)I was able to detect supernatant glucose, acetate, 

and malate levels. Using the preestablished method yielded an elution time of ~9.5 

minutes for glucose, ~12.1 minutes for malate, and ~16.5 minutes for acetate. 

Quantification was performed by measuring a refractive index of the elution which 

yielded strong signals for all the compounds I was searching for. 

The first metabolite investigated was malate. The standard curve generated 

by the HPLC, shown in Figure 4.11(a) was precise and yielded a strong signal 

indicating that the HPLC method was successfully able to elute out malate. Based on 

these results, the supernatants of the experiments were analyzed, and the results are 

shown in Figure 4.11 (b). Looking first at the direct assembly scaffold, a background 

level of ~0.2 mM of malate is observed. When just the proteins are induced 

(condition A) the level of malate in the system is unchanged, indicating that with this 

scaffold configuration, simple expression of the fusion proteins is not enough to drive 

flux through the glyoxylate shunt and increase malate production. However, all three 

conditions where the scaffold is induced alongside the proteins demonstrate a clear 

increase in malate production. The fold change for all three samples is around 3-fold 

for all three induction conditions. The highest fold change is observed with the 

intermediate scaffold induction strength (0.1x IPTG), but it is not significantly 
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different from the other two. These results provide strong evidence that the direct 

assembly scaffold system can increase malate production in vivo as expected with 

the proposed system. 

Looking at the trigger-mediated scaffold assembly system results, there is a 

higher level of malate in the no induction and protein only induction samples when 

compared to the direct scaffold. Specifically, in the protein only induction condition, 

the level of malate in the system is about 2-fold higher than with the direct assembly 

or negative control conditions. With scaffold induction there is still a significant 

increase in malate production peaking at around 2.9 fold with the strongest trigger 

induction condition (1x IPTG). The higher level of background assembly could be a 

result of the unstable hairpin structure used in the trigger-mediated assembly system 

leading to a small level of background scaffold assembly. However, even with this 

level of background assembly, the fold increase between the protein only condition 

and the protein+scaffold/trigger condition is comparable to that of the direct 

assembly system, with the one difference that the optimal trigger induction condition 

here seems to be the strongest induction condition (1x IPTG). These results once 

again support my previous findings that the two scaffold architectures show similar 

levels of assembly. 

Comparing the results of the negative control, where the split Nluc system is 

used instead there is no observable increase in malate in any conditions. There is a 

small increase in malate concentration with the A+0.1xIPTG induction condition, 

however based on the error bars and the levels that change is not significant. The 

results of the negative control demonstrate that the increase observed in malate is 
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not caused by any unexpected effects due to the induction conditions or alteration of 

the growth media, but rather by the actual assembly of the targeted enzymes.  
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Figure 4.11 Scaffolding of PDH and ICL drives increased malate production.  

(a) Standard curve for malate generated by HPLC.  

(b) Malate supernatant concentration 24 hours post induction. The blue 

bars are for the direct assembly scaffold system. The orange bars are for 

trigger mediated scaffold assembly. The grey bars are for the negative 

control with the split Nluc and direct assembly scaffold. Induction 

conditions are: N-no induction, A-ATc (proteins only), A-0.01xI (proteins 

+low RNA induction), A-0.1xI (proteins + intermediate RNA induction), A-

1xI (proteins+ high RNA induction). Values are mean ± s.d. of three 

independent experiments. 
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4.3.3 Scaffold Assembly Impact on Cell Growth and Secondary Metabolite Levels 

The expression of large proteins and their assembly into even larger 

complexes can prove to be burdensome on the cell’s metabolism. To assess the 

impact of the proposed scaffold system on cell growth, the optical density of the 

cultures, as well as the glucose consumption and acetate production were also 

investigated. The measurements for these parameters were taken from the same 

samples as the malate data and the results for the glucose and acetate levels are 

shown below in Figure 4.12. For glucose consumption, the starting amount of glucose 

in the system was 20 g/L or 111mM. The data of Figure 4.12(b) shows a consistent 

trend across both scaffold configurations and the negative control. When no inducers 

are present in the system, there is overall more glucose consumed by the cells to 

grow, indicating that inducing the system leads to the cells consuming less glucose. 

For the negative control and the direct assembly scaffold, the glucose remaining in 

the uninduced samples ranges from 23-25% of that in the induced samples. Lower 

glucose consumption could mean less cell growth or more efficient use of glucose 

and other energy sources in the media. For the trigger-mediated assembly system 

the uninduced sample shows about 70% of the remaining glucose of the induced 

samples, indicating closer energy consumption profiles. Overall, the trend appears to 

be similar across all three sample sets, meaning that expression of the new fusion 

proteins and assembly of the scaffold does not seem to lead to a different metabolic 

profile regarding glucose consumption, as compared to the original scaffold system 

and split Nluc system. In fact, these results could indicate that scaffold assembly 

improves the efficiency of cell growth. 
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 The acetate levels shown in Figure 4.12(d) also demonstrate a similar trend 

between the negative controls and the two scaffold assembly architectures. In this 

case, it appears there is a higher acetate concentration in the samples without any 

inducer. When cultures are induced with any of the inducer combinations, the 

acetate concentration in the supernatant drops. The drop in acetate concentration 

ranges from 34-46% for the direct assembly scaffold, 12-25% for the trigger mediated 

assembly scaffold, and 26-34% for the negative control. The direct assembly scaffold 

exhibits the highest decrease in acetate levels, however based on the error bars and 

the ranges of change in acetate concentration, I do not believe that there is any 

significant difference in the decrease of acetate concentration between the three 

different sets of samples. In fact, comparatively the decrease of acetate observed 

seems to correspond to the increase in remaining glucose in the system, potentially 

indicating that the cells are producing less acetate simply because they are 

consuming less glucose. Overall, the fact that there are no significant differences in 

the acetate and glucose levels of the different sample sets but an increase in malate 

production does indicate that the proposed scaffold can achieve its goal with minimal 

impact on the other parts of the central carbon metabolism. 
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Figure 4.12 Remaining glucose and acetate produced in the scaffold assembly assays 

indicate that there is no difference in the metabolic profiles of a 

negative control and the proposed scaffolding of the malate enzymes. 

(a) Glucose standard curve.  

(b) Remaining glucose in the supernatant for different samples  

(c) Acetate standard curve  

(d) Acetate produced in supernatant with the two scaffold architectures 

and the negative control with the split Nluc and direct assembly scaffold 

plasmid. The blue bars are for the direct assembly scaffold system. The 

orange bars are for trigger mediated scaffold assembly. The grey bars 

are for the negative control with the split Nluc and direct assembly 

scaffold. Induction conditions are N-no induction, A-ATc (proteins only), 

A-0.01xI (proteins +low RNA induction), A-0.1xI (proteins + intermediate 

RNA induction), A-1xI (proteins+ high RNA induction). Values are mean ± 

s.d. of three independent experiments. 
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4.3.4 Impact of Scaffold Assembly on Cell Growth 

The final parameter investigated to assess the impact of the scaffold system 

on cell viability was the cell growth over 24 hours. To do this, OD600 was measured 

from the same samples at the time of supernatant collection. The results are shown 

below, with Figure 4.13(a) containing the raw measurements and 4.13(b) calculating 

the fold increase in growth as compared to the baseline of each sample set (the N/no 

induction sample). Based on these results, it seems that any sort of induction 

improves cell growth at 24 hours. With the direct scaffold assembly, the highest 

increase in OD600 observed is 50% and occurs when the proteins and a low scRNA 

induction is used. For the trigger mediated assembly scaffold the highest increase in 

OD600 observed is 92% and occurs in the same induction condition. Finally, the 

negative control displays 25% increase of OD600 at both only the protein (A) and the 

protein plus low scRNA induction regimes. There seems to be a modest improvement 

in cell growth when PDH and ICL are scaffolded together. The improvement in growth 

observed in the negative control indicates that the induction conditions under these 

specific growth conditions are enough to improve cell growth. The highest increase in 

OD600 occurs for the trigger mediated scaffold assembly, which also demonstrated 

the highest malate titers, indicating that increasing flux through the glyoxylate shunt 

could be improving cell growth alongside the increase in malate. The results, while 

not allowing me to definitively conclude that the scaffolding of PDH and ICL increases 

cell growth, provide strong evidence that the scaffold and its assembly do not 

negatively impact cell growth.  
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Figure 4.13 Inducing scaffold assembly improves cell growth 24 hours post induction 

(a) Raw OD600 data for different scaffold architectures and induction 

conditions.  

(b) Fold increase in OD600 as calculated by OD of sample X/OD of 

sample N, where X is one of the induction conditions shown on the x-

axis. All induction conditions are the same as in Figures 4.11 and 4.12. 

Values are mean ± s.d. of three independent experiments. 
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To investigate the biomass generated in relation to glucose consumed, the 

yield of g of biomass/g of glucose consumed was also calculated. The yield values can 

offer a deeper insight into the growth of the cells, by considering how much glucose 

is being consumed to produce a certain amount of biomass. To convert OD600 to cell 

biomass, the standard conversion of 0.36 g of biomass/OD600 was used. The results in 

Figure 4.14 show an even more impressive increase in yield than just the raw OD600 

values. The trend remains the same, with all sample sets showing an increase in yield 

in the presence of any inducer, however the changes from the no inducer to any 

inducer samples become even more prominent. The direct scaffold assembly shows a 

90% increase in yield, the trigger mediated scaffold assembly shows a 130% increase 

in yield, and the negative control shows a modest 60% increase in yield. The highest 

increases in biomass yields are all observed in the condition with ATc and 0.01xIPTG 

potentially indicating that lowering the levels of expression of scRNA/trigger helps 

the cells grow better. However, that is not the induction condition with the highest 

malate yield, meaning that there might be a tradeoff and as higher levels of scaffold 

assembly occurs, cell growth can be more affected. This tradeoff could prove useful 

for applications where higher biomass or higher malate is desired, giving the user the 

option to select a desired phenotype with a simple change in induction conditions. 
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Figure 4.14  Biomass yield/g of glucose consumed indicated an even better 

improvement in cell growth upon induction of scaffold components. 

Induction conditions and samples are the same as in Figures (4.11-4.13). 

Values are mean ± s.d. of three independent experiments. 

4.4 Discussion 

4.4.1 Scaffolding Successfully Increases Titer of Non-native Metabolic Pathway for 

IAA Production 

The main application of the spatiotemporal control of protein localization is to 

increase metabolic flux in non-native pathways by imitating substrate channeling 

seen in natural metabolons. To demonstrate my scaffold’s ability to increase product 

titer due to protein colocalization, the model pathway for IAA production was 

selected. In my fermentation experiments I saw that both scaffold architectures 

developed exhibited a significant increase in IAA titer when the scaffold RNA was 
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expressed. Two different protein expression levels were tested. The low protein 

expression level exhibited higher product enhancement, which was mainly a result of 

lower product titer in the protein only condition. The highest product titer was 

observed in the high protein expression regime with the scaffold which indicates that 

our scaffold can effectively enhance product titer through protein colocalization. 

Even more interesting is the fact that in the presence of the scaffold, 100-fold less 

protein expression is required to achieve similar product titer as in the condition with 

only protein expression. This indicates that the presence of the scaffold is enough to 

enhance the level of product titer to that of the high protein expression regime. The 

fold enhancement is comparable to previous scaffolding attempts of the 

pathway(Zhu et al. 2016), and the titer with the high protein induction and scaffold 

assembly is comparable to titers produced via engineering strains for higher IAA 

yields. More recently even higher titers of IAA have been achieved, but that only 

increases the opportunities of the scaffolds’ applications(Wu et al. 2021). IAA titers 

can be potentially further improved by combining enzyme scaffolding and traditional 

enzyme optimization. The success of the scaffold in increasing IAA product titer 

indicates that the designed system fulfills all the goals set forth at the beginning of 

the dissertation for increase of metabolic flux in non-native pathways. 

4.4.2 Increase of Malate Production by Scaffolding of Central Carbon Metabolism 

Enzymes 

Scaffolding of the PDH and ICL enzymes was proposed as a novel way to 

redirect metabolic flux in native metabolism of E. coli. Increasing malate production 

has been successfully attempted previously with genome engineering, by deleting 

the enzymes that can catalyze the reverse reaction from malate to fumarate. Other 
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engineering attempts have also relied on deletion of downstream enzymes that use 

malate as their substrate to allow for malate accumulation(Dong et al. 2017). While 

the reaction of malate synthase is also reversible, there is no evidence that deletion 

of that pathway leads to an increase of malate titer, indicating that the reaction 

tends to proceed to completion, which is the main motivation for selecting that 

pathway for malate production to scaffold. The successful increase in malate titer 

provides evidence for a novel approach towards scaffolding enzymes, that are not in 

series in a pathway but rather work in parallel to produce two substrates that are 

combined downstream in the pathway. The actual malate titer produced was lower 

than that of engineered strains demonstrated in literature (Jantama et al. 2008, 

Zhang et al. 2011, Dong et al. 2017, Li et al. 2018). One potential reason for this could 

be that malate does not readily diffuse through the cellular membrane. When 

engineering E. coli for higher malate production, malate transporters are usually also 

expressed to facilitate a higher rate of malate transport outside the cells(Kurgan et al. 

2019). I was measuring supernatant malate and did not have a malate exporting 

protein expressed in the system, meaning that there could potentially be higher 

malate concentrations intracellularly than those observed in the culture supernatant. 

The expression of the scaffold system did not seem to affect cell viability, with 

glucose and acetate profiles being comparable across different scaffold architectures, 

as well as the negative control. The cell growth was in fact modestly improved with 

the scaffolding of PDH and ICL even compared to the negative control, indicating that 

the proposed scaffold can help improve cell viability while also increasing target 

protein titer.  
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Scaffolding of PDH and ICL also demonstrated that our scaffold can colocalize 

more complex enzyme structures, and that not all the components need to be 

engineered. By simple fusing one part (aceE) of the large PDH complex and one 

monomer (aceA) of the ICL protein to the two Cas6 proteins, the scaffold was able to 

assemble. Potentially higher order scaffold structures could also be forming, however 

I did not deem it necessary to probe for their existence at this point, as an increase in 

malate production concrete evidence of scaffold assembly. The potential existence of 

these higher order scaffold structures could provide users of the scaffold toolkit with 

even more potential configurations and opens up the avenue for scaffolding more 

than two enzymes at the same time with more complex scRNA designs. 

4.5 Methods and Materials 

4.5.1 Strain Construction 

All plasmids and strains used are shown in Appendix A, Table A.1 

For the construction of the IaaM/IaaH plasmid, IaaM and IaaH genetic 

sequences were obtained for the KEGG online gene database and ordered as gBlocks 

(Integrated DNA Technologies, Inc., Coralville, IA, USA). The gBlocks were then cloned 

into the protein plasmid backbone using standard cloning techniques.For the 

construction of the AceE/AceA plasmid, the gene sequences were amplified from E. 

coli chromosomal DNA and once again cloned into the protein plasmid backbone 

using standard cloning techniques (restriction digest and ligation). The cloning had to 

take place in two steps, where first the SmBit sequence was replaced with the IaaH 

or AceA sequence. Following confirmation of those plasmid constructs, the LgBit 
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sequence was replaced with the IaaM/AceE sequence. All plasmid constructs were 

confirmed via either colony PCR or restriction digest confirmation (or both). 

4.5.2 Culture Growth and Induction 

For the indole-3-acetic acid production assay, BL21-Gold(DE3) were 

transformed with the plasmids CR549 and CR435 or CR618. A culture was grown 

following the protocol outlined in the in vivo assay method with the only difference 

being the culture medium was 2XYT (16 g/L tryptone, 10g/L yeast extract, 5g/L NaCl). 

The culture was induced at an OD~1.2 (1 ng/mL (low dose) or 100 ng/mL (high dose) 

anhydrotetracycline, 300 μM IPTG or both). Following induction, the cultures were 

grown for 16 hours after which the supernatant was harvested by centrifuging the 

cultures at 5,000 RPM for 5 minutes. 

For the malate assay, BL21-Gold(DE3) were transformed with the plasmids 

CRxxx and CR435 or CR618. A culture was grown following the protocol outlined in 

the in vivo assay method with the only difference being the culture medium was TB 

supplemented with 20 g/L of glucose. The cultures were induced at an OD~1.2 with 

100 ng/μL of ATc, and 3/30/300 μM of IPTG depending on the induction condition. 

Post induction the cultures were grown for 24 hours, after which the OD600 was 

recorded, and the samples were harvested. The samples were spun at 5000 RPM for 

5 minutes, after which the supernatant was stored at -80℃ until HPLC analysis. 
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4.5.3 Analytical Techniques 

4.5.3.1 Salkowski Reaction 

For the Salkowski reaction method, the first thing done was preparation of 

the Salkowski reagent. The reagent was prepared fresh before each assay and was 

composed of 0.1M FeCl3, 35% v/v HClO4. After preparation of the Salkowski reagent, 

the reagent was mixed with supernatant of our cultures or IAA standards at a 1:2 

ratio for a final volume of 210 μL in a clear 96-well plate. The samples were then 

incubated in the dark for 30 minutes, after which the OD535 was measured using a 

Synergy H4 Hybrid microplate reader. The data was analyzed using Origin software 

(OriginLab Corporation, Wellesley Hills, MA, USA). 

4.5.3.2 HPLC analysis of Indole-3-acetic acid samples 

The supernatants were analyzed on Agilent 1260 HPLC (Agilent Technologies 

Inc, Santa Clara, CA, USA) using a Zorbax Eclipse XDB C18 (Agilent Technologies Inc, 

Santa Clara, CA, USA) C18 column with 0.1% trifluoroacetic acid buffer A and 

acetonitrile, 0.1% trifluoroacetic acid buffer B. A gradient elution was performed. 

Indole-3-acetic acid eluted at around 21 minutes. The standards were run in 2XYT 

media. Analysis of HPLC data was performed using OpenLab software (Agilent 

Technologies Inc, Santa Clara, CA, USA). There was an unidentified metabolite 

coeluting with IAA as well. To account for that, control cultures without any IAA 

synthesis pathway enzymes were also performed and analyzed via HPLC. The peak 

area at of the control samples (at the IAA elution time) was subsequently subtracted 

from the peak area of the IAA producing samples to eliminate the background 

unidentified metabolite. 
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4.5.3.3 HPLC Analysis of PDH-ICL Scaffold Samples 

The supernatants were analyzed on Agilent 1200 HPLC (Agilent Technologies 

Inc, Santa Clara, CA, USA) using a BioRad Organic Acid Analysis Column, Aminex HPX-

87H Ion Exclusion Column (BioRad, Hercules, CA, USA) with5mM sulfuric acid buffer A 

and acetonitrile, and water as buffer B. A previously developed method for bacterial 

metabolites was used to elute the compounds of interest(Charubin and Papoutsakis 

2019). The standards were TB media. Analysis of HPLC data was performed using 

OpenLab software (Agilent Technologies Inc, Santa Clara, CA, USA). 
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CONCLUSIONS AND FUTURE WORK 

5.1 Developing a Dynamic, Modular, High Affinity Scaffold Toolkit for Control of 

Protein Colocalization and Metabolic Flux 

In this dissertation, I set out to develop a dynamic, modular, high affinity 

scaffold toolkit for control of intracellular metabolic flux. The scaffold system is 

inspired by systems found in nature, where many enzymes are frequently clustered 

together to form a functional metabolon and enhance the efficiency of metabolism 

via a process called substrate channeling (Menard et al. 2014). In some organisms, 

switchable biosynthesis can be achieved in a highly dynamic manner by controlling 

the spatial and temporal organization of these supramolecular complexes (Jørgensen 

et al. 2005, Møller 2010). Synthetic scaffolds that allow for similar redirection of 

metabolic fluxes have already been developed, however none of them so far have 

been dynamic in nature. I sought to develop a dynamic scaffold toolkit, to mimic 

native cell functions, and provide a way to dynamically regulate metabolism and 

prevent metabolite imbalances that often occur during pathway engineering of 

microorganisms. The scaffold system utilizes orthogonal Cas6 proteins and their 

corresponding small RNA hairpins to colocalize proteins in the cytoplasm. The high 

affinity and specificity of the Cas6 proteins for these RNA hairpins ensures the 

scaffold assembles only as designed. To create a dynamic scaffold, RNA hybridization 

was selected to drive scaffold assembly and toehold mediated strand displacement 

Chapter 5 
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was used to trigger either scaffold disassembly or assembly. The system is easy to 

manipulate by changing RNA sequences or replacing the fused proteins with other 

proteins of interest.  

5.1.1 Assembly with High Affinity and Specificity 

In Chapter 2 of this work, careful design of scaffold components and the use 

of the split luciferase reporter allowed me to demonstrate scaffold assembly with 

high affinity and specificity both in vitro and in vivo. The in vitro experiments 

demonstrated the capability of the scaffold to assemble with specificity when the 

RNA molecules of the scaffold have complementary sequences meaning that the 

scaffold assembles based on the proposed mechanism. The in vivo experiments 

showed that successful scaffold assembly can only occur when both Cas6-enzyme 

fusions and the scaffold RNA are expressed concurrently. The fold increase observed 

in the in vivo system fell well within the range of activation reported for the original 

split luciferase paper (10-1000 fold increase) indicating that most of the protein 

expressed in the system was assembling as expected. Coimmunoprecipitation of the 

two Cas6-enzyme proteins supported successful scaffold assembly. Optimizing 

expression conditions minimized background luminescence and gave me insight on 

the importance of balancing expression of all scaffold components and demonstrated 

the high affinity assembly of the scaffold. Minimal protein induction (1ng/mL ATc) 

showed strong luminescence signal upon expression of the scaffold demonstrating its 

high affinity. Testing different hybridization lengths of the RNA scaffold highlighted 

the importance of the scaffold length and 3-D orientation. While increasing 

hybridization length can lead to more stable scaffold assembly, it can come at the 
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cost of limiting the ability of the scaffolded enzymes to interact. Based on the results 

of Chapter 2, I learned that the scaffold assembles with high affinity and specificity, 

but that assembly is conditional upon correct levels of expression of all scaffold 

components and proper 3-D orientation. 

5.1.2 Dynamic Scaffold Dis/assembly using TMSD 

To demonstrate that the scaffold assembly and disassembly is dynamic, a 

variety of scaffold architectures were developed. The initial trigger-mediated scaffold 

disassembly was expanded to allow cycling between assembled and disassembled 

states and gated using a theophylline responsive riboswitch. Furthermore, the 

scaffold capabilities were expanded to develop a trigger-mediated assembly system. 

The trigger-mediated disassembly system demonstrated slower kinetics than 

expected. However, the kinetics of the reaction can be further enhanced by 

optimizing the toehold sequence further through either increasing the length of the 

toehold and/or redesigning the sequence to confer stronger binding 

characteristics(Srinivas et al. 2013). The trigger mediated assembly system 

demonstrated leakier activation than expected, showing modest levels of assembly 

even when scrambled trigger constructs were expressed. I expect this leak to be 

minimized by extending the length of the stem region of the hairpin (Siu and Chen 

2019b, Green et al. 2014). By developing dynamic trigger mediated dis-/assembly 

systems I expanded the capabilities of the scaffold toolkit, allowing the user more 

freedom in their applications of the scaffold. The trigger mediated disassembly 

module can be used to downregulate metabolic flux in the case of toxic product 

accumulation to keep the concentration of said product within acceptable levels. On 
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the other hand, the trigger-mediated assembly system can be used to increase 

metabolic flux through protein colocalization only when substrate availability is at an 

optimum. Cycling between assembled and disassembled states is the closest mimic 

to natural systems demonstrated and a step towards developing synthetic metabolic 

pathways that mimic nature. To my knowledge, this is the first synthetic scaffold 

developed with the ability to transition from the assembled to the disassembled 

state and vice versa. Disassembly via a theophylline gated riboswitch shows that the 

system can be eventually developed to sense intracellular metabolite concentrations 

on its own, essentially behaving as a “smart” system that can decide on its own when 

to assemble or disassemble, without the user needing to induce a trigger or measure 

metabolite concentration in real time. While the system still has some limitations in 

terms of kinetics, I believe that it opens a completely new approach towards 

manipulating metabolic pathways and engineering smarter industrially valuable 

strains. 

5.1.3 Control of Non-Native and Native Pathways Using the Scaffold System 

The main application of the spatiotemporal control of protein localization is to 

increase metabolic flux in non-native pathways by imitating substrate channeling 

seen in natural metabolons. In Chapter 4, the scaffold’s ability to increase product 

titer due to protein colocalization was demonstrated in the non-native IAA 

production pathway and one of the native malate production pathways. Both trigger-

mediated assembly and direct assembly scaffold architectures exhibited a significant 

increase in titers when the scaffold RNA was expressed alongside the appropriate 

Cas6-enzyme fusions. While the current designs show promise for the level of 
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enhancement, the highest titers produced for IAA (20 mg/mL) and malate (0.8 mM) 

are still a long way from being industrially relevant. E. coli strains have been 

engineered to produce up to 906 mg/L of IAA (Guo et al. 2019, Wu et al. 2021) and 

up to 0.16 M of malate (Zhang et al. 2011, Gao et al. 2018, Jantama et al. 2008). 

However, the fold increases in metabolite production are comparable and even 

higher than those demonstrated in the aforementioned studies. The work required 

for me to achieve these fold-changes in target products was simply cloning the fusion 

enzymes and plugging them into the system, as opposed to the complex pathway 

engineering involved in creating high producing strains of IAA and malate. Those 

approaches required multiple deletions, implementation of large CRISPRi cassettes, 

or overexpression of a variety of enzymes.  

The strains in these studies went through multiple iterations of optimization 

to achieve these yields. I believe that one of the strongest aspects of this dynamic 

scaffold is its ability to be used in combination with other metabolic engineering 

approaches. Some of the strongest results in metabolic engineering have come from 

combinations of different approaches, such as pathway optimization and directed 

evolution (Xie et al. 2015, Fordjour et al. 2019) and even pathway optimization and 

scaffolding (Zhao et al. 2015). Applying the scaffold system, which is easily 

implemented in different pathways thanks to its modularity, to already optimized 

production strains can drive product titer to improvements better than any individual 

approach would. 
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5.1.4 Modularity of Scaffold Components 

Throughout Chapters 2-4, modularity of the scaffold system has been 

consistently demonstrated for both the Cas6-enzyme fusions and the RNA scaffold 

components. The protein operon was designed with unique restriction cut sites 

between each protein, which allows quick swapping of fusion proteins for other pairs 

in a simple two-step cloning approach. For each RNA scaffold architecture developed, 

unique cut sites were also added flanking RNA sequences even when the initial 

constructs were created with complex Gibson assembly approaches. This allowed for 

quick and cheap design and implementation of a variety of RNA sequences. All 

scaffold sequences were created by overlapping oligonucleotides, which is one of the 

cheapest approaches for creating synthetic nucleotide sequences. The wide array of 

scaffold architectures, and the ability to mix and match different protein and RNA 

plasmids gives the user the power to determine the optimal expression and 

activation system for their needs.  

The dynamic, high affinity, modular scaffold toolkit developed in this 

dissertation is designed to be another tool in the belts of metabolic engineers and 

synthetic biologists. While there are still limitations in the dynamics of the system, I 

believe that with further work the system could prove invaluable in a wide array of 

applications, which do not even have to be limited to metabolic engineering. Every 

step of the way towards development of this toolkit involved multiple failed 

experiments and redesigns over several iterations. The experience, while frustrating 

at times, taught me that even when one approach is not working, a change in 

perspective can yield an even better system. With every improvement in the system, 
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we learn more about its characteristics and grow the library of available 

configurations, ultimately resulting in a comprehensive synthetic biology toolkit. 

5.2 Future Perspectives on the Dynamic Scaffold System 

 The work in this dissertation created a dynamic scaffold toolkit and 

demonstrated some of its potential functions and applications. However, the scaffold 

is still a work in progress. Below I elaborate on some potential future directions that 

can be taken to broaden the impact of the developed system. These future directions 

are also shown summarily in Figure 5.1. 
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Figure 5.1 Future directions for scaffold application and functionality extension. 

From top left clockwise: 

Genomic integration of scaffold parts. 

Scaffolding of more than two enzymes at molar ratios different from 

1:1. 

Scaffold application to the creation of synthetic signaling pathways. 

A “Smart” metabolite sensing scaffold using custom designed RNA 

aptamers/riboswitches. 

5.2.1 Creation of Genome Integrated Scaffold Strains  

Currently, the scaffold system relies on a dual promoter system for expression 

of the scaffold proteins and RNA. In a more streamlined version of the system, I 

envision the core parts of the scaffold integrated into the E. coli chromosome using a 

technique such as CRISPR/Cas9 genome integration (Zhao et al. 2016). Initially, the 

two orthogonal Cas6 proteins could be integrated into the genome in a constitutively 
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expressed operon. Different promoter strengths can be used to develop a library of 

diverse protein expression levels. The pathway enzymes can be designed to post 

translationally ligate to the Cas6 proteins using technology such as 

SpyTag/SpyCatcher and its orthogonal variants (Zakeri et al. 2012, Liu et al. 2017). 

This approach would further enhance modularity, requiring only a plasmid containing 

an operon with the two enzymes of interest alongside the corresponding Tag/Catcher 

pair (Spy/Snoop/Dog- etc). In more advanced iterations of this design, the scaffold 

RNA could also be integrated into the genome, meaning that only the trigger RNA 

and enzymes of interest would be expressed via plasmid. Strains with more complex 

synthetic biology tools integrated into the genome have been developed previously, 

such as the Marionette system that has 12 optimized small molecule sensors 

integrated into the E. coli chromosome (Meyer et al. 2019). Genome integration of 

scaffold components could pave the way for a commercialized scaffolding strain 

capable of performing in high throughput experimental settings. 

5.2.2 Scaffolding of More Than Two Enzymes 

So far, all the design alterations for the scaffold have been focused on 

different dynamics and assembly/disassembly control. The number of enzymes 

scaffolded has been limited to 2 due to the design of RNA-RNA interactions and the 

use of only two orthogonal Cas6 proteins. This does not mean that the system is 

inherently limited to only two enzymes. Cas6 proteins can be mutated to eliminate 

their ability to cleave, and the binding hairpin sequence can also be altered to 

eliminate Cas6 cleaving capabilities (Carte et al. 2010, Haurwitz et al. 2010, 

Sternberg, Haurwitz and Doudna 2012). By incorporating a mutated orthogonal 
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dCas6 and/or the corresponding RNA hairpin with the nucleotide alterations, 

scaffolding of 3 or even 4 enzymes could be achieved as shown in Figure 5.1. With 

different potential assemblies, disassembly of one or even two enzymes can be 

achieved, providing even finer control of metabolic flux through the target pathway. 

More complex molecular ratios of enzymes can also be achieved by utilizing other 

enzymes of the CRISPR/Cas Type I system. Specifically, the number of Cas7 proteins 

recruited on the crRNA can be modulated by altering the length of the 5’ crRNA 

extension(Kuznedelov et al. 2016). With this approach, more than one copies of a 

target enzyme can be recruited on the RNA scaffold, using Cas7 as its fusion partner. 

The molecular ratio of other cascade proteins can also be modulated with this 

approach (Kuznedelov et al. 2016). By creating new protein architectures that can be 

combined with different RNA dis-/assembly architectures, the potential scaffold 

configurations will increase substantially. 

5.2.3 Using Synthetic Riboswitches to Create a Fully Autonomous Scaffold 

In Chapter 3, I demonstrated scaffold disassembly that is responsive to small 

molecules, specifically theophylline(Seeliger et al. 2012). While theophylline is not a 

metabolite in any of the pathways tested, its use proves that scaffold disassembly 

can be controlled in the cytoplasm, without any intervention from the user. A variety 

of small molecule sensing RNA aptamers/riboswitches/aptazymes have been 

developed (Berens et al. 2015). In theory, using technology such as RNA SELEX 

(systematic evolution of ligands by exponential enrichment) RNA aptamers that can 

bind any metabolite of interest can be created (Konig et al. 2007, Cho 2015). The 

naringenin sensing aptamer developed by Koffas et al allowed for screening of high 
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naringenin producing strains and streamlined their engineering(Jang et al. 2017). The 

power of these custom designed riboswitches can be applied to the scaffold system. 

After identifying the metabolite for sensing and finding a riboswitch that binds it, a 

riboswitch gated trigger can be designed that either disassembles or assembles the 

scaffold when a target metabolite concentration is achieved. As the concentration of 

the metabolite increases/decreases, the riboswitch gated trigger reverts to its 

original state, thus returning the scaffold to its original state as well. Furthermore, 

the use of a riboswitch could couple protein translation with scaffold actuation, or 

the use of an aptazyme could couple transcript degradation(Pu et al. 2020) with 

scaffold actuation. Coupling metabolite sensing to physical actuation (dis-/assembly) 

of the scaffold paves the way for a fully autonomous dynamic scaffold that behaves 

akin to native metabolon systems. 

5.2.4 Scaffold Applications Beyond Metabolic Engineering 

While the main application of the synthetic scaffold is control of metabolic 

pathways, it is in essence a system capable of localizing proteins spatiotemporally in 

the cytoplasm. The scaffold capabilities can be translated into other cellular functions 

and create RNA or small molecule dependent actuators that can drive protein 

colocalization or dissociation. One of the goals of synthetic biology is developing a 

fully synthetic cell from the bottom up. To achieve this, amongst other components, 

design of synthetic signaling pathways is necessary. Phosphatases and kinases often 

colocalize with target proteins such as transcription factors to 

phosphorylate/dephosphorylate them and activate/deactivate them. In nature, this 

can occur in a variety of pathways such as the MAPK and Hedgehog pathways (Errede 
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et al. 1995, Remenyi, Good and Lim 2006, Lazo and Wipf 2003). While design and 

implementation of synthetic signaling pathways using this approach is still a long way 

from reality, there are already efforts to engineer synthetic signaling pathways using 

native and synthetic parts(Furukawa and Hohmann 2013, Baeumler, Ahmed and 

Fulga 2017, Pawson and Linding 2005). I like to believe that the more we learn about 

these pathways, the more creative we can be with engineering them. 

5.3 Closing Remarks 

Synthetic Biology creates bottom-up design solutions for engineering cellular 

systems. A wide variety of approaches attempt to tackle the same problems faced by 

biologists and create elegant solutions. While not all tools developed find widespread 

use, there is also never a one size fits all in the biological world. Nevertheless, with 

every invention, we improve our understanding of the systems we are working with 

and push the envelope of biotechnology a bit further. I firmly believe that we are 

close to a biological revolution, one that will be driven by combinatorial use of smart, 

modular, and easy to design synthetic biology tools. Creating and testing custom cell 

lines will be as easy and high throughput as writing code for a custom program. I am 

grateful to have had the opportunity to create a synthetic biology tool that has these 

characteristics and brings all of us closer to the cusp of a new generation of biologics. 
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SUPPLEMENTARY TABLES AND INFORMATION 

Table A.1 Strains and Plasmids used in Chapters 2,3, and 4. 

Strains 

NEB
®5α 

 fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 
endA1 thi-1 hsdR17 

BL2
1-
Gol
d 
(DE
3)  

ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 [lacI lacUV5-T7p07 ind1 sam7 
nin5]) [malB+]K-12(λS) 

Plasmids 

# M
a
r
k
e
r 

Name Comments 

In vitro assay constructs 

CR1
60 

A
m
p 

pLlacO1-Csy4-
LgBit-hisx6 

Csy4-LgBit expression vector for in vitro 
experiments. Transformed into BL21 cells for 
expression and purification 

CR1
61 

A
m
p 

pLlacO1-Csy4-
SmBit-hisx6 

Csy4-SmBit expression vector for in vitro 
experiments. Transformed into BL21 cells for 
expression and purification 

Initial in vivo assay constructs 

Appendix A 
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CR2
71 

C
a
m 

pBAD_Csy4p-
LgBit-his ; 
pLtetO1_scaffold 
RNA 

Csy4-LgBit fusion protein under arabinose inducible 
control and scaffold RNA under tet inducible control 
used for the first in vivo scaffold assembly 
experiment. Transformed into BL21 for in vivo assay 

CR3
61 

A
m
p 

pLacO1 Cse-
SmBit-hisx6 

Cse3-SmBit fusion protein downstream of lac 
promoter. Cotransformed into BL21 with CR271 for 
first in vivo scaffold assembly 

Direct assembly in vivo assembly constructs 

CR4
24 

C
a
m 

 p15A pLtetO1 
Cse3-SmBit-Csy4-
LgBit-his6x 

Operon with Cse3-SmBit and Csy4-LgBit 
downstream of tet promoter. Used for all split 
luciferase assembly experiments aside from the first 
one 

CR4
34 

A
m
p 

pLlacO1-- Csy4-
Cse3 gRNA 
gCR_25 

Scaffold RNA sequence containing a trigger 
sequence expressed at the 3' end of the scaffold 
RNA  downstream of lac promoter 

CR4
35 

A
m
p 

pLacO1- Csy4-
Cse3 gRNA 
gCR_26 

Regular direct assembly scaffold RNA sequence  
downstream of lac promoter 

CR4
36 

A
m
p 

pLlacO1-- Csy4-
Cse3 gRNA 
gCR_27 

Scaffold RNA sequence with scrambled RNA 
hybridization sequence downstream of lac 
promoter 

CR4
63 

A
m
p 

pLlacO1-- Csy4-
Cse3 gRNA 
gCR_28 

Direct assembly scaffold RNA sequence with 19 nt 
hybridization sequence  downstream of lac 
promoter 

CR4
65 

A
m
p 

pLlacO1-- Csy4-
Cse3 gRNA 
gCR_30 

Direct assembly scaffold RNA sequence with 26 nt 
hybridization sequence  downstream of lac 
promoter 

CR6
05 

C
a
m 

 p15A pLtetO1 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

Operon with Cse3-SmBit and Csy4-LgBit under 
downstream of tet promoter. Used for co 
immunoprecipitation experiment 

Dynamic scaffold disassembly constructs 

CR5
64 

A
m
p 

pLlacO1- Csy4-
Cse3 gRNA 
gCR_26 pBAD 
Regular trigger 

Direct assembly scaffold RNA  downstream of lac 
promoter. Regular trigger expression controlled by 
pBAD promoter 

CR5
81 

A
m
p 

pLlacO1-- Csy4-
Cse3 gRNA 
gCR_26 pBAD 
toehold 
scrambled trigger 

Direct assembly scaffold RNA  downstream of lac 
promoter. Scrambled toehold trigger expression 
controlled by pBAD promoter 
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CR5
75 

A
m
p 

pLlacO1- Csy4-
Cse3 gRNA 
gCR_26 pBAD 
Fully scrambled 
trigger 

Direct assembly scaffold RNA  downstream of lac 
promoter. Fully scrambled trigger expression 
controlled by pBAD promoter 

Riboswitch gated trigger constructs 

CR6
38 

C
a
m 

 p15A pLtetO1 
gCR_26 j23100 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

Regular scRNA sequence with protein operon 
expressed with a variety of constitutive promoters 

CR6
39 

C
a
m 

 p15A pLtetO1 
gCR_26 j23108 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

CR6
40 

C
a
m 

 p15A pLtetO1 
gCR_26 j23114 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

CR6
41 

C
a
m 

 p15A pLtetO1 
gCR_26 j23113 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

CR6
43 

C
a
m 

 p15A pLtetO1 
gCR_26 j23112 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

CR6
57 

C
a
m 

 p15A pLtetO1 
gCR_37 j23100 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

scRNA sequence with toehold complementary to 
the theophylline riboswitch. Protein operon 

expressed with a variety of constitutive promoters 

CR6
58 

C
a
m 

 p15A pLtetO1 
gCR_37 j23108 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

CR6
59 

C
a
m 

 p15A pLtetO1 
gCR_37 j23114 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 
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CR6
60 

C
a
m 

 p15A pLtetO1 
gCR_37 j23113 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

CR6
62 

C
a
m 

 p15A pLtetO1 
gCR_37 j23112 
Cse3-SmBit-FLAG-
Csy4-LgBit-his6x 

CR6
44 

A
m
p 

pLacO 
Theophylline 
Riboswitch-
mCherry 

Plasmid containing the theophylline riboswitch with 
mCherry protein downstream of the riboswitch  

Cycling System constructs 

CR6
53 

A
m
p 

pLacO-trigger 1 
pBAD scTrig 
(Recycle system) 

First step in cloning two trigger configurations 

CR6
54 

A
m
p 

PLacO-trigger 2 
pBAD sctrig 
(Recycle system) 

CR6
55 

A
m
p 

pLacO-trigger 1 
pBAD trigger 2 
(Recycle system) 

Second step in cloning two trigger configurations. 
Only CR 655 was used for the experiments 

CR6
56 

A
m
p 

PLacO-trigger 2 
pBAD trigger 1 
(Recycle system) 

Trigger mediated assembly scaffold constructs 

CR6
18 

A
m
p 

pLlacO1- Regular 
Trigger j23100 
H1-NC(Csy4) 
j23100 H2-NC 
(Cse3) 

Regular trigger sequence  downstream of lac 
promoter. The two separate scaffold RNAs of the 
turn ON architecture are downstream of the 
constitutive promoter j23100p 

CR6
19 

A
m
p 

pLlacO1- ScramTh 
Trigger j23100 
H1-NC(Csy4) 
j23100 H2-NC 
(Cse3) 

Scrambled Toehold trigger sequence  downstream 
of lac promoter. The two separate scaffold RNAs of 
the turn ON architecture are downstream of the 
constitutive promoter j23100p 

CR6
20 

A
m
p 

pLlacO1-Fully 
Scram Trigger 
j23100 H1-

Fully scrambled trigger sequence  downstream of 
lac promoter. The two separate scaffold RNAs of 
the turn ON architecture are downstream of the 
constitutive promoter j23100p 
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NC(Csy4) j23100 
H2-NC (Cse3) 

Indole-3-acetic acid production constructs 

CR5
47 

A
m
p 

pLlacO1--Cse3-
IaaH-his 

Cse3-IaaH containing vector. Used to subclone 
Cse3-IaaH intro CR549 

CR5
48 

A
m
p 

pLlacO1-Csy4-
IaaM-his 

Csy4-IaaM containing vector. Used to subclone 
Csy4-IaaM intro CR549 

CR5
49 

C
a
m 

pLTetO Cse3-
IaaH-his - Csy4-
IaaM-his 

Operon with Cse3-IaaH and Csy4-IaaM downstream 
of tet promoter. Used for indole-3-acetic acid 
production 

Malate production constructs 

CR5
49 

C
a
m 

pLTetO Cse3-
AceA-his - Csy4-
AceE-his 

Operon with Cse3-AceA and Csy4-AceE downstream 
of tet promoter. Used for malate production. AceA 
is the monomer of ICL, AceE is the E1 subunit of 
PDH 

 

All sequences shown in the tables below start from the 5’ at the left and end 

at the 3’ on the right 

Table A.2 RNA sequences used for in vitro scaffold assembly 

in vitro Scaffold Assembly 

Nam
e 5' extension Csy4 hairpin Comments 

A GACACTGGTACAT 
CGTTCACTGCCGTATAGG
CAG A complementary to B 

B ATGTACCAGTGTC 
CGTTCACTGCCGTATAGG
CAG B complementary to A 

C 
GCGTAGTCAATGT
GA 

CGTTCACTGCCGTATAGG
CAG 

C not complementary to 
either 

 

A.2 Scaffold and Trigger RNA sequences used in Chapters 2,3,4 
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Table A.3 scRNA sequences for direct assembly scaffold experiments 

Na

me 

Hybridizati

on region 

#1 

Csy4 

hairpin 

Toeho

ld 

Hybridizati

on Region 

2 Cse3 Hairpin 3' ending 

scC

R_R

egA 

GACACTG

GTACAT 

GTTCACTGC

CGTATAGG

CAGCTAAG

AAA 

AGAA

TAACC

ATGA 

ATGTACCA

GTGTC 

GAGTTCCCC

GCGCCAGCG

GGGATTAAA

CCG 

CATAGCG

CCGATATC

TG 

scC

R_1

9 

GACACTG

GTACATGA

CTTG 

GTTCACTGC

CGTATAGG

CAGCTAAG

AAA 

AGAA

TAACC

ATGA 

CAAGTCAT

GTACCAGT

GTC 

GAGTTCCCC

GCGCCAGCG

GGGATTAAA

CCG 

CATAGCG

CCGATATC

TG 

scC

R_2

6 

GACACTG

GTACATGA

CTTGTAAG

TCA 

GTTCACTGC

CGTATAGG

CAGCTAAG

AAA 

AGAA

TAACC

ATGA 

TGACTTAC

AAGTCAT

GTACCAGT

GTC 

GAGTTCCCC

GCGCCAGCG

GGGATTAAA

CCG 

CATAGCG

CCGATATC

TG 

scC

R_C

T 

GACACTG

GTACAT 

GTTCACTGC

CGTATAGG

CAGCTAAG

AAA 

AGAA

TAACC

ATGA 

ATGTACCA

GTGTC 

GAGTTCCCC

GCGCCAGCG

GGGATTAAA

CCG 

GACACTG

GTACATTC

ATGGTTAT

TCT 

scC

R_S

cra

m 

GACACTG

GTACAT 

GTTCACTGC

CGTATAGG

CAGCTAAG

AAA 

AGAA

TAACC

ATGA 

CGTAGTCA

AGTGT 

GAGTTCCCC

GCGCCAGCG

GGGATTAAA

CCG 

CATAGCG

CCGATATC

TG 

scC

R_T

heo

RBS 

CCTGCTAA

GGAGG 

GTTCACTGC

CGTATAGG

CAGCTAAG

AAA 

GGAT

CCCAT

CTTGT

TG 

CCTCCTTA

GCAGG 

GAGTTCCCC

GCGCCAGCG

GGGATTAAA

CCG 

CATAGCG

CCGATATC

TG 
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Table A.4 Trigger Designs for Scaffold Disassembly 

Name 
Branch Migration 
Region Toehold Region 

Regular Trigger GACACTGGTACAT TCATGGTTATTCT 

Scrambled Toehold 
Trigger GACACTGGTACAT ACGTTAGAACTTC 

Fully Scrambled 
Trigger TAGCTTGGAATAGT 

GCGCCAGCTGGTTAGGAAGCTAATA
GCGCCG 

 

Table A.5 Trigger Designs for Dynamic Cycling 

Trigger Designs for Dynamic Cycling 

Name Branch Migration Region Toehold 1 Toehold 2 

Trigger 
1 GACACTGGTACAT TCATGCTTATTCT TCCCGGTGACCCACTTCC 

Name Toehold 2 Toehold 1 
Branch Migration 
Region 

Trigger 
2 

GGAAGTGGGTCACCGGG
A 

AGAATAAGCATG
A ATGTACCAGTGTC 

 

Table A.6 Theophylline Riboswitch Sequence 

Theophylline Riboswitch Sequence 

Name Theophylline Aptamer 

Ribosomal 
Binding 
Site 

Con
nect
or 

Start 
codo
n 

Downstre
am 
Protein 

Theophyllin
e 
Riboswitch 

GGTGATACCAGCATCGTCTT
GATGCCCTTGGCAGCACCCT
GCT AAGGAGG 

CAA
CAA
G ATG mCherry 
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Table A.7 Trigger-Mediated Assembly scRNA Design 

Name Toehold 
Hybridizatio
n Region 1 

Lin
ker 

Hybridizatio
n Region 2 Cas6 hairpin 

Csy4 
scRNA 
(H1NC) 

AGAATAA
CCATGA 

ATGTACCAG
TGTC 

AA
AA 

GACACTGG
TACATaa 

GTTCACTGCCGTATAG
GCAGCTAAGAAA 

Cse3 
scRNA 
(H2NC) NA NA NA 

ttATGTACC
AGTGTC 

GAGTTCCCCGCGCCAG
CGGGGATTAAACCG 

 

The trigger sequences from Table A.2.2 were used for this portion of the work as 

well. 
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3-D STRUCTURES OF PROTEINS FROM SWISS-MODEL REPOSITORY 

All 3-D images shown below are taken from the SWISS-MODEL repository(Guex and 

Peitsch 1997, Kiefer et al. 2009, Bienert et al. 2017) Dark blue represents the N-

terminus and dark red represents the C-terminus. 

 

Figure B.1 3-D structure of the IaaM enzyme. The N-terminus points away from the 

homodimer interaction area, while the C-terminus points towards 

it.(Gaweska et al. 2013). SMR ID P06617. 

Appendix B 
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Figure B.2 Homology model for IaaH protein. This is a predicted structure based on 

homology sequences produced by the Swiss Model Repository. Based on 

the homology model, the N-terminus appears to be more accessible. 

SMR ID P52831. 
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Figure B.3 PDH monomer 3-D structure based on homologous sequences. SMR ID 

P0AFG8. 
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Figure B.4 Isocitrate lyase homo-4-mer 3-D structure. N-terminus appears to be 

more accessible in this case.(Britton et al. 2001). SMR ID P0A9G6. 


