


ABSTRACT 

Expanding the Mammalian Synthetic Biology Toolbox: 
Orthogonal Regulators and Gene Circuits for Monitoring 

Protein Folding and Degradation 

by 

Yimeng Zeng 

 

Engineering mammalian cells holds great promise for a variety of biomedical 

applications, ranging from the design of model systems to study complex biological 

processes underlying human diseases, to the development of cell-based therapies 

and the production of therapeutic biomolecules. Cell engineering requires 

sophisticated molecular tools that can interface with cellular systems, but also 

provide orthogonal functionalities, to achieve precise control over complex gene 

networks. In an attempt to expand the mammalian synthetic biology toolbox for 

applications in the study of protein misfolding diseases, my research seeks to design 

and construct orthogonal gene regulators and genetic circuits to monitor protein 

folding and degradation.  

To develop a cell-based sensor for monitoring protein aggregation, I 

engineered a split transcriptional repressor that links protein aggregation to 

expression of an easily detectable reporter. I designed a set of two-fragment 

tetracycline repressor (TetR) variants that can function as transcriptional AND gates 



in both bacteria and mammalian cells. I built a protein solubility sensor by co-

expressing the large “detector” fragment of the split TetR and a small “sensor” 

fragment fused to the target protein, and demonstrated that protein aggregation can 

be detected by monitoring complementation between the “detector” and “sensor” 

fragments. This split TetR represents a novel genetic component that can be used in 

bacterial as well as mammalian synthetic biology and a much-needed cell-based 

sensor for monitoring protein conformation in complex cellular environments. 

To develop a tunable, hysteretic sensor for detection of proteasomal 

degradation, I built a genetic circuit (Hys-Deg) based on a self-activation loop 

consisting of a tetracycline-controlled transactivator (tTA) variant engineered to 

interface with the ubiquitin proteasome system (UPS). Guided by predictive 

modeling, I demonstrated that control of the hysteretic response is achieved by 

modulating the ratio of expression of constitutive to inducible tTA that generates 

the self-activation loop. I also showed that the system can be finely tuned through 

dosage of tetracycline to calibrate the circuit for detection of desired levels of UPS 

activation. This study establishes the design rules for building a hysteretic circuit 

with an autoregulatory feedback loop and provides a synthetic memory module that 

can be integrated into regulatory gene networks to study and engineer complex 

cellular behaviors.  
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aTc anhydro-tetracycline 
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SEAP secreted embryonic alkaline phosphatase 

sTetR split tetracycline repressor 
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TetR tetracycline repressor 

TO tetracycline operator 

tTA tetracycline-controlled transactivator 

UPS Ubiquitin Proteasome System 

VP16 virion protein 16 
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Chapter 1 

Introduction 

Engineering mammalian cells holds great promise for a variety of biomedical 

applications, ranging from the design of model systems to study complex biological 

processes underlying human diseases, to the development of cell-based therapies 

and the production of therapeutic biomolecules [1]–[3]. Emerging technologies in 

gene synthesis and sequencing and genome editing have rapidly advanced the 

development of synthetic biology tools for cellular reprogramming. Synthetic 

biology aims at understanding and programming behaviors of cells and organisms. 

Cells are complex systems composed of integrated networks of thousands of 

molecular components, regulated by gene expression modules and genetic circuits 

[4]. Current efforts in synthetic biology aim at modifying existing gene regulatory 

elements to create new genetic parts displaying novel DNA-binding and sensing 

capabilities [5]. Research in synthetic biology has led to the development of tools to 

control complex gene networks and metabolic pathways [6]. However, to solve 
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more complex problems in applied life sciences and biomedicine, new synthetic 

biological parts that can interface with cellular systems, but also provide orthogonal 

functionalities, are required for construction of larger-scale networks. This study 

focuses on the development of synthetic biology tools to investigate protein folding 

and degradation in mammalian cells. 

Protein misfolding and aggregation are the hallmarks of a number of 

neurodegenerative diseases, such as Parkinson’s, Huntington’s, and Alzheimer’s 

diseases [7]–[9]. A sophisticated degradation machinery for clearance of misfolded 

proteins and protein aggregates prevents accumulation of these non-native 

conformations [10], [11]. Inefficient degradation and accumulation of non-native 

protein intermediates are associated with the cellular pathogenesis of many human 

diseases. Therefore, the ability to monitor protein folding and degradation within 

the cellular environment is key to investigating the molecular mechanisms 

underlying the formation of off-pathway protein aggregates associated with the 

development of diseases, and testing therapeutic strategies aimed at preventing the 

accumulation of non-native protein conformations. 

In the following sections, I discuss current technologies for studying protein 

folding and degradation and highlight their limitations. I also discuss advances in 

mammalian synthetic biology and the use of synthetic biology tools for investigating 

complex cellular behaviors, such as protein degradation. Specifically, I provide an 

overview of gene regulatory elements and different architectures of genetic circuit 

topologies. 
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1.1. Technologies for studying protein misfolding and 

degradation 

1.1.1. Technologies for studying protein misfolding 

Newly synthesized proteins fold three-dimensionally into their native 

structure – a thermodynamically stable conformation, which is required for 

biological function. Numerous biological stresses, ranging from genetic mutations 

that lower the stability of the native conformation to aging-associated dysfunction of 

quality control systems, can lead to changes in protein conformation. Cellular 

protein folding is facilitated by molecular chaperones and folding catalysts [12]. 

However, failure of such regulatory mechanisms, can lead to accumulation of 

misfolded proteins [13]. Accumulation of misfolded proteins eventually results in 

the formation of insoluble protein aggregates, which is potentially toxic to the cells 

and can lead to disease development [14] (Figure 1.1). 

A number of in vitro techniques have been developed to characterize 

misfolded and aggregation-prone proteins [15]. These in vitro methods are mainly 

based on the analysis of purified proteins and are primarily used to study 

prefibrillar aggregates and amyloid fibrils. 
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Small molecules that bind to specific structures within protein aggregates 

have been used to characterize protein aggregation. These molecular probes 

typically consists of small molecules that display a change in fluorescent properties 

or absorbance shift upon binding to prefibrillar aggregates and amyloid fibrils, and 

can be used to detect, and in some cases quantify, protein aggregates [15]. For 

instance, the small molecule dye Thioflavin T is widely used to characterize fibrillar 

protein aggregates with β-sheet groove structures [16]. Congo Red is commonly 

used to identify amyloid fibrils [17]. However, dye binding assays provide very poor 

detection of prefibrillar oligomers, due to the lack of small molecule dyes binding 

preferentially to these conformations. Conformation-specific antibodies are also 

Figure 1.1 Schematic illustration of protein folding, misfolding, and aggregation. 
Figure adapted from Gregoire, Irwin and Kwon, 2012 [15]. 
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used to detect different protein aggregate conformations [17]–[19]. Nevertheless, 

these antibodies cannot be used for characterization of protein aggregation 

modulators, as extrinsic compounds modulating protein aggregation typically alter 

the assay’s sensitivity [20]–[22]. Small molecule dyes and conformation-specific 

antibodies are highly conformation-dependent, and the mechanism of binding to a 

specific protein conformation is typically not characterized. 

Microscopy-based techniques have also been used to monitor protein 

aggregates in vitro [23]–[25]. For example, transmission electron microscopy (TEM) 

and atomic force microscopy (AFM) are commonly used to characterize protein 

aggregates. TEM is used to monitor large fibrils, but not suitable to provide high-

resolution information of small conformers [26]. AFM is suited to characterize small 

prefibrillar aggregates, but involves time consuming steps in sample preparation 

[27]. 

A number of methods based on genetic approaches and engineered reporter 

proteins have also been developed to monitor protein misfolding and aggregation in 

cells. Fusion proteins consisting of a target, aggregation-prone protein and a 

reporter protein are used to establish a correlation between aggregation of the 

target protein and the activity of the reporter. The reporter protein is expected to 

function as a folding sensor of the target protein, resulting in a reporter output 

signal that is proportional to the amount of target protein that accumulates in 

soluble, folded state [28], [29]. Similarly, when enzyme reporters are expressed as 

fusions to aggregation-prone proteins, enzymatic activity provides a quantitative 
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measurement of the target protein solubility in cells [30]–[32]. These systems, 

however, are plagued by high rate of false positive results due to detection of the 

reporter that is folded and functional even upon misfolding and, possibly, 

aggregation of the target protein [33], [34]. Alternative approaches based on 

complementation of split reporter proteins have been used to overcome some of 

these limitations. GFP complementation assays, for instance, are based on 

expression of a smaller GFP fragment that functions as a solubility “sensor” fused to 

the protein of interest and a larger GFP fragment that functions as a “detector” and 

is constitutively expressed [35], [36]. Aggregation of the protein of interest in this 

expression system reduces the soluble concentration of the smaller GFP fragment 

available to complement with the larger GFP fragment. The reporter signal is thus a 

measurement of protein solubility. This approach has been successfully used to 

detect the aggregation of proteins in situ, such as tau [37], [38] and -synuclein [39]. 

Protein solubility can also be measured using split enzymes, such as -galactosidase 

(-gal) [34]. Similar to the split GFP system, the activity of split -gal depends upon 

the complementation of each -gal fragment and is a measurement of the solubility 

of the target protein. However, sensitivity and dynamic range of these split reporter 

assays are limited by the concentration of the target protein that is in soluble form, 

which controls the concentration of the “sensor” fragment available to complement 

with the “detector” fragment. 
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1.1.2. Technologies for studying protein degradation 

Protein degradation plays an important role in maintaining protein 

homeostasis, regulating the half-lives of stable, native folded proteins, and 

mediating degradation of damaged and misfolded proteins [10], [11]. The Ubiquitin 

Proteasome System (UPS) is the main pathway that mediates degradation of 

proteins in eukaryotes [40], [41]. Protein degradation via the UPS involves tagging 

of substrates with ubiquitin and subsequent degradation of the substrate through 

the proteasome (Figure 1.2). Ubiquitination proceeds via covalent modification of 

substrates through three steps: i) activation of ubiquitin catalyzed by an E1 

ubiquitin activating enzyme, ii) transfer of the activated ubiquitin to a ubiquitin-

conjugating E2 enzyme, and iii) recognition of the substrate by an E3 ligase. The 

ubiquitinated protein substrate is subsequently targeted to the proteasome for 

degradation. The proteasome is composed of a 20S proteolytic core mediating 

protein hydrolysis and two caps of 19S regulatory particles mediating de-

ubiquitination and isolating the hydrolytic chamber from the cellular environment 

[41]. Upregulation of proteasomal degradation was reported to promote clearance 

of misfolded proteins and toxic protein aggregates [42]–[46], implicating the UPS as 

a potential therapeutic target for the treatment of protein misfolding diseases. 
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Conventional in vitro methods to monitor proteasomal degradation rely on 

direct measurements of proteasome activity. In these methods, purified proteasome 

components are prepared from cell extracts and separated via chromatography or 

native gel electrophoresis [47], [48]. Fluorescently tagged substrates specific for 

protease active sites of the proteasome are typically used to characterize purified 

proteasome components [49]. Upon cleavage by specific proteasomal active sites, 

Figure 1.2 The Ubiquitin Proteasome System (UPS). The UPS is a complex pathway 
that involves labeling proteins targeted for degradation through the proteasome with 
ubiquitin. Ubiquitination proceeds via i) activation of ubiquitin by a E1 ubiquitin 
activating enzyme, ii) transfer of the ubiquitin to a ubiquitin-conjugating E2 enzyme, and 
iii) recognition of the substrate by an E3 ligase. The proteasome is composed of a 20S 
proteolytic core mediating protein hydrolysis and two caps of 19S regulatory particles 
mediating de-ubiquitination and isolating the hydrolytic chamber from the cellular 
environment. 
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the fluorogenic substrate displays an increased fluorescence, which is an indication 

of proteasome activity. Immunological methods, such as Enzyme-linked 

Immunosorbent Assays (ELISA), have also been used to quantify purified 

proteasome subunits in cell extracts and lysates [50], [51]. However, methods based 

on analyzing isolated UPS components rather than intact systems fail to recapitulate 

the complex cellular milieu and provide an accurate measurement of proteasomal 

function in cells. 

Recently developed techniques to monitor proteasomal degradation in living 

cells have emerged as improved tools to investigate the UPS. Active site-directed 

probes based on irreversible proteasome inhibitors modified with analytical 

handles, such as radiolabels, fluorescent dyes, and biotin, have been used to monitor 

proteasome activity in cells [52]. These site-specific activity probes allow assessing 

proteasome activity via gel-based profiling, confocal microscopy and flow cytometry 

[53]. Bioluminescent imaging has also emerged as an improved tool for monitoring 

UPS activity in living cells and in vivo [10]. For instance, exogenously expressed 

luminogenic proteasome probes can be delivered into cells; processing by specific 

proteasomal subunits results in changes in the probe luminescence signal, allowing 

quantification of proteasomal activity of whole cells [54]. Ubiquitin fusion 

substrates based on firefly luciferase, GFP, or -lactamase as reporters have also 

been implemented to characterize proteasome inhibitors [55]–[57]. In addition, 

novel degron-based substrates have been designed to investigate proteasomal 

degradation in cells and in vivo. Specifically, fusion protein consisting of a 

fluorescent reporter and a degradation signaling sequence (degron), such as the CL1 
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degron [58], [59] and the ornithine decarboxylase (ODC) degron [60], [61], allows 

establishing a correlation between reporter fluorescence and proteasome activity. 

However, upregulation of proteasomal degradation is negatively correlated with the 

output signal of these reporter fusion proteins [62], making the degron-based 

assays not ideal for high-throughput applications. To overcome these limitations, a 

cell-based platform (the Deg-On system) relying on the use of a genetic inverter that 

can translate enhancement of proteasomal degradation into an increased 

fluorescent signal was recently developed [63]. 

1.2. Synthetic biology toolbox in mammalian cells 

Synthetic gene circuits and networks are commonly used to investigate 

important biological processes and to build new biological devices and systems that 

can program cells and organisms for innovative therapeutic applications [64]. 

Genetic circuits and networks execute their function upon assembly of gene 

regulatory parts. Basic synthetic biology parts include tools for transcriptional 

regulation, translational regulation, and post-translational regulation. The 

combination of these tools imparts novel functionalities to synthetic circuits and 

networks [5]. 

1.2.1. Tools to control gene expression 

Transcriptional regulation. Genetic circuits regulated by transcription 

factors comprise the largest family of mammalian synthetic circuits to date. 

Transcription factors are composed of DNA-binding domains and transcriptional 
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regulation domains. Transcriptional regulation domains include domains inducing 

activation and repression of gene expression, which mediate positive and negative 

regulation of target genes, respectively [5] (Figure 1.3A). 

Transcriptional regulation can be achieved by introducing promoter and 

transcription factor pairs orthogonal to the host native regulatory pathways [64]. 

Naturally occurring transcription factors derived from heterologous hosts and 

promoters containing the cognate transcription factor-binding sequences are widely 

used. Bacterial transcription factors of the tetracycline repressor (TetR) family, for 

instance, enable tight control of gene expression in mammalian cells [65], [66]. The 

yeast-derived GAL4 activator also functions as a transcriptional activator in 

mammalian cells [67], [68]. The DNA-binding domain of these transcription factors 

is typically regulated by small molecules (inducers), thus facilitating modulation of 

gene expression [66], [69]. 
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Figure 1.3 Gene regulatory elements in mammalian cells. (A) Transcriptional 
regulation tools. Naturally occurring and synthetic trancriptional regualtors, including 
repressors and activators, bind to regualtory sequences to control DNA transcription. 
(B) Translational regulation tools. Artificial ribozymes that respond to small molecules 
or proteins can degrade the target RNA; miRNAs can repress the translation of 
complementary mRNA transcripts. (C) Post-translational regulation tools. Fusion to a 
degron tag promotes proteasomal degradation of target proteins thorugh 
ubiquitination. Figure adapted from Lienert et al. 2014 [5]. 
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New transcriptional regulators presenting novel ligand and DNA-binding 

specificities are required to build complex genetic circuits. Programmable 

transcription factors such as the zinc-finger-containing factors [70], and the 

transcription activator-like effectors (TALEs) [71], are highly customizable and can 

be designed to bind to specific DNA sequences. However, the design of zinc-fingers 

is complex, and requires construction and interrogation of large randomized 

libraries [72]. Cloning of TALEs is challenging due to the presence of sequence 

repeats in the DNA-binding domain, and delivery of TALEs into host genomes is 

difficult due to the large size of the TALE DNA sequences [73]. Clustered regularly 

interspaced short palindromic repeats (CRISPR)-based regulators have recently 

emerged as improved transcriptional regulatory tools [74], [75]. Gene regulation 

with CRISPR-based regulators is achieved through DNA cleavage by Cas9, a DNA 

endonuclease that is targeted to the gene of interest by a short guide RNA (sgRNA) 

complementary to the promoter region [76]. Because they target DNA through RNA 

molecules instead of protein domains, CRISPR-based transcription factors are more 

versatile and easier to manipulate. 

Translational regulation tools. Classic translational regulation usually 

relies on the control of ribosome recruitment, which is achieved by engineering the 

ribosome-binding sites. Translational regulatory mechanisms based on RNA 

effectors have been widely explored (Figure 1.3B). Artificial ribozymes that can 

silence or degrade pre-existing mRNA upon binding to small molecules or small 

interfering RNA have also been used to regulate protein translation [77]. Protein-

driven translational regulatory systems based on RNA-binding proteins that can 
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recognize specific RNA target motifs have been used to simultaneously repress and 

activate the translation of two different transcripts [78], [79]. In addition, 

microRNAs (miRNAs) have been used to repress the translation of target mRNA 

transcripts with complementary sequences [80]–[82]. Translational regulation 

achieved with these RNA-based tools typically occur over fast time scales [5]. 

Furthermore, combining translational and transcriptional regulation can lead to 

near complete control of the expression of the target gene [83]. 

Post-translational regulation tools. Post-translational regulation, including 

post-translational modifications, such as phosphorylation, lipidation, glycosylation, 

or ubiquitination, and proteolysis, allows for rapid and robust regulation of genetic 

circuits (Figure 1.3C). Protein-protein interactions have been explored to generate 

switchable systems [39], [84]. Altering protein stability is also an effective way to 

regulate protein activity post-translationally. For example, fusion of a proteasome-

interacting domain to a target protein results in recognition of the target protein by 

an E3 ubiquitin ligase and degradation through the ubiquitin proteasome system 

[41]. Post-translational regulation is considered to be more rapid than 

transcriptional and translational regulation. The need to genetically manipulate the 

target protein to introduce post-translational regulation, possibly altering the native 

protein function, has limited the use of these tools. To overcome these limitations, a 

bifunctional molecule (NanoDeg) consisting of a molecular recognition unit fused to 

a degron signal was recently reported [85]. 
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1.2.2. Prototypes of basic gene circuits 

Gene expression modules are the building blocks of gene circuits. 

Sophisticated gene networks established by rational and systematic assembly of 

genetic circuits with different topologies enable translation of input information 

into a specific output, serving as biocomputers to program cellular behaviors [79], 

[86]. A number of gene circuit architectures have been developed, providing a 

standardized toolkit for the design of complex networks [4]. 

Genetic logic gates. Construction of genetic logic gates are reminiscent of 

electronic circuits. A variety of genetic logic gates have been constructed in 

mammalian cells. AND logic gates generate an output signal only in the presence of 

all inputs, and are typically programmed using two-hybrid and split proteins [87], or 

serial activation of input-specific targets [88], [89]. OR logic gates generate an 

output in the presence of either input, and are typically driven by multiple activator-

specific promoters [90]. NOT logic gates are genetic inverters designed by linking 

the input signal to a negative regulator of the output [63]. Layering different basic 

logic gates can give rise to any computing algorithm. For example, an AND gate can 

be inverted to execute a NAND gate, whereas an OR gate can be inverted to generate 

the NOR logic [90]. In addition, AND and NOT gates can be assembled to form XOR 

(exclusive OR) gates [91]. Genetic logic gates implementing Boolean functions can 

be rationally assembled to incorporate digital logic in biological science and 

integrate multiple inputs to into a smaller number of outputs [92]. 
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Memory modules. Cellular memory is achieved by generating an extended 

response to a transient perturbation [93]. Synthetic memory devices enable 

engineered cells to detect transient biological behaviors and achieve sustained 

protein production in the absence of inducers [94]. Epigenetic bistable switches 

relying on mutually repressible gene expressions have been developed to create 

long-lasting memory devices [95]. Bistable toggle switches are characterized by the 

ability to switch between two distinct steady states [96]. The presence of a stimulus 

evokes a functional reaction switching the system from an arbitrary default state to 

an induced state, which is maintained until an antagonizing stimulus switches the 

system back to the default state [97]. This characteristic of bistable switches enables 

the genetic device to remain in the induced state after removal of the stimulus, 

generating cellular memory of the stimulus. Positive autoregulatory feedback loops 

have also been used to achieve cellular memory [97], [98], owing to their ability to 

amplify reporter signals and generate bistability.
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Chapter 2 

Objectives 

The combination of different gene regulation tools and the construction of 

synthetic gene circuits have great potential to advance the understanding of 

biological principles and engineering of living cells. Large-scale networks arising 

from orthogonal synthetic biological parts that can display novel sensing 

capabilities are required to solve complex problems for biomedical applications. Not 

surprisingly, the limited availability of synthetic biological parts is currently 

hampering advances in mammalian synthetic biology. 

The overall goal of this research is to expand the mammalian synthetic 

biology toolbox for monitoring protein folding and degradation, which could 

ultimately improve the understanding of cellular pathogenesis of protein misfolding 

diseases and facilitate investigation of therapeutic approaches. Specifically, this 

study focuses on designing and constructing orthogonal gene regulators and genetic 
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circuits to monitor protein folding and degradation. This goal was achieved by 

completing the following specific objectives: 

Objective 1: Engineer a split transcriptional repressor to monitor 

protein aggregation. The development of rapid and reliable tools for monitoring 

the aggregation of proteins within the cellular environment is critically important to 

study the cellular pathogenesis of protein misfolding diseases and investigate 

therapeutic approaches. The goal of this study was to develop a cell-based sensor 

for monitoring protein aggregation. I investigated the use of a transcriptional AND 

gate system based on complementation of a split transcription factor. This goal was 

achieved by engineering a split transcriptional repressor that can link the 

aggregation propensity of a target protein to the expression of an easily detectable 

reporter. Results from this study provided a novel genetic component that can be 

integrated within synthetic gene circuits to yield AND logic behaviors. This study 

also generated a cell-based platform for quantifying protein aggregation in 

mammalian cells. 

Objective 2: Develop a hysteretic genetic circuit to detect proteasomal 

degradation. Synthetic hysteretic mammalian gene circuits generating sustained 

cellular responses to transient perturbations provide important tools to investigate 

complex cellular behaviors and reprogram cells. The design rules of synthetic gene 

circuits with controlled hysteretic behaviors, however, remain uncharacterized. The 

goal of this study was to develop a tunable technology for detection of proteasomal 

degradation and to identify the criteria for achieving predictable control of 
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hysteresis. This goal was achieved by designing a genetic circuit based on a self-

activation loop that interfaces with the proteasomal degradation machinery. I also 

investigated the hysteretic response of the genetic circuit by altering the expression 

level of relevant circuit components. Results of this study established design rules 

for constructing a hysteretic circuit with an autoregulatory feedback loop and 

provide an orthogonal memory module that can be used to study and engineer 

complex cellular behaviors in mammalian cells.
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Chapter 3 

A Split Transcriptional Repressor That 
Links Protein Solubility to an 

Orthogonal Genetic Circuit 

This work is published in ACS Synthetic Biology (Zeng, Y., et al. A split 

transcriptional repressor that links protein solubility to an orthogonal genetic circuit. 

ACS Synth. Biol. 2018, 7 (9), 2126–2138.). 

3.1. Introduction 

The establishment of rapid and reliable techniques for assessing protein 

solubility is of vital importance to studying fundamental mechanisms of protein 

homeostasis, discovering therapeutics for protein misfolding diseases, and 

obtaining desired yields of high-value recombinant proteins. Protein aggregation 

arising from misfolding is associated with the cellular pathogenesis of numerous 
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human diseases, such as Parkinson’s, Huntington’s, and Alzheimer’s diseases [7]–

[9]. While a number of misfolding and aggregation-prone proteins have been 

characterized [12], [99], we lack reliable high-throughput methods to quantify how 

diverse genetic and chemical treatments affect the formation of these off-pathway 

aggregates in situ. Similarly, it remains challenging to study how protein aggregation 

events that are intimately associated with the regulation of cellular homeostasis are 

influenced by genetic background and cellular environment, such as protein 

aggregates that play a role in cell signaling and regulation [100]–[102]. 

Furthermore, the accumulation of off-pathway protein aggregates often plagues the 

production of recombinant proteins[103]. This aggregation can limit the yields of 

high value protein therapeutics for biotechnology and pharmaceutical applications, 

such as monoclonal antibodies and vaccines [104], [105], and require significant 

optimization to identify conditions that maximize yields. 

A wide range of tools has been developed for monitoring protein aggregation 

in situ, but existing approaches remain limited in their sensitivity, reliability, and 

modularity. For instance, antibodies can be used to monitor protein aggregation in 

living cells [106], [107], provided that they are sufficiently specific against the 

desired epitope [108], [109]. While antibodies specific to different conformational 

states of disease-associated proteins have been developed, immunohistochemistry 

only provides a static snapshot of aggregation [110]. Immunohistochemistry 

approaches are also low throughput, limiting their applications in screens for 

therapeutics. Genetic strategies for monitoring aggregation overcome some of these 

limitations. By expressing aggregation-prone proteins as fusions to fluorescent 
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reporters, such as the green fluorescent protein (GFP), reporter folding and 

fluorescence can be used as a dynamic proxy for a protein’s solubility in living cells 

[28], [29]. However, fusion of large, stable reporter proteins can perturb the folding 

and solubility of the protein of interest. In addition, this approach is not effective at 

reporting when the kinetics of aggregation is slower than GFP chromophore 

formation. As discussed in the Introduction, split GFP complementation strategies 

were explored to overcome the limitation of classic GFP-fusion reporter systems 

[35], [36]. Specifically, a small GFP fragment that functions as a solubility sensor is 

fused to the protein of interest and co-expressed with the larger, “detector” 

fragment. Protein aggregation in this expression system controls the soluble 

concentration of the smaller GFP fragment available to complement with the larger 

GFP fragment. This split protein approach has been successfully used to monitor the 

solubility of various disease associated proteins in situ, such as tau [37], [38] and -

synuclein [39]. However, the assay’s sensitivity is limited by the concentration of the 

protein of interest that is present in soluble form, which controls the concentration 

of the “sensor” GFP fragment available to complement with the “detector” fragment, 

and the dynamic range of the fluorescent signal. 

In synthetic biology, cells can be programed to generate robust and tunable 

reporter outputs (e.g., GFP signals) by creating genetic circuits that sense specific 

environmental conditions. With some design goals, natural proteins can be used to 

construct these genetic circuits. Many design goals, however, require the 

development of new transcriptional regulators that are engineered to display novel 

DNA-binding and sensing capabilities. Ligand and DNA-binding specificity has been 
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diversified through a wide range of rational design and laboratory evolution 

approaches [70], [71], [76], [111], [112]. In addition, new sensing capabilities have 

been developed by subjecting transcription factors to protein fragmentation. For 

example, the T7 RNA polymerase has been fragmented to create bipartite proteins 

that require fragment association to generate a transcriptional output [87], [113]. 

Similar to the split GFP used to monitor protein aggregation [39], the signal 

generated by two-fragment transcription factors depends upon the concentration of 

each fragment produced, suggesting that the activity of these split proteins could be 

regulated through fusion to aggregation-prone proteins, similar to that achieved 

with synthetic transcription factors in yeast [114]. 

In this study, I describe the development of a ligand-dependent split 

transcriptional regulator, whose DNA repression is inversely correlated with 

protein aggregation in living cells (Figure 3.1). I first used transposon mutagenesis 

to create combinatorial libraries expressing split tetracycline repressor (sTetR) 

proteins as fusions to two different pairs of interacting peptides in E. coli, and I 

employed a bacterial genetic circuit to screen for active sTetR. I then identified 

sTetR that can be used as genetic AND gates in E. coli and mammalian cells, and I 

characterized the response of these proteins induction with anhydro-tetracycline 

(aTc) and tetracycline (Tc). Among the sTetR presenting strong repression, I 

adapted the variant arising from peptide backbone fission proximal to the C-

terminus as a solubility sensor. I show that when the smaller fragment of this sTetR 
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is fused to proteins that are prone to aggregation, this transcriptional regulator 

yields a genetic output that is proportional to protein aggregation.  

3.2. Results 

3.2.1. Isolation of active two-fragment TetR 

To identify split TetR (sTetR) whose fragments require association to 

generate a functional transcriptional regulator, I constructed a library of randomly 

fragmented TetR variants and expressed these as fusions to a pair of interacting 

peptides (IAAL-E3 and IAAL-K3) designed to associate into a parallel coiled coil with 

Figure 3.1 Scheme illustrating the design of a solubility sensor. A protein of interest 
(POI) is fused to the C-terminus of the smaller fragment of the split transcription factor 
(TF2). When the protein of interest is soluble, the two fragments of the split transcription 
factor (TF1 and TF2) can complement into a functional transcription factor and repress 
the expression of the reporter output. Aggregation of the fusion protein precludes 
accessibility of the smaller fragment to the larger fragment, thus preventing fragment 
complementation and resulting in activation of the reporter output expression. 
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high affinity (KD = 70 nM) [115], [116]. This “TetR-EK library” was created using a 

previously described transposon mutagenesis method [117], which creates 

sequence diversity by randomly inserting a transposon at different positions within 

the target gene sequence. The vector library was designed to express the TetR 

fragments independently under the control of the tac and T7 promoters, 

respectively (Figure 3.2). In these vectors, the gene encoding the IAAL-E3 peptide is 

placed upstream of the fission site, resulting in an ORF that encodes a fusion of the 

IAAL-E3 peptide to the C-terminus of the first TetR fragment, while the gene 

encoding the IAAL-K3 peptide is downstream of the fission site, resulting in an ORF 

that encodes a fusion of the IAAL-K3 peptide to the N-terminus of the second TetR 

fragment [116]. Each synthetic peptide was fused using a 12-residue glycine-rich 

linker [116].  

Figure 3.2 Schematic representation of the sTetR expression system. The 
transcription of the first and second fragments of sTetR is controlled by the IPTG-
inducible tac and T7 promoters, respectively. Both fragments are repressed by the lac 
repressor. Fragment complementation results in formation of a functional repressor 
that binds to the tetracycline operator (TO) within the PLtet promoter and represses the 
expression of YFP. Addition of anhydro-tetracycline (aTc) results in displacement of 
sTetR from TO and activation of YFP expression. 
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To isolate sTetR variants that retain the ability to function as repressors in 

cells, I built a screening system (Figure 3.3A) that uses the tetracycline-inducible 

promoter PLtet to control the expression of the yellow fluorescent protein (YFP). 

YFP expression from this vector (pLtet-YFP) is repressed by TetR, which binds to 

the tetracycline operator (TO) within the PLtet promoter [118], and is induced upon 

addition of aTc addition, which results in displacement of TetR from TO [119]. The 

screening system was tested by co-transforming E. coli CS50 cells with pLtet-YFP 

and a vector for expression of TetR under the control of the tac promoter (pTAC-

TetR). YFP fluorescence of the resulting strain was compared to that of cells 

transformed with pLtet-YFP and an empty vector (pTAC). The YFP fluorescence of 

cells expressing TetR was ~20% of that of cells lacking TetR (Figure 3.3B, p < 

0.001). Addition of aTc significantly increased YFP fluorescence in cells transformed 

with pTAC-TetR (Figure 3.3B, p < 0.001), while it did not affect the fluorescence of 

cells harboring the control plasmid. YFP fluorescence was not significantly affected 

by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG), which induces TetR 

expression. This finding suggests that the tac promoter controlling TetR expression 

is leaky as previously observed [120]. The coefficient of variance (CV) of the YFP 

fluorescence signal of cells harboring pLtet-YFP in this plasmid-based expression 

system was found to be high (~12%) and suboptimal for library screening. 
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Figure 3.3 An expression system to screen for transcriptional repression. (A) 
Schematic representation of the expression system used to isolate sTetR variants. The 
expression of TetR is controlled by the IPTG inducible tac promoter and repressed by 
the Lac repressor. TetR binds to the tetracycline operator (TO) within the PLtet promoter 
and represses the expression of YFP. Addition of anhydro-tetracycline (aTc) results in 
displacement of TetR from TO and activation of YFP expression. (B) TetR-mediated 
control of plasmid-encoded YFP. Fluorescence of E. coli CS50 cells co-transformed for 
the expression of YFP and TetR, and grown in the presence of IPTG (0.01 and 0.05 mM) 
and aTc (200 ng/mL). Relative fluorescence values were calculated by normalizing the 
YFP fluorescence intensity of each sample to that of cells lacking TetR (pTAC, 0 mM 
IPTG). Data are presented as mean ± s.d. (n = 8, p < 0.001, two tailed t-test). (C) TetR-
mediated control of YFP expression upon chromosomal integration of the YFP gene. 
Fluorescence of E. coli CS50-YFP cells transformed for the expression of TetR. Relative 
fluorescence values were calculated as described in (B). Data are presented as mean ± 
s.d. (n = 8, p < 0.001, two tailed t-test). 
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To minimize the variability of the YFP signal, the PLtet-YFP fusion was 

chromosomally integrated to generate the strain E. coli CS50-YFP. This strain 

presented YFP fluorescence that was significantly higher than the unmodified 

parental strain, and a CV (~8%) that was 50% lower than that measured using the 

plasmid-encoded reporter (Figure 3.3C). When this strain was transformed with 

pTAC-TetR, the YFP signal decreased to ~10% of that of cells harboring an empty 

vector (Figure 3.3C, p < 0.001). As observed with the plasmid-based screen system, 

addition of IPTG did not further enhance YFP repression. Moreover, addition aTc 

increased the YFP fluorescence of cells transformed with pTAC-TetR (Figure 3.3C, p 

< 0.001), but it did not affect the fluorescence of cells containing the vector control 

(pTAC). Dual treatment with IPTG and aTc decreased the whole cell YFP 

fluorescence of cells containing pTAC-TetR, confirming that YFP expression depends 

on TetR levels. 

To identify sTetR variants that retain activity, I screened the TetR-EK library 

for variants that decreased the YFP fluorescence of CS50-YFP cells. Single colonies 

(n = 720) of CS50-YFP cells transformed with the library were inoculated into LB 

liquid cultures containing ampicillin. Upon reaching stationary phase, cultures were 

diluted 1:10 into LB containing 10 μM IPTG, and cells were grown for 4 hours. YFP 

fluorescence and cell density were monitored using a plate reader, and cell 

fluorescence was normalized by cell density to account for variability in the cellular 

growth rate. IPTG was added to ensure detection of sTetR variants that exhibit a 

weaker DNA binding affinity than the parental TetR. Through this screening 

approach, a large number of clones (14%) presenting a YFP signal ≥5 lower than 
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that of cells lacking TetR were identified (Figure 3.4). Sequencing 97 clones 

revealed 3 unique variants that arose from peptide backbone fission after the 

codons encoding residues 180 (180-EK), 184 (184-EK) and 193 (193-EK). These 

three fission sites were all found to be within the regulatory core domain, and, more 

specifically, within the turn that connects helices α9 and α10 (180-EK), and within 

helix α10 (184-EK and 193-EK) (Figure 3.5) [121]. 
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Figure 3.4 Screening of the TetR-EK library. Fluorescence of E. coli CS50-YFP cells 
expressing the TetR-EK library grown in the presence of IPTG (10μM). Relative 
fluorescence values were calculated by normalizing YFP fluorescence intensity of each 
sample to that of cells lacking TetR. Relative fluorescence of cells expressing parental 
TetR is shown as a blue line, and relative fluorescence of cells not expressing TetR is 
shown as a red line. Clones displaying YFP signal ≥5 lower than that of cells lacking 
TetR (below the dashed black line) were selected. 

Figure 3.5 Fission sites of active sTetR variants. Fission sites of active sTetR variants 
were mapped onto TetR structure (PDB 4AC0). The first and second fragments of sTetR 
are shown in blue and red, respectively. The linker that is disordered in the TetR 
structure is shown as a dashed line. 

180-EK 184-EK 193-EK
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3.2.2. Characterizing sTetR repression 

To better understand the activity of the sTetR variants identified by 

screening the TetR-EK library, I evaluated the effects of IPTG and aTc on the activity 

of each variant in CS50-YFP cells. In the absence of both inducers, the expression of 

all three sTetR variants decreased YFP fluorescence to ~10% of the signal displayed 

in cells without TetR (Figure 3.6A, p < 0.001). This level of repression is comparable 

to that of cells expressing the parental TetR. IPTG-mediated induction of sTetR 

expression did not further decrease the YFP fluorescence. Addition of aTc increased 

YFP florescence 5.7 to 7.5-fold, indicating that the sTetR variants function as aTc-

dependent repressors (Figure 3.6A, p < 0.001). With variants 184-EK and 193-EK, 

the increase in YFP signal upon addition of aTc was significantly higher than that 

observed with cells expressing TetR (Figure 3.6A, p < 0.001). In the presence of 

IPTG, aTc led to derepression of all three sTetR variants, albeit to a lesser extent 

than that observed with cells treated only with aTc, suggesting that the different 

aTc-bound sTetR exhibit non-specific binding to TO, as previously reported with 

full-length TetR [63], [66]. Moreover, all three sTetR presented aTc-induced 

derepression (+IPTG) that was significantly higher than cells expressing the 

parental TetR (Figure 3.6A, p < 0.001). These results may be due to a reduced level 

of non-specific binding of sTetR to TO compared to TetR under the experimental 

conditions of this study. 
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To test the role that the IAAL-E3/IAAL-K3 peptides play in mediating TetR-

fragment complementation, I generated vectors that express only one of the sTetR 

fragments as a fusion to a peptide. Specifically, the first TetR fragment was 

expressed alone, while the second TetR fragment was expressed as fusion to the 

Figure 3.6 Functional sTetR variants identified in the TetR-EK library. (A) 
Fluorescence of E. coli CS50-YFP cells containing an empty vector (-) and E. coli CS50-
YFP cells expressing TetR or sTetR variants identified in the TetR-EK library grown in 
the presence and absence of IPTG (10 μM) and aTc (200 ng/mL). Relative fluorescence 
values were calculated by normalizing the YFP fluorescence intensity to that of cells 
lacking TetR (-). (B) Fluorescence of E. coli CS50-YFP cells containing an empty vector 
(-) and E. coli CS50-YFP cells expressing TetR and the sTetR variants reported in (A) but 
with the first TetR fragment lacking the IAAL-E3 peptide. Relative fluorescence was 
calculated as described in (A). All data are presented as mean ± s.d. (n = 12, p < 0.001, 
two tailed t-test). 
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IAAL-K3 peptide. This peptide was retained at the N-terminus of the second TetR 

fragment to avoid changes in the genetic context and strength of the RBS used to 

initiate translation [122]. In the absence of inducers, CS50-YFP cells transformed 

with vectors expressing these split proteins (180-K, 184-K, and 193-K) presented 

YFP fluorescence that was 7 to 11-fold higher than that observed with cells 

expressing parental TetR (Figure 3.6B, p < 0.001). With cells expressing 184-K and 

193-K, induction with IPTG had no significant effect on the YFP fluorescence. 

However, cells expressing 180-K presented a decrease in YFP fluorescence 

corresponding to 38% of the signal obtained from cells transformed with the empty 

vector (Figure 3.6B, p < 0.001). Addition of aTc and IPTG to cells expressing 180-K 

led to a considerably higher increase in YFP fluorescence compared to that observed 

upon addition of only IPTG (Figure 3.6B, p < 0.001), indicating that this sTetR 

retains activity upon aTc induction. These data, taken together, indicate that TetR 

fragment complementation is enhanced by the EK peptides, albeit to varying levels 

that depend upon the site of protein fission. 

I hypothesized that the initial library expressing TetR fragments as fusions to 

peptides that associate to form a parallel coiled coil might have resulted in isolation 

of a limited number of active sTetR variants. Fusion of the TetR fragments to the 

IAAL-E3/IAAL-K3 peptides results in a ~30 Å separation between the termini that 

become fused to the TetR fragments [123], which could be disruptive to the function 

of many two-fragment TetR variants. To investigate whether additional sTetR could 

be discovered, I created a second library in which the fragments of each sTetR were 

expressed as fusions to SYNZIP17 and SYNZIP18 peptides, which associate more 
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strongly (KD<10 nM) to form an antiparallel coiled coil [124], [125]. Fusion of the 

TetR fragments to these peptides results in smaller separation between the peptide-

fused termini (<10 Å) [124], [126]. Screening clones from the TetR-SYNZIP library 

(n = 640) yielded 80 colonies with YFP fluorescence significantly (≥5) lower than 

that of cells lacking TetR (Figure 3.7). Sequencing revealed 6 unique sTetR 

including three variants having the same peptide backbone fission sites as the 

variants identified from the screening of the TetR-EK library (180-SZ17/18, 184-

SZ17/18 and 193-SZ17/18) and three additional variants (74-SZ17/18, 166-

SZ17/18 and 167-SZ17/18). The additional sTetR variants arise from peptide 

backbone fission within the loop that connects the DNA-binding domain and the 

regulatory domain (74-SZ17/18), and within the linker that connects helices α8 and 

α9 (166-SZ17/18 and 167-SZ17/18) (Figure 3.8A) [121].  

Figure 3.7 Screening of the TetR-SYNZIP library. Fluorescence of E. coli CS50-YFP 
cells expressing the TetR-SYNZIP library grown in the presence of IPTG (10μM). Relative 
fluorescence values were calculated by normalizing YFP fluorescence intensity of each 
sample to that of cells lacking TetR. Relative fluorescence of cells expressing parental 
TetR is shown as a blue line, and relative fluorescence of cells not expressing TetR is 
shown as a red line. Clones displaying YFP signal ≥5 lower than that of cells lacking 
TetR (below the dashed black line) were selected. 
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Figure 3.8 Functional sTetR variants identified in the TetR-SYNZIP library. (A) 
Fission sites of sTetR variants mapped onto TetR structure (PDB 4AC0). The first and 
second fragments of sTetR are shown in blue and red, respectively. The linker that is 
disordered in the TetR structure is shown as a dashed line. (B) Fluorescence of E. coli 
CS50-YFP cells containing an empty vector (-) and E. coli CS50-YFP cells expressing TetR 
or sTetR variants identified in the TetR SYNZIP library grown grown in the presence and 
absence of IPTG (10 μM) and aTc (200 ng/mL). (C) Fluorescence of E. coli CS50-YFP cells 
containing an empty vector (-) and E. coli CS50-YFP cells expressing TetR or the sTetR 
variants lacking the SYNZIP17 peptide. Relative fluorescence values were calculated by 
normalizing the YFP fluorescence intensity of each sample to that of cells lacking TetR 
(-). All data are presented as mean ± s.d. (n = 3, p < 0.001, two tailed t-test). 
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To better understand the relative activities of each sTetR variant isolated 

from the TetR-SYNZIP library, I analyzed their effects on the YFP fluorescence of 

CS50-YFP cells. In all cases, cells expressing sTetR presented a YFP signal that was 

significantly lower than cells lacking TetR (Figure 3.8B, p < 0.001), and this 

repression was not enhanced by inducing expression of the TetR fragments using 

IPTG. Moreover, I observed an increase YFP fluorescence upon treatment of cells 

expressing each sTetR variant with aTc (Figure 3.8B, p < 0.001), indicating that 

each sTetR displays aTc-dependent activity. Similar to what was observed in cells 

expressing TetR, the level of derepression was decreased upon induction of sTetR 

protein fragments using IPTG. 

To investigate whether the SYNZIP17/SYNZIP18 peptides are required for 

TetR-fragment complementation, I generated vectors that express each sTetR as a 

fusion to only the SYNZIP18 peptide, which is fused to the C-terminal TetR fragment 

in each variant; the N-terminal fragments lacked a peptide. All of these sTetR 

variants displayed decreased repression activity in CS50-YFP compared to cognate 

split proteins fused to both SYNZIP17 and SYNZIP18 (Figure 3.8C). Many of the 

variants, however, displayed significant repression compared to cells transformed 

with the empty vector (Figure 3.8C, p < 0.001). The repression achieved with three 

of these variants (167-SZ18, 180-SZ18, and 184-SZ18) was enhanced upon 

induction with IPTG (Figure 3.8C, p < 0.001), an effect that was found to remain 

aTc-dependent. These results reveal that the SYNZIP peptides enhance fragment 

complementation to an extent that depends on the position of the split site. 

Although the split protein does retain some activity without EK or SYNZIP peptides, 
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theses interacting peptides are essential to achieve efficient complementation and 

repression. 

3.2.3. sTetR functions as a genetic AND gate 

The variation in sTetR repression observed using sTetR without or with the 

SYNZIP17 peptide suggested that many of these variants require both fragments for 

activity. To test this hypothesis, I further characterized the sTetR screened from the 

SYNZIP library. The fragments encoding each sTetR variant were cloned into 

separate vectors under the control of an IPTG-inducible promoter (PT5) and an 

arabinose-inducible promoter (PBAD), respectively. To evaluate whether both 

fragments are required for sTetR activity, CS50-YFP cells were transformed with 

these plasmids, and YFP fluorescence was analyzed upon addition of high levels of 

each inducer, IPTG and arabinose (in the presence or absence of aTc). As controls, I 

monitored the fluorescence of cells lacking sTetR or expressing the parental TetR. 

The YFP fluorescence of cells expressing the individual fragments of 74-SZ17/18, 

166-SZ17/18, 167-SZ17/18, 180-SZ17/18 and 184-SZ17/18 was comparable to 

that of cells lacking TetR, and was not affected by addition of IPTG and arabinose 

(Figure 3.9). These findings demonstrate that neither the N- or C-terminal fragment 

of these sTetR variants is sufficient alone to repress YFP expression. In contrast, the 

YFP fluorescence of cells expressing the first fragment of 193-SZ17/18 in the 

presence of IPTG and arabinose decreased to a level corresponding to 26% of the 

fluorescence of cells lacking TetR (Figure 3.9, p < 0.001). This finding suggests that 
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this sTetR variant, when expressed at high level, requires only the first fragment to 

function as a repressor. 

Co-expression of both fragments of the sTetR variants 166-SZ17/18, 167-

SZ17/18, 180-SZ17/18 and 184-SZ17/18 resulted in a 93-99% decrease in YFP 

fluorescence (Figure 3.9, p < 0.001). Moreover, addition of aTc to cells coexpressing 

both fragments caused an increase in YFP fluorescence similar to that observed 

upon expression of sTetR from the expression vectors used for library screening 

(Figure 3.9, p < 0.001). The YFP fluorescence of cells expressing both fragments of 

74-SZ17/18 was comparable to that of cells not expressing TetR, but was found to 

decrease in the presence of IPTG and arabinose (Figure 3.9, p < 0.001). These 

results indicate that all the sTetR variants screened with the exception of 193-

SZ17/18 exhibit an AND gate genetic logic, which can be regulated through addition 

of aTc.  
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To investigate whether sTetR can function as a transcriptional regulator in 

mammalian cells, I evaluated the ability of 184-EK and 184-SZ17/18 to repress GFP 

expression in cell cultures. These variants were chosen because they display TetR-

like repression in the absence of aTc, and they were generated from fission proximal 

to the C-terminus of TetR. The fragments of each sTetR variant were cloned into 

separate vectors and placed under the control of a constitutive CMV promoter 

(Figure 3.10). In each vector, the gene encoding the TetR fragments was followed 

by an IRES [127] sequence and the gene encoding eqFP650 [128] or iRFP [129], 

respectively. These fluorescent proteins served as transfection controls. To evaluate 

the activities of each sTetR, HeLa and HEK293T cells were transfected with a 

reporter plasmid (pTO_GFP) [63] encoding GFP under the control of the Tc-

inducible CMV/TO promoter and either one or both plasmids encoding the first and 

second fragments of 184-EK or of 184-SZ17/18. When HeLa (Figure 3.11A) or 

HEK293T (Figure 3.11B) cells were transfected for the expression of only one of 

the sTetR fragments, the GFP fluorescence was comparable to that of cells lacking 

TetR (in the presence and absence of tetracycline), suggesting that the individual 

fragments of each sTetR are not sufficient to repress GFP expression. The GFP 

fluorescence of HeLa cells transfected to express both fragments of the 184-

Figure 3.9 Two-input transcriptional regulation of sTetR in bacterial cells. E. coli 
CS50-YFP cells were transformed with pairs of vectors expressing the different 
fragments of the sTetR SYNZIP variants using IPTG- and arabinose-inducible promoters, 
respectively, or expressing TetR alone. Cells were grown in the presence of IPTG (1 mM) 
and arabinose (1 mM), and the signal was measured upon induction with aTc (2 μg/mL). 
Relative fluorescence values were calculated by normalizing the YFP fluorescence 
intensity of each sample to that of cells containing a pair of empty vectors (-,-). Data are 
presented as mean ± s.d. (n = 6, p < 0.001, two tailed t-test). 
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SZ17/18 variant decreased to a level corresponding to 30% of the value observed in 

control cells lacking TetR (Figure 3.11A, p < 0.001). Similar results were obtained 

when experiments were conducted using HEK293T cells (Figure 3.11B, p < 0.001). 

In contrast, expression of both fragments of 184-EK was found to decrease the GFP 

fluorescence of HeLa cells to a level corresponding to 75% of the value observed in 

control cells lacking TetR (Figure 3.11A, p < 0.001), and did not to alter the GFP 

fluorescence of HEK293T cells (Figure 3.11B). These findings suggest that the 

efficiency of transcriptional repression achieved with the sTetR may be cell-type 

specific. These results also support the notion that the difference in transcriptional 

repression observed upon expression of sTetR variants based on the EK or SYNZIP 

interacting pairs is likely due to the higher binding affinity of the 

SYNZIP17/SYNZIP18 peptides compared to the IAAL-E3/IAAL-K3 peptides.  

Figure 3.10 Schematic representation of the sTetR expression system in 
mammalian cells. TetR fragment complementation results in formation of a functional 
repressor that binds to the tetracycline operator (TO) within the CMV/TO promoter and 
represses the expression of GFP. Addition of tetracycline (Tc) displaces TetR from TO 
and activates GFP expression. The expression of each sTetR fragment is linked to that of 
a fluorescent reporter (eqFP and iRFP).  
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To test whether 184-SZ17/18 retains ligand-dependent activity in 

mammalian cells, I evaluated the effect of Tc concentration on the GFP fluorescence 

Figure 3.11 sTetR functions as an AND gate in mammalian cells. Comparison of 184-
EK and 184-SZ17/18 AND gate logic in (A) HeLa and (B) HEK293T cells. Fluorescence 
of HeLa or HEK293T cells transfected for the expression of GFP under the control of 
CMV/TO and a plasmid encoding TetR, or the two plasmids encoding the sTetR 
fragments (F1 and F2), or a control plasmid lacking the gene encoding for either sTetR 
fragment and cultured in the absence and presence of tetracycline (2 μg/mL). Relative 
GFP fluorescence values were calculated by normalizing the GFP fluorescence intensity 
of transfected cells (iRFP-positive) of each sample to the iRFP fluorescence intensity, 
and dividing the resulting GFP signals to the normalized signal of cells not expressing 
TetR (-). All data are presented as mean ± s.d. (n = 3, p < 0.001, two tailed t-test). 
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of HEK293T cells transfected for the expression of this sTetR variant. GFP 

fluorescence increased as a function of Tc dosage (Figure 3.12), ranging from 9 to 

80% of the signal obtained with cells lacking TetR. The Tc-dependent signal increase 

in HEK293T cells expressing 184-SZ17/18 was comparable to that of cells 

expressing the parental TetR, which presented a signal ranging from 1% to 70% of 

that observed in cells lacking TetR over the same range of Tc concentration. This 

finding demonstrates that peptide backbone fission does not affect TetR binding to 

TO or Tc when the fragments are fused to SYNZIP17 and SYNZIP18 peptides [65], 

and demonstrates that the circuit output (GFP fluorescence) can be tuned by 

varying the Tc dosage (Figure 3.12).  

 

Figure 3.12 sTetR-mediated control of GFP expression as a function of tetracycline 
dosage. Fluorescence of HEK293T cells transfected with a plasmid encoding GFP under 
the control of CMV/TO and plasmids encoding the two sTetR fragments (F1 and F2) or 
the parental TetR, and cultured in the presence of tetracycline (0-10 μg/mL). Relative 
GFP fluorescence values were obtained by first normalizing the GFP fluorescence 
intensity of transfected cells (iRFP-positive) of each sample to the iRFP fluorescence 
intensity,  and dividing the resulting GFP signals to that of cells not expressing TetR (data 
not shown). Data are presented as mean ± s.d. (n = 3). 
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3.2.4. Using sTetR as a protein solubility sensor 

To evaluate whether the sTetR that functions in mammalian cells can be used 

to build a cell-based sensor that detects and quantifies protein aggregation in 

mammalian cells, I developed a protein solubility sensor based on the expression of 

GFP under the control of the CMV/TO promoter (Figure 3.13). To couple GFP 

fluorescence to the aggregation of a protein of interest, the smaller fragment of 184-

SZ17/18 was fused to an aggregation-prone protein and co-expressed with the 

larger fragment of 184-SZ17/18. I hypothesized that complementation of the TetR 

fragments, and thus repression of GFP, would be contingent upon the solubility of 

the protein of interest as aggregation of the protein of interest would result in 

sequestration of the smaller TetR fragment into aggregates, preventing TetR 

fragment complementation. 

To first calibrate how the output signal of the solubility sensor relates to the 

relative amount of the sTetR and GFP, HEK293T cells were transfected with 

different ratios (1:3, 1:6 and 1:12) of reporter plasmid (pTO_GFP) and a plasmid 

that expresses full-length TetR or 184-SZ17/18 (Appendix Figure 1). Experiments 

based on the expression of full-length TetR yielded similar GFP signals with the 

three plasmid ratios, and a similar GFP increase upon addition of Tc. Similar results 

were obtained upon expression of 184-SZ17/18. Because these results indicate that 

the dynamic range of the solubility sensor is not affected by the relative expression 

level of GFP and TetR under the condition tested, I evaluated the utility of the sTetR-
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based expression system as a solubility sensor using a 1:6 ratio of pTO_GFP and the 

plasmids encoding the sTetR.  

To evaluate 184-SZ17/18 sTetR as a genetic tool to track protein 

aggregation, three variants of the N-terminal fragment of human Huntingtin (HTT) 

exon 1 containing 23, 73 and 103 glutamine repeats (Q23, Q73, and Q103, 

respectively) were targeted for analysis. Because previous studies have 

demonstrated a correlation between HTT aggregation and the number of glutamine 

repeats in the protein sequence [130], [131], I expected to observe an increase in 

Figure 3.13 Design of the sTetR-based protein solubility sensor. By linking protein 
aggregation to the GFP output, sTetR serves as a protein solubility sensor that generates 
a positive correlation between protein aggregation and GFP output signal. A protein of 
interest (POI) is fused to the C-terminus of the small sTetR fragment (TetR2). When the 
POI is soluble, sTetR fragments (TetR1 and TetR2) can complement and repress GFP 
expression. Aggregation of the fusion protein prevents the smaller fragment from 
binding the larger fragment, thus preventing complementation of the sTetR fragments 
and activating GFP expression. The expression of each sTetR fragment is linked to that 
of a fluorescent reporter (eqFP and iRFP). 
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GFP fluorescence as a function of the number of glutamine repeats in the HTT 

variants. To perform these experiments, I compared the fluorescence of HEK293T 

cells transfected with the reporter plasmid (pTO_GFP) and vectors for the 

expression of sTetR with its smaller fragment produced as a fusion to the protein of 

interest (pF1-SZ17, and pSZ18-F2-POI) to that of cells transfected with reporter 

plasmid and plasmids expressing the sTetR without protein fusion (pF1-SZ17, and 

pSZ18-F2). The plasmids encoding the sTetR were designed to link the expression of 

the large and small sTetR fragments to that of eqFP and iRFP, respectively, through 

the use of internal ribosome entry site (IRES) sequences. A strong correlation 

between iRFP and eqFP signals was observed. In all experiments, GFP fluorescence 

of iRFP-positive and eqFP-positive cells was normalized to that of iRFP to account 

for variations in the protein expression levels. The GFP fluorescence of cells 

transfected for the expression of the three different HTT variants was higher than 

that of control cells (Figure 3.14A). Specifically, cells expressing the solubility 

sensor fused to HTT containing Q23, Q73, and Q103 were observed to display 2.3-, 

3.8- and 4.4-fold increases in GFP fluorescence compared to cells expressing the 

solubility sensor lacking HTT (Figure 3.14A, *p < 0.05, **p < 0.01).  
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Figure 3.14 Monitoring protein aggregation using the sTetR-based protein 
solubility sensor. (A) Fluorescence of HEK293T cells transfected for the expression of 
GFP under the control of CMV/TO and the two plasmids encoding the large sTetR 
fragment (F1) and the small sTetR fragment fused to different POI (F2-Q23, F2-Q73, F2-
Q103, or a control plasmid lacking a POI). The GFP fluorescence intensity of transfected 
cells (iRFP-positive) of each sample was divided by iRFP fluorescence intensity, and 
normalized to that of cells not expressing TetR (-). Data are presented as mean ± s.d. (n 
= 3, *p < 0.05, **p < 0.01, two tailed t-test). (B) Total protein aggregation of HEK293T cells 
transfected as described in (A) evaluated by calculating the APF of cells expressing the 
protein of interest as fusion to the small sTetR fragment relative to cells expressing the 
small sTetR fragment without fusion to the target protein as described in the Materials 
and Methods. Data are presented as mean ± s.d. (n = 3, *p < 0.05, two tailed t-test). (C) 
Quantification of aggregation of HTT-Q103 and α-synuclein using the sTetR sensor. 
HEK293T cells were transfected as described in (A) with TetR2 fused to HTT-Q103 or α-
synuclein. Data are presented as mean ± s.d. (n = 3, p < 0.001, two tailed t-test). n.s., not 
significant. 
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To confirm that fusion of the HTT variants to the TetR fragment does not 

affect HTT aggregation propensity, I monitored the extent of total protein 

aggregation in cells expressing the HTT variant fusion constructs (pF1-SZ17, and 

pSZ18-F2-POI). Specifically, I quantified the aggregation propensity factor (APF) of 

HEK293T cells transfected identically as in the experiments conducted to evaluate 

whole cell fluorescence. APF measurements revealed an increase in total protein 

aggregation in cells expressing HTT variants compared to control cells expressing 

the TetR fragments without fusion to the HTT variants and this increase correlated 

with the number of glutamine repeats in the HTT variants (Figure 3.14B, *p < 0.05). 

These results confirm that fusion of the HTT variants to the smaller fragment of 

sTetR does not abolish HTT aggregation. More importantly, the changes in total 

protein aggregation upon expression of the HTT variants correlate with the changes 

in GFP fluorescence observed in the context of the solubility sensor, demonstrating 

a correlation between the GFP signal from the sTetR-based aggregation sensor and 

the aggregation status of the fusion protein. The limit of detection of the solubility 

sensor could also be easily tuned using tetracycline (Appendix Figure 2). This 

property provides a simple mechanism to tune the sensitivity of sTetR-based 

solubility sensor for quantifying changes in the soluble levels of proteins with 

particularly low aggregation propensity. 

To investigate the generality of the sTetR-based solubility sensor for 

monitoring aggregation of different cellular proteins, I also evaluated the GFP signal 

of this solubility sensor upon expression of α-synuclein (α-syn), an unstructured 

and misfolding-prone protein associated with the development of Parkinson’s 



 
57 

disease [132]. When the smaller TetR fragment was expressed as a fusion to α-syn, 

whole cell GFP fluorescence increased ~3-fold compared to cells expressing the 

same TetR fragment without fusion to an aggregation-prone protein (Figure 3.14C, 

p < 0.001). The GFP signal of cells expressing the solubility sensor fused to HTT-

Q103 is ~40% higher than that of cells expressing α-syn, which is consistent with 

results from APF measurements (Appendix Figure 3). These results suggest that the 

sTetR-based solubility sensor is sensitive to small changes in aggregation of two 

unrelated proteins of similar size and different aggregation propensity, indicating 

that the expression of the output signal does not depend on the size of the target 

protein. Taken together, these results demonstrate that the sTetR-based solubility 

sensor generated in this study can be used in a genetic assay to monitor the 

aggregation status of different proteins in mammalian cells and the effects of 

mutations on the proteins’ aggregation propensity. 

3.3. Discussion 

Monitoring protein aggregation in mammalian cells is critically important to 

establishing the molecular and cellular mechanisms underlying the formation of off-

pathway intermediates, which are often associated with the development of a large 

range of human diseases [7]–[9], [133]. This study aimed to develop a genetic tool 

for monitoring protein aggregation in cells that can serve as an alternative to 

existing approaches based on purified proteins [134], [135], antibody-based 

solubility screens [136], [137], split GFP complementation assays [33]–[36], fusion 

to fluorescent reporters [28], [29], and to synthetic genetic regulators [114]. To link 
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the target protein aggregation status to a reporter output with minimal 

perturbation of the target’s aggregation propensity, I explored fission of the ligand-

dependent transcription factor TetR, identified active split TetR variants, and 

demonstrated their function as logic AND gates in mammalian cells. Specifically, this 

study generated a set of split TetR variants that regulate gene expression and 

respond to induction with aTc and Tc in bacteria and mammalian cells, respectively. 

The aggregation sensor was built by coexpressing the fragments of a sTetR 

consisting of a large “detector” fragment and a small “sensor” fragment fused to the 

target protein. I demonstrated that fusion to the small “sensor” fragment does not 

affect the aggregation propensity of the target proteins tested in this study, namely 

variants of HTT exon 1 with glutamine repeats and α-syn, as indicated by the 

correlation between the output signal of the solubility sensor and a previously 

established tool to monitor protein aggregation (APF). Aggregation of the target 

protein results in sequestration of the “sensor” fragment, which prevents 

complementation and results in increase in expression of the fluorescent reporter. 

Unlike existing approaches to monitor protein aggregation, this sTetR-based 

sensor allows linking aggregation of a target protein within cells to a readily 

detectable output and responds to control through a small molecule ligand. Control 

of sTetR through a small molecule inducer is likely to provide a means to finely tune 

the sensor for monitoring the status of target proteins with different aggregation 

propensities with superior sensitivity [63]. In addition to enabling quantification of 

protein aggregation with high sensitivity, this method is also likely not to be plagued 

by the high rate of false positive signal of split GFP complementation assays that 
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arise from formation of a stable fluorophore preceding aggregation of the target 

[33], [34]. 

The library screening identified five sTetR that could be used as AND gates in 

synthetic circuits for a range of applications. Previous studies have described the 

development of transcriptional activators through protein fission, such as bipartite 

and tripartite T7 RNA polymerases [71], [87], [138], which can be used to control 

resource allocation in cells. However, their transcriptional regulation cannot be 

tuned directly through fast ligand binding. In contrast, all of sTetR variants 

identified as part of the present study display aTc-dependent repression in E. coli. 

Similar protein design approaches could be applied to other members of the TetR 

family of regulators to diversify the array of ligand-dependent split regulators 

available for synthetic biology applications [139]. While transcriptional AND gates 

have previously been discovered in bacteria [87], [113] and yeast [140], this study 

also provides the first report of a split transcription factor that can be used to 

construct transcriptional logic gates in mammalian cells. The sTetR variants 

generated as part of the present study thus provide a novel and much needed part 

for the mammalian synthetic biology toolbox that enables the creation of 

transcriptional AND gates. I anticipate that sTetR could be further optimized by 

engineering the interacting peptides assisting complementation [116], and the 

affinity and specificity of DNA binding [141]. 

In summary, I reported a series of sTetR variants for building AND logic gates 

within complex genetic circuit and the use of sTetR for generating a cell-based 
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solubility sensor to quantify protein aggregation, which could be ultimately used to 

study the cellular pathogenesis of protein misfolding diseases and investigate 

approaches to interfere with the accumulation of proteinaceous aggregates in cells 

for therapeutic applications. 

3.4. Materials and methods 

3.4.1. Strain constructions 

The promoter-RBS-YFP gene fusion from pLtet-YFP (a generous gift from Dr 

Matthew Bennett) was integrated into E. coli CS50 [125] using Clonetegration [142] 

at the 186 primary integration site. The YFP gene fusion was amplified from pLtet-

YFP and cloned into the pOSIP-KO (Addgene #45985) using BamHI-HF and PstI 

(New England Biolabs). The resulting vector was transformed into E. coli CS50, cells 

were plated on LB-agar containing kanamycin (25 μg/mL), and plates were 

incubated at 30°C for 24 hours. Colony PCR was used to identify a strain with the 

desired chromosomal insert. These cells were made competent using the Mix & Go 

Competent Cells kit (Zymo Research), and the resulting cells were transformed with 

the pE-FLP (Addgene #45978) plasmid using heat shock, which encodes the flipase 

enzyme to remove the integration module from pOSIP-KO. Cells were plated on LB-

agar plates containing ampicillin (50 μg/mL) and incubated at 30°C for 24 hours to 

excise the integration module. To screen for cells where the integration module was 

excised, individual colonies were streaked on LB-agar plates containing or lacking 

kanamycin. A colony that grew only in the absence of kanamycin but retained the 
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integrated YFP module was identified and designated E. coli CS50-YFP. This strain 

was used to screen sTetR libraries for functional protein variants. 

3.4.2. Library construction 

A library of randomly fragmented TetR variants was constructed using 

pTAC_TetR, a pGEX-2TK derivative that contains the TetR gene under the control of 

the tac promoter. First, a Mu library of TetR variants was created by randomly 

inserting a minitransposon into the TetR gene as previously described [143]. Briefly, 

a NotI-flanked minitransposon encoding the kanamycin resistance cassette (M1-

KanR, Thermo Scientific) was inserted into pTAC_TetR using the HyperMu MuA 

transposase (Epicentre Biotechnologies) by incubating 20 μl reactions containing 

300 ng of pTAC_TetR, 100 ng of M1-KanR, and 1 Unit of HyperMu MuA transposase 

in HyperMu buffer at 37°C for 16 h. The products of the transposase reactions were 

purified using the Zymo DNA Clean & Concentrator kit (Zymo Research) and 

transformed into ElectroMAX DH10B cells (Invitrogen). Transformed cells were 

plated onto LB-agar plates containing 25 μg/ml kanamycin and incubated at 37°C 

for 16 h. Colonies were harvested and pooled, and the plasmid DNA was purified 

using a Qiagen Miniprep Kit to obtain the TetR-Mu library. The TetR-Mu library (200 

ng) was digested with restriction enzymes BamHI-HF and KpnI-HF (New England 

Biolabs) that cut at sites flanking the tetR gene. DNA fragments were separated 

using agarose gel electrophoresis, and the tetR-transposon hybrids (1.7 kb) were 

purified from the rest of the fragments, which included the 0.6 kb parental tetR 

fragment, the 4.3 kb backbone fragment, and 5.4 kb vector backbone containing a 
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1.1 kb transposon fragment. The ensemble of tetR-transposon hybrid fragments was 

subcloned into the pTAC expression vector to create a size-selected library (SS 

library) [143]. The minitransposon in the tetR gene variants was replaced by 

subcloning the DNA cassettes ek-kanR or synzip-kanR into the NotI sites, thus 

creating two libraries of vectors that express different fragmented TetR, including: 

(i) the TetR-EK library which expresses N-terminal and C-terminal TetR fragments 

fused to the IAAL-E3 and IAAL-K3 peptides at their C- and N-terminal ends, 

respectively and (ii) the TetR-SYNZIP library which expresses TetR fragments fused 

to the SYNZIP17 and SYNZIP18 peptides at their C- and N-terminal ends, 

respectively. The theoretical size of each sTetR library that can be generated 

through random gene fission (1246 variants) was determined by multiplying the 

number of possible split sites in the TetR gene (623) by the number of orientations 

(2) of the synthetic DNA insert encoding the interacting peptides (ek-kanR or synzip-

kanR) [116]. I estimated the size of the library obtained upon transformation of E. 

coli CS50-YFP cells to be more than 10,000 colonies, which is about 10-fold higher 

than the maximum theoretical number of sTetR variants. Randomly chosen clones 

were sequenced with a primer that hybridizes within the ek-kanR and synzip-kanR 

insert [143]. Both sTetR variants with EK or SYNZIP peptide fusion are referred to 

as “sTetR variants” hereafter unless otherwise specified. 

3.4.3. Screening 

E. coli CS50-YFP cells were transformed with pTAC, pTAC-TetR, or with a 

TetR library and grown on LB-agar plates supplemented with 100 μg/mL ampicillin 
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overnight at 37°C. Single colonies from these plates were used to inoculate 1mL LB 

cultures containing 50 μg/mL ampicillin in 96-well deep well plates, and plates were 

incubated for 16 h at 37°C while shaking at 250 rpm. Aliquots (20 µL) of the 

stationary phase cultures were diluted 1:10 into LB containing 50 μg/mL ampicillin 

and 10 μM IPTG in clear polystyrene 96-well flat bottom plates (Costar). These 

cultures were grown for 4 h at 37°C, and whole cell fluorescence (λex = 510 nm; λem = 

527 nm) was measured using a TECAN infinite M1000 PRO plate reader and 

normalized to the cell absorbance (600 nm). Samples yielding normalized 

fluorescence at least 5σ lower than that of the sample transformed with pTAC were 

selected, purified vectors were sequenced, and the sTetR variants were named after 

the last residue of the N-terminal TetR fragment followed by the letters designating 

the coiled-coil fused to the termini at the split site, where EK signifies IAAL-E3 and 

IAAL-K3 and SZ17/18 signifies SYNZIP17 and SYNZIP18. 

3.4.4. Bacterial vector construction 

The TetR gene and pGEX vector backbone were PCR amplified from 

pcDNA6/TR (Invitrogen) and pGEX2TK-IFP1.4 [116], respectively, and these were 

assembled to create a plasmid that expresses TetR using tac promoter (pTAC-TetR) 

via Gibson Assembly [144] using the Gibson Assembly® Master Mix (New England 

Biolabs). pTAC-TetR was digested with BamHI-HF and KpnI-HF (New England 

Biolabs), treated with Mung Bean Nuclease (New England Biolabs) to create blunt 

ends, and self-ligated to generate pTAC, the control vector lacking the TetR gene. To 

generate pair of vectors for independent expression of the TetR fragments encoding 
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each SYNZIP variant, the individual fragments were PCR amplified from the vector 

identified in the library screen, the ORFs encoding the first TetR fragments fused to 

SYNZIP17 was cloned into pQE80 (QIAGEN), and the ORFs encoding SYNZIP18 

fused to the second TetR fragments were cloned into pTara [145]. An IPTG-inducible 

T5 promoter controls expression in the plasmid pQE80, while pTara uses an 

arabinose-inducible araBAD promoter. Experiments using these vectors were 

performed in the presence of both 1 mM IPTG and 1 mM arabinose. 

3.4.5. Bacterial fluorescence measurements 

E. coli CS50-YFP were transformed with vectors encoding the sTetR variants 

and plated onto LB-agar plates supplemented with 100 μg/mL ampicillin. Plates 

were incubated overnight at 37°C, and individual colonies were inoculated into 96-

well deep well plates containing 1mL LB and 50 μg/mL ampicillin. Liquid cultures 

were incubated for 16 h at 37°C while shaking at 250 rpm. Aliquots (20 µL) of the 

stationary phase cultures were then diluted 1:10 into LB containing 50 μg/mL 

ampicillin, 10 μM IPTG, and 200 ng/mL aTc in 96-well flat bottom plates. Whole cell 

fluorescence (λex = 510 nm; λem = 527 nm) and absorbance (600 nm) were acquired 

after 4 h of incubation at 37°C using a TECAN infinite M1000 PRO plate reader. 

Fluorescence measurements were normalized to absorbance measurements of each 

well, and expressed as fluorescence relative to that of cells lacking tetR. 
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3.4.6. Mammalian vector construction 

PCR amplifications of small DNA fragments (shorter than 2000 bp) were 

performed using Vent® DNA polymerase (New England Biolabs), while PCR 

amplifications of large fragments (longer than 2000 bp) were performed using 

KAPA HiFi™ HotStart DNA polymerase (KAPA Biosystems), according to the 

manufacturer’s protocol. All mammalian expression vectors were constructed via 

Gibson Assembly [144] using the Gibson Assembly® Master Mix (New England 

Biolabs) according to the manufacturer’s protocol, and verified by DNA sequencing. 

pTO_GFP, which encodes emGFP under the control of the CMV/TO promoter, 

was generated as previously described [63]. The 184-EK and 184-SZ TetR variants 

were amplified via PCR and cloned into ptTA as follows. The larger TetR fragments 

were cloned into ptTA [63] by replacing the tTA cassette with a fragment consisting 

of the larger TetR variant F1-E3 or F1-SZ17, an IRES (internal ribosome entry site) 

sequence amplified from pMSCV PIG (Addgene plasmid#21654), and the gene 

encoding eqFP650 amplified from ptTA, thereby generating pF1-E3 and pF1-SZ17, 

respectively. The smaller TetR fragments were cloned into ptTA by replacing the 

tTA cassette with a fragment consisting of the smaller TetR variant K3-F2 or SZ18-

F2, the IRES sequence, and the gene encoding iRFP amplified from piRFP (Addgene 

plasmid#31857), thereby generating pK3-F2 and pSZ18-F2, respectively. 

The plasmids used for protein solubility assays were constructed by cloning 

genes encoding aggregation-prone proteins, HTT (human huntingtin) exon 1 Q23, 

Q53, Q73, Q103 and α-synuclein, at the C-terminal of the gene encoding the smaller 
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fragment of TetR in the pSZ18-F2 plasmid, thereby generating plasmids pSZ18-F2-

Q23, pSZ18-F2-Q53, pSZ18-F2-Q73, pSZ18-F2-Q103 and pSZ18-F2-α-syn, 

respectively. The cDNAs of HTT exon 1 Q23 and Q73 [131] were amplified from 

pEGFP-Q23 (Addgene plasmid#40261) and pEGFP-Q74 (Addgene plasmid#40262), 

respectively. The sequence encoding HTT exon 1 Q73 and Q103 were purchased 

(GenScript). The cDNA of α-synuclein was amplified from pcDNA6.2+ α-syn-emGFP 

plasmid [39]. 

3.4.7. Cell cultures and flow cytometry studies 

HEK293T cells (ATCC) were cultured in high glucose DMEM (Invitrogen) 

supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% Penicillin-

Streptomycin-Glutamine (PSQ, Hyclone) and incubated at 37 °C in humidified 5% 

CO2 atmosphere. HeLa cells (ATCC) were cultured in DMEM (Lonza) supplemented 

with 10% FBS and 1% PSQ and incubated at 37 °C and 5% CO2. Cells were seeded in 

12-well plates and transfected using JetPrime (Polyplus transfection) according to 

the manufacturer’s protocol with 500 ng total DNA unless otherwise stated. Cells 

were transfected using pTO_GFP and the plasmids expressing the first and second 

fragments of the sTetR variants in a 1:6:6 ratio. The culture medium of transfected 

cells was replaced with fresh medium containing 2 μg/mL tetracycline (Invitrogen) 

24 h post-transfection. Cells were washed with PBS (Lonza) and harvested using 

TrypLE (GIBCO® Invitrogen) 48 h post-transfection for analysis. 

Flow cytometry analyses were conducted using a FACSCanto II flow 

cytometer (BD, San Jose, CA) to measure the fluorescence intensity of GFP (488 nm 
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laser, 530/30 nm emission filter), eqFP650 (633 nm laser, 675/25 nm emission 

filter), and iRFP (633 nm laser, 780/60 nm emission filter). At least 10,000 cells 

were recorded for analysis in each sample. For transient transfection experiments, 

GFP fluorescence intensity was measured within iRFP-positive cells to monitor 

changes within transfected cells. GFP mean fluorescence intensity of iRFP-positive 

cells was normalized to iRFP mean fluorescence intensity to eliminate differences 

arising from transfection efficiencies and protein expression levels. Relative GFP 

fluorescence values were calculated by dividing the normalized GFP values of each 

sample to the normalized GFP value of the sample of cells not expressing TetR. 

3.4.8. Protein aggregation analyses 

Protein aggregation was measured using the ProteoStat Aggregation 

detection kit (Enzo Life Sciences) as previously described [1]. HEK293T cells were 

seeded in 6-well plates and transfected with 1 µg total DNA using JetPrime. Cells 

were transfected using a 1:6:6 ratio of pTO_GFP, pF1-SZ17 and pSZ18-F2 or pSZ18-

F2-POI and the aggregation propensity factor (APF) was calculated using the 

following formula: APF = 100 x (MFItreated – MFIcontrol)/MFItreated where MFI is the 

mean fluorescence intensity of the ProteoStat® dye and cells transfected with 

pTO_GFP, pF1-SZ17 and pSZ18-F2 were used as control. Fluorescence intensity was 

measured by flow cytometry (488nm laser, 585/40nm emission filter). 
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3.4.9. Statistical analyses 

All data are presented as mean ± s.d (n  3 biological replicates). Statistical 

significance was calculated using a two-tailed t-test in all experiments.
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Chapter 4 

A Hysteretic Genetic Circuit for 
Detection of Proteasomal Degradation 

in Mammalian Cells 

This work has been submitted to ACS Synthetic Biology (Zeng, Y., et al. A 

hysteretic genetic circuit for detection of proteasomal degradation in mammalian 

cells. 2019). 

4.1. Introduction 

Engineering mammalian cells holds great potential for the design of cell-

based technologies, ranging from the design of in vitro model systems to study 

human diseases to the development of cell-based therapies for in vivo implantation 

and technology platforms for biopharmaceutical manufacturing [1], [6]. Cell 

engineering requires the use of tools that provide precise control over complex gene 
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networks and metabolic pathways to achieve, for instance, controlled production of 

recombinant proteins or metabolites [146]–[150], cell differentiation [151], [152], 

or cell reprogramming [85], [153]. Cell engineering strategies have historically 

capitalized on the use of regulatory parts orthogonal to the cellular components. 

These synthetic or nature inspired biological parts can be organized into networks 

and combined to generate network topologies with specialized behaviors, resulting 

in the design of “programmable” cells and organisms [151], [154]. Engineering cells 

using programmable genetic networks allows to achieve precise and dynamic 

control over gene expression and cell development [155], [156], which is required 

to create model systems of complex physiological processes [157], [158], design 

stimulus-responsive biosensors [85], [159], [160], and develop cell factories for the 

production of valuable biomolecules [161]. 

One of the main challenges of cellular reprogramming is associated with the 

innate ability of mammalian cells to attenuate perturbations in cell physiology 

[162], [163]. Attenuation is achieved through a highly sophisticated quality control 

system, which typically induces a cellular response aimed at restoring homeostasis. 

The nature of mammalian cells to attenuate perturbations points to the need for 

programmable genetic devices that can memorize cellular events to allow detection 

of transient stimuli. A genetic device with cellular memory translates transient 

biological behaviors to sustained responses. In such memory devices, the strength of 

stimulus required to evoke a functional reaction switching the system from the 

default state to an induced state is typically higher than that of the stimulus 

required to maintain the system in the induced state [164]. This property, referred 
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to as hysteresis, allows the genetic circuit to maintain in the induced state after 

decrease or removal of the stimulus, and thus confers cells the ability to generate 

self-sustainable responses to transient perturbations. 

Hysteresis can be effectively achieved utilizing a positive feedback loop that 

is robust enough to generate a bistable genetic switch [98]. In a genetic circuit, 

positive feedback results from placing the expression of a gene under its own 

control directly, via autoregulation [165], or indirectly, via mutual inhibition [166]. 

Positive feedback loops play an important role in both natural and synthetic gene 

regulatory networks [95], [165]–[168]. Natural hysteretic systems based on positive 

feedback loops are essential for a variety of cellular processes governing the 

behaviors of mammalian cells, such as cell cycle and cell differentiation [151], [152]. 

In addition, synthetic gene circuits containing engineered positive feedback loops 

have been used as genetic amplifiers for enhancement of gene expression [63], 

[111], [169]. Despite the extensive efforts devoted to the design of complex 

hysteretic systems [96]–[98], the design rules of the self-activation based hysteresis 

remain uncharacterized. Previous studies have demonstrated circuit topologies that 

display hysteresis [170], [171]; a quantitative interpretation of hysteretic behaviors 

and the criteria for regulating hysteresis, however, have not been defined. 

In this study, I report the development of a hysteretic system for detecting 

activation of the ubiquitin proteasome system (UPS). As introduced in Chapter 1, the 

UPS is an important cellular machinery responsible for the disposal of misfolded 

and damaged proteins in eukaryotic cells [41]. I designed a genetic circuit based on 
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a self-activation loop that interfaces with the proteasomal degradation machinery. 

Specifically, the self-activation loop consists of the tetracycline-controlled 

transactivator (tTA), whose expression is controlled by the tetracycline-inducible 

promoter. Self-activation of tTA expression is triggered by the expression of another 

tTA-encoding gene controlled by a constitutive promoter. Expression of the reporter 

of the circuit, the secreted embryonic alkaline phosphatase (SEAP), is repressed by 

tTA. tTA, in this circuit, has been engineered to function as a substrate of the UPS by 

fusion to a degron tag. Activation of UPS results in degradation of the degron-tagged 

tTA. Predictive modeling was used to investigate the design rules for building this 

hysteretic genetic circuit. I demonstrate that the system exhibits tunable hysteretic 

response upon modulation of the ratio of constitutively expressed to inducible tTA, 

thereby providing design rules for achieving hysteresis with a self-activation loop. I 

also show that this genetic circuit converts enhancement of UPS activity into an 

extracellular output signal and can be finely tuned using tetracycline to detect 

desired levels of proteasomal degradation. 

4.2. Results 

4.2.1. Design of the Hys-Deg circuit 

To investigate the design rules for establishing a hysteretic system that can 

detect proteasomal degradation, I constructed a genetic circuit containing a self-

activation loop based on the inducible Tet regulatory system, which is a well 

characterized and widely used regulatory system in eukaryotic cells [63], [65], [66], 
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[172]. The self-activation loop was implemented by the tetracycline-controlled 

transactivator (tTA), which consists of the tetracycline repressor (TetR) fused to the 

C-terminal acidic domain of virion protein 16 (VP16), a transcriptional activator 

domain of herpes simplex virus [65]. tTA can function as a repressor when bound to 

the tetracycline operator (TO) placed downstream of the TATA box of a promoter 

[66], and can also function as an activator when bound to TO placed upstream of a 

minimal promoter [65]. 

The architecture of this circuit (Hys-Deg) is as follows (Figure 4.1). Self-

amplification of tTA expression was driven by an inducible TRE promoter, which 

consists of seven repeats of TO upstream of a minimal CMV promoter [66]. By 

binding to the operators in the TRE promoter, tTA activates its own expression. The 

self-amplification loop is triggered by expression of another tTA cassette that is 

expressed constitutively under the control of the CMV promoter. The expression of 

tTA under the control of the constitutive CMV promoter and that of tTA under the 

control of the inducible TRE promoter were linked to the expression of the green 

fluorescent protein (GFP) and the near-infrared fluorescent protein (iRFP), 

respectively, through the use of internal ribosome entry site (IRES) sequences 

placed between the gene encoding tTA and the gene encoding the fluorescent 

reporter in each construct [127]. Expression of the secreted embryonic alkaline 

phosphatase (SEAP) was controlled by the tetracycline-inducible CMV/TO promoter. 

Binding of tTA to the operators in the CMV/TO promoter results in repression of 

SEAP expression. tTA, in this circuit, was engineered as a substrate of proteasomal 
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degradation by fusion to the ODC degron tag, which is the 37 amino acid carboxy-

terminal sequence of ornithine decarboxylase (generating tTA-Deg) [60], [61].  

Proteasomal degradation of tTA-Deg results in expression of SEAP, which 

thus provides a reporter of UPS activity. SEAP production is alternatively induced by 

tetracycline, which displaces tTA from the operator [65], preventing self-

amplification of tTA. The Hys-Deg circuit generates a correlation between 

enhancement of proteasomal degradation (input) and SEAP expression (output). 

Addition of tetracycline enables simulating UPS activation quantitatively and can 

also be used to finely tune the circuit sensitivity to UPS activation. 

Figure 4.1 Schematic illustration of the Hys-Deg system. The tTA variant tTA-Deg is 
expressed from two cassettes, one controlled by a constitutive CMV promoter and one 
controlled by an inducible TRE promoter. The constitutive and inducible expression of 
tTA-Deg are linked to the expression of GFP and iRFP, respectively. tTA-Deg activates its 
own expression by binding to the tetracycline operator (TO) in the TRE promoter and 
represses the expression of secreted embryonic alkaline phosphatase (SEAP) by binding 
to TO in the CMV/TO promoter. Addition of tetracycline (Tc) or enhancement of UPS 
activity blocks self-activation of tTA-Deg and activates SEAP expression. 
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4.2.2. Predictive modeling and design rules of the Hys-Deg circuit 

To define the criteria for creating a synthetic gene circuit with hysteretic 

output, I developed a mathematical model based on ordinary differential equations 

that simulates the behavior of the Hys-Deg circuit. In this model, tTA expression was 

determined by the rates of protein synthesis, degradation, and dilution arising from 

cell division [63], whereas the production of SEAP was determined by the rates of 

protein synthesis and degradation, and is proportional to the cell count [173]. The 

model was also based on the assumptions that transcription is fast compared to 

translation, and tTA dimerization is fast compared to dissociation and degradation 

[174]. The states of promoters in which the transcription factors are bound to single 

operator sequences were neglected [63]. The degradation of all proteins and 

dynamics of translation were considered linear [174]. I also assumed UPS activation 

to have negligible effect on the degradation rate of highly stable proteins, namely, 

GFP [175], iRFP [129], and SEAP [173], compared to the ODC-tagged tTA variant 

[63]. Since tetracycline diffusion through the cell membrane is much more rapid 

than tTA and SEAP expression [176], the rate of tetracycline uptake and degradation 

were neglected and intracellular tetracycline concentration was treated as a 

constant. 

The rate of synthesis of tTA was determined by the rate of tTA synthesis 

controlled by the constitutive CMV promoter and the rate of tTA synthesis 

controlled by the inducible TRE promoter, as described in the Materials and 

Methods. The rate of tTA synthesis controlled by the TRE promoter was modeled as 
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following a Hill function [177], including basal activity to account for leakiness. The 

rate of synthesis of SEAP was modeled as following a Hill function, including basal 

activity to describe the leakiness of the CMV/TO promoter. The Hill function 

describing protein synthesis was derived as a function of tetracycline concentration 

and to also include residual binding of tetracycline-bound tTA to TO as previously 

reported [63]. The rates of protein synthesis of unbound CMV/TO promoters and 

bound TRE promoters were considered to be equal to the promoter’s maximal 

synthesis rate, whereas the rates of protein synthesis of bound CMV/TO promoters 

and unbound TRE promoters were considered to be zero. The parameter values are 

provided in Appendix Table 1. 

I defined the “OFF” and “ON” states of the system in terms of SEAP 

expression: when SEAP expression is repressed (high tTA expression), the system is 

“OFF”; when SEAP expression is derepressed (low tTA expression), the system is 

“ON”. The predictive model showed that SEAP production increased as a function of 

UPS activity, which was modeled by decreasing the half-life of tTA (Figure 4.2), 

confirming that the Hys-Deg circuit is a sensor of proteasomal degradation. A 

threshold of UPS activity was observed to control the OFF-to-ON switch (Figure 

4.2). Addition of tetracycline lowered the threshold of UPS activity (and thus 

increased the threshold of tTA half-life) needed to switch the circuit from the OFF to 

the ON state (Figure 4.2). These findings suggest that the Hys-Deg circuit can be 

finely tuned to detect the desired levels of UPS activation through addition of 

tetracycline to the culturing medium. 
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I next investigated the effect of tTA synthesis from the constitutive and 

inducible promoters on the circuit’s hysteresis. Predictive modeling revealed that 

the width of the hysteretic region, which is defined as the range of tetracycline 

dosage between the threshold of tetracycline corresponding to the ON-to-OFF 

switch and the threshold of tetracycline corresponding to the OFF-to-ON switch, is a 

function of the ratio of the rate of tTA synthesis driven by the constitutive CMV 

promoter (CMV) to the rate of tTA synthesis driven by the inducible TRE promoter 

(TRE) (Figure 4.3). Specifically, the hysteretic region increases as the ratio of 

constitutive to inducible synthesis rate, CMV/TRE, decreases. I simulated SEAP 

expression as a function of tetracycline concentration (0-1 µg/ml) at different 

CMV/TRE ratios, namely high (CMV/TRE=1), intermediate (CMV/TRE=0.01), and low 

(CMV/TRE=0.0001). When the system was preset at the OFF state (0 µg/ml 

Figure 4.2 Model prediction of SEAP expression as a function of UPS activity. SEAP 
expression of the Hys-Deg circuit as a function of tTA half-life in the presence (0.02 
μg/mL) and absence of tetracycline. Relative SEAP expression values were calculated by 
normalizing SEAP concentrations to those obtained in the presence of high 
concentration of tetracycline (1 μg/mL). 
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tetracycline), SEAP expression was predicted to increase as a function of 

tetracycline concentration, and to be completely turned ON when tetracycline 

concentration reaches an intermediate level (~0.05 µg/ml) at all CMV/TRE ratios. 

When the system was preset at the ON state (1 µg/ml tetracycline), the threshold of 

tetracycline concentration that switches SEAP expression OFF was the same as the 

threshold of tetracycline concentration that switches SEAP expression from OFF to 

ON in the circuit presenting high CMV/TRE ratio (CMV/TRE=1) (0.05 µg/ml, Figure 

4.3A). However, the tetracycline concentration needed to switch SEAP expression 

OFF in the circuits presenting intermediate (CMV/TRE=0.01) and low 

(CMV/TRE=0.0001) CMV/TRE ratios decreased (0.01 µg/ml, Figure 4.3B; 0.001 

µg/ml, Figure 4.3C). As CMV/TRE decreased, the response of the Hys-Deg circuit to 

tetracycline dosage shifted from a graded (Figure 4.3A) to hysteretic response 

(Figure 4.3B and 4.3C), which is characterized by higher tetracycline concentration 

required to switch the system from the OFF to the ON state than from ON to OFF 

state. Moreover, the difference between the threshold of tetracycline corresponding 

to ON-to-OFF switch and the threshold of tetracycline corresponding to OFF-to-ON 

switch increased from ~2-fold (at intermediate CMV/TRE) to ~20-fold (at low 

CMV/TRE) as CMV/TRE decreased (Figure 4.3B and 4.3C). In summary, the 

mathematical model predicts that the Hys-Deg circuit exhibits tunable hysteretic 

response that can be modulated by controlling the ratio of synthesis of 

constitutively expressed to inducible tTA.  
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4.2.3. Implementation of the Hys-Deg circuit as a sensor of proteasomal 

degradation 

To experimentally verify that the Hys-Deg system functions as predicted by 

the mathematical model, I constructed a cell line expressing the Hys-Deg circuit. A 

parental cell line expressing SEAP was first generated by transfecting HEK293T cells 

for the expression of SEAP under the control of the CMV/TO promoter (pTO_SEAP) 

and selecting a stable, monoclonal population presenting moderate SEAP activity (a 

clone displaying SEAP activity equal to the average SEAP activity of 30 clones 

screened) (Appendix Figure 4). To achieve precise control over the ratio of 

constitutively expressed to inducible tTA, the cassettes encoding tTA under the 

Figure 4.3 Model prediction of SEAP expression as a function of tetracycline 
dosage for different CMV/TRE ratios. SEAP expression of the Hys-Deg circuit 
presenting (A) CMV/TRE=1, (B) CMV/TRE=0.01, (C) CMV/TRE=0.0001 as a function of 
tetracycline concentration, preset at the ON (red) and OFF (blue) state. The OFF and ON 
state correspond to the steady states of the system absence of tetracycline (-Tc) and 
presence of high tetracycline (+Tc, 1 μg/mL). Relative SEAP expression values were 
calculated by normalizing SEAP expression levels obtained when tTA expression 
reaches steady state in the presence of increasing tetracycline concentrations to those 
obtained in presence of high concentration of tetracycline (1 μg/mL). 
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control of CMV and TRE promoters were cloned into two separate lentiviral vectors 

[178]. The parental SEAP expressing cell line was sequentially transduced using 

lentiviral vectors encoding the constitutively expressed tTA (pLenti CMV_tTA) and 

self-activated tTA (pLenti TRE_tTA), and selected in bulk to obtain a polyclonal 

population stably expressing the Hys-Deg circuit. The ratio of constitutive to 

inducible tTA was modulated by isolating monoclonal populations expressing 

different levels of GFP and iRFP (Appendix Figure 5), which serve as reporters of 

constitutively expressed and inducible tTA driven by the CMV and TRE promoters, 

respectively. I isolated a clone presenting high GFP to iRFP ratio (HEK293T/Hys#1, 

Figure 4.4A), which is indicative of a high ratio of expression of constitutive to 

inducible tTA, corresponding to high CMV/TRE ratio. I also isolated a clone 

displaying intermediate GFP to iRFP ratio (HEK293T/Hys#2), which is indicative of 

intermediate CMV/TRE ratio, and a clone displaying low GFP to iRFP ratio 

(HEK293T/Hys#3), which is indicative of low CMV/TRE ratio (Figure 4.4A, p < 

0.001). The GFP fluorescence intensity of HEK293T/Hys#3 cells (low CMV/TRE 

ratio) was comparable to that of the parental (non-transduced) cell line (data not 

shown). The iRFP fluorescence signal of the three cell lines decreased as CMV/TRE 

decreased, suggesting that the differences in the TRE promoter activity arise from 

different total amounts of tTA. To confirm that the GFP and iRFP signals measured 

by flow cytometry are accurate measurements of tTA expression levels driven by 

the CMV and TRE promoters, I analyzed GFP, iRFP, and tTA protein levels. Western 

blot analyses showed that GFP and iRFP protein levels were consistent with the 

fluorescence intensity measurements, and tTA protein levels decreased as a function 
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of GFP protein level (Figure 4.4B), suggesting that the ratio of GFP to iRFP 

fluorescence is a reliable indicator of the ratio of constitutive to inducible tTA 

synthesis rate CMV/TRE.  

To evaluate whether the Hys-Deg circuit can detect proteasomal degradation, 

I monitored SEAP activity upon genetic activation of the UPS, which was achieved by 

overexpressing the proteasome activator subunit PA28 [63], [179]. HEK293T/Hys 

cells were transfected for the expression of PA28, and treated with tetracycline to 

tune the detection of proteasomal degradation as guided by the model prediction. 

Overexpression of PA28 did not significantly affect the SEAP activity of cells 

cultured in the absence of tetracycline, suggesting that the level of UPS activation 

achieved did not reach the threshold needed to switch the system from OFF to ON. 

However, addition of tetracycline to cells overexpressing PA28 resulted in an 

Figure 4.4 Modulation of the ratio of constitutively expressed to inducible tTA. (A) 
Flow cytometry analyses of HEK293T cells stably expressing the Hys-Deg circuit 
presenting high (HEK293T/Hys#1), intermediate (HEK293T/Hys#2) and low 
(HEK293T/Hys#3) ratios of constitutive to inducible tTA (CMV/TRE). Data are reported 
in arbitrary units (A.U.) and presented as mean  s.d. (n  3, p < 0.001, two tailed t test). 
(B) Western blot analyses of GFP, iRFP and tTA. GAPDH was used as a loading control. 
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increase in SEAP activity ranging from 1.6- to 2.1-fold (Figure 4.5A, *p < 0.05, **p < 

0.01). These results are consistent with the predictions of the mathematical model 

and suggest that the system can be modulated with tetracycline to lower the 

threshold of UPS activity corresponding to the OFF-to-ON switch. The fold change of 

SEAP activity detected upon overexpression of PA28 decreased as tetracycline 

dosage increased (Figure 4.5A). This result is due to the ultrasensitivity of the TRE 

promoter, which displays sharp changes in activity with small changes in 

tetracycline concentration at intermediate tetracycline concentrations, and becomes 

saturated at high tetracycline concentrations [98]. Culturing conditions 

corresponding to the highest fold change in SEAP activity upon overexpression of 

PA28 (0.02 μg/ml tetracycline, Figure 4.5A) were further investigated to evaluate 

tTA expression. Overexpression of PA28 did not significantly affect tTA levels in 

cells cultured in the absence of tetracycline, but resulted in a 22% decrease in tTA 

levels in cells cultured in the presence of tetracycline as determined by monitoring 

iRFP fluorescence Figure 4.5B, *p < 0.05), suggesting that UPS activation in the 

presence of tetracycline results in decrease in tTA self-amplification. 

These findings suggest that, as predicted by the mathematical model, the 

Hys-Deg circuit is a sensor of proteasomal degradation and can be tuned with 

tetracycline to detect desired changes in UPS activity.  
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4.2.4. Modulating the hysteretic response of the Hys-Deg 

To investigate whether the hysteretic behavior of the Hys-Deg circuit is 

determined by the ratio of constitutively expressed to inducible tTA as indicated by 

the modeling results, I investigated the response of the Hys-Deg circuit based on 

different CMV/TRE ratios to tetracycline dosage. Because tTA and iRFP are 

expressed co-cistronically, high iRFP fluorescence correlates with high tTA 

expression level, corresponding to the OFF state of the system, while low iRFP 

Figure 4.5 Quantification of proteasomal degradation using the Hys-Deg circuit. 
(A) SEAP activity of HEK293T/Hys#1 cells transiently transfected for the expression of 
PA28 or with a control plasmid lacking the PA28 gene (−) and cultured in the absence 
or presence of tetracycline. Relative SEAP activity values were calculated by normalizing 
the SEAP activity of each sample to that of cells treated with 1 μg/mL tetracycline 
(maximum SEAP activity). Data are presented as mean  s.d. (n  3, *p < 0.05 **p < 0.01, 
two tailed t test). (B) iRFP fluorescence intensity of HEK293T/Hys#1 cells transiently 
transfected for the expression of PA28 or with a control plasmid lacking the PA28 gene 
(−) and cultured in the absence or presence of tetracycline (0.02 µg/mL). Relative iRFP 
fluorescence values were calculated by normalizing the iRFP fluorescence intensity of 
each sample to that of cells cultured in the absence of tetracycline (maximum iRFP 
fluorescence intensity). Data are presented as mean  s.d. (n  3, *p < 0.05, two tailed t 
test). 
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fluorescence correlates with low tTA expression level, corresponding to the ON state 

of the system. HEK293T/Hys cells were cultured in the absence of tetracycline for 4 

days to equilibrate the system at the OFF state or in the presence of tetracycline (1 

µg/ml) for 4 days to equilibrate the system at the ON state. An incubation time of 4 

days was adequate to switch the system from OFF to ON (Appendix Figure 6). Cells 

were then reseeded and cultured in the presence of increasing tetracycline 

concentrations (0-1 μg/ml). When the cells were preset at the OFF state, the iRFP 

fluorescence intensity decreased as a function of tetracycline concentration (Figure 

4.6), whereas SEAP activity increased as a function of tetracycline concentration. All 

three HEK293T/Hys clones required 0.1 μg/ml tetracycline to turn SEAP expression 

from OFF to ON (Figure 4.6). When the cells were preset at the ON state, iRFP 

fluorescence intensity (Figure 4.6A) and SEAP activity (Figure 4.6B) of cells 

presenting high CMV/TRE ratio (HEK293T/Hys#1) were identical to those of cells 

preset at the OFF state, suggesting a graded response to tetracycline dosage. 

However, analysis of cells presenting intermediate CMV/TRE ratio 

(HEK293T/Hys#2) revealed that the tetracycline concentrations of 0.05 μg/ml or 

lower are needed for the iRFP expression to be turned ON and for the SEAP 

expression to be turned OFF (Figure 4.6C and 4.6D), suggesting that the output of 

the system is dependent on its expression history, which is characteristic of 

hysteresis. iRFP fluorescence intensity of cells preset at the ON state was lower than 

that of cells preset at the OFF state at tetracycline concentrations ranging from 0.01 

to 0.05 μg/ml; SEAP expression of cells preset at the ON state was higher than that 

of cells preset at the OFF state at tetracycline concentrations ranging from 0.01 to 
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0.05 μg/ml (Figure 4.6C and 4.6D). Interestingly, cells presenting low CMV/TRE 

ratio (HEK293T/Hys#3) displayed iRFP fluorescence intensity (ranging from 1.4 to 

2.6% of the maximum iRFP fluorescence intensity at the tetracycline concentrations 

tested) and SEAP expression level (ranging from 93.7 to 111% of the SEAP activity 

of cells at the ON state at the tetracycline concentrations tested) comparable to that 

of cells continuously cultured in the presence of 1 μg/ml tetracycline (1.5% iRFP 

and 100% SEAP, Figure 4.6E and 4.6F), indicating that the system was maintained 

at the ON state even after complete removal of tetracycline. Cells presenting low 

CMV/TRE ratio thus display memory of exposure to tetracycline, which is an 

extreme case of hysteresis.  

These results confirm the modeling prediction and demonstrate that the 

hysteretic region is a function of CMV/TRE ratio, with cells presenting lower 

CMV/TRE ratio behaving hysteretically within a wider range of tetracycline 

concentration. Specifically, the tetracycline concentration that is required to turn 

the system OFF decreases with decreasing ratio of constitutive to inducible rate of 

tTA synthesis. Due to the very low CMV/TRE ratio, the GFP signal of 

HEK293T/Hys#3 cells was virtually undetectable (Figure 4.4A). As a result, these 

cells generate an extreme hysteretic response and commit to remain at the ON state 

in an irreversible manner [180], which leads to high SEAP levels after removal of 

tetracycline and memory of the cellular event.  
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Figure 4.6 Hysteretic behavior of the Hys-Deg system. iRFP fluorescence and SEAP 
expression levels of (A, B) HEK293T/Hys#1, (C, D) HEK293T/Hys#2, and (E, F) 
HEK293T/Hys#3 cells cultured in the absence and presence of tetracycline (1 µg/mL) 
for 4 days to set SEAP expression to an OFF (-Tc) or ON (+Tc) state and reseeded and 
cultured with increasing concentrations of tetracycline (0-1 µg/mL) for 4 days. Relative 
iRFP fluorescence values were calculated by normalizing the iRFP fluorescence intensity 
of each sample to that of cells cultured in the absence of tetracycline (maximum iRFP 
fluorescence intensity). Relative SEAP activity values were calculated by normalizing the 
SEAP activity of each sample to that of cells treated with 1 μg/mL tetracycline 
(maximum SEAP activity). Data are presented as mean  s.d. (n  3, *p < 0.05, **p < 0.01, 
two tailed t test). 
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To confirm that the iRFP fluorescence and SEAP expression levels observed 

upon cell treatment with tetracycline result from tTA self-activation and not simply 

from tetracycline-induced displacement of tTA from the SEAP promoter, I evaluated 

GFP, iRFP, and tTA protein levels in HEK293T/Hys cells treated with increasing 

concentrations of tetracycline (0-1 μg/ml). As expected, GFP protein levels were not 

affected by the addition of tetracycline (Figure 4.7). In agreement with the results 

observed from the flow cytometry analyses, iRFP protein levels in cells presenting 

all three CMV/TRE ratios decreased as a function of tetracycline concentration 

(Figure 4.7). tTA protein levels decreased with increasing tetracycline 

concentration (Figure 4.7), confirming that self-amplification of tTA is negatively 

regulated by tetracycline. Both the tTA and iRFP protein levels of cells presenting 

high CMV/TRE ratio decreased gradually with increase in tetracycline concentration 

(Figure 4.7A), indicating a graded response of the system to the stimulus, which is 

consistent with the flow cytometry and SEAP activity analyses. However, tTA and 

iRFP proteins of cells presenting intermediate and low CMV/TRE ratios were not 

detectable upon treatment with tetracycline concentration higher than 0.05 μg/ml 

and 0.02 μg/ml, respectively (Figure 4.7B and 4.7C), consistent with flow cytometry 

analyses showing that cells presenting intermediate and low CMV/TRE ratios 

present low or undetectable GFP fluorescence levels (Figure 4.4A). These findings 

confirm that tetracycline blocks self-activation of tTA. 
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Taken together, these results demonstrate that the hysteretic response of the 

Hys-Deg system can be modulated by controlling the ratio of expression of 

constitutive to inducible tTA.  

Figure 4.7 Analyses of protein levels of the Hys-Deg system in response to 
tetracycline dosage. Western blot analyses of GFP, iRFP and tTA in (A) 
HEK293T/Hys#1 (B) HEK293T/Hys#2 and (C) HEK293T/Hys#3 cells cultured with 
increasing concentrations of tetracycline (0-1 µg/mL) for 4 days. GAPDH was used as a 
loading control. 
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4.3. Discussion 

Advances in mammalian synthetic biology have generated new tools to study 

cellular signal processing circuits [77], [82], [181], [182] and opened the way to the 

design of engineered cells with controlled behaviors. Mammalian cells, however, 

present highly sophisticated mechanisms to attenuate genetic and chemical 

perturbations and restore homeostasis [163]. This innate homeostatic system is 

often the main roadblock to the development of cell-based devices for the detection 

of transient biological behaviors. Not surprisingly, establishing robust synthetic 

gene circuits that provide sustained responses to transient perturbations has 

become a challenge in the mammalian synthetic biology field. A device with cellular 

memory enables conversion of a transient perturbation into a lasting response. For 

instance, synthetic memory modules could dramatically improve the detection of 

disease signatures and would make it possible to achieve sustained production of 

recombinant proteins without using large quantities of inducers [93], [94]. A 

number of genetic circuits engineered from transcription-based parts combined to 

generate a variety of different topologies have been investigated to determine 

whether a given topology present cellular memory [95], [97], [165], [166], [183]–

[185]. The construction of programmable memory devices is currently limited by 

the lack of design rules for building hysteretic circuits and a detailed understanding 

of the parameters that govern hysteretic behaviors [96]. 

To establish the design rules of programmable synthetic networks with 

cellular memory, I developed a genetic circuit for detection of proteasomal 
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degradation based on a positive feedback loop. To construct the positive feedback 

loop, I used previously characterized components of the Tet regulatory system, 

namely tTA and the tetracycline-inducible promoter. tTA was engineered to 

interface with the proteasomal degradation machinery by fusion to the ODC degron 

tag, resulting in an engineered tTA variant that is sensitive to changes in UPS 

activity. Expression of tTA was controlled by the tetracycline-inducible promoter, 

generating a self-activation loop (Figure 4.1). The circuit included a second tTA 

gene that is constitutively expressed and triggers the self-activation loop. In this 

study, I demonstrated that a single self-activation loop can endow regulatory 

networks with tunable hysteresis. On the basis of mathematical modeling, I 

predicted and experimentally verified that the hysteresis region can be tuned by 

manipulating the ratio of expression of constitutive to inducible tTA (CMV/TRE). 

While the system presenting high CMV/TRE ratio displayed a graded response to a 

transient stimulus, the system presenting intermediate or low CMV/TRE ratio 

exhibited a hysteretic response to a transient stimulus. 

I also demonstrated that the hysteretic behavior of the Hys-Deg system could 

be enhanced by further decreasing CMV/TRE ratio, leading to an irreversible 

response and generating long-term memory in response to a brief pulse of 

induction. Previous studies have shown that hysteresis of a synthetic circuit can be 

achieved by altering intrinsic parameters of the circuit’s components, such as 

cooperativity and DNA binding affinity [98], [141], which would require extensive 

protein engineering. This study, on the other hand, provides a universal strategy to 
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easily and predictably control hysteretic responses by modulating the expression 

level of relevant circuit components. I anticipate that the hysteretic behavior could 

be further optimized by engineering the circuit component driving the self-

activation loop (i.e., tTA) through the use of stronger activation domains [186]. 

Using stronger activators will give rise to a more robust positive feedback loop, and 

thus potentially allow for a wider range of tunable hysteresis. 

In this study, tTA was rewired as a substrate of proteasomal degradation by 

fusion to a representative degradation tag, the ODC degron tag, which interfaces 

with a ubiquitin-independent pathway mediating proteasomal degradation [61], to 

allow for detection of UPS activation. Owing the modular nature of the degradation 

tag [63], the Hys-Deg circuit can also be adapted to detect proteasomal degradation 

arising from alternative pathways, such as the ubiquitin-dependent proteasomal 

degradation [187]. Moreover, I anticipate that by customizing the signaling unit 

fused to tTA with respect to the interfacing cellular circuitry, the hysteretic genetic 

circuit can be a plug-and-play platform to detect perturbations in other signaling 

pathways, which will potentially advance our understanding of mechanisms 

underlying other important cellular responses. 

In summary, I combined mathematical modeling and experimental tests to 

establish the design rules for constructing a hysteretic genetic circuit with an 

autoregulatory feedback loop. The Hys-Deg system provides a tunable technology 

for detection of proteasomal degradation. By providing cellular memory of a 

transient stimulus, this synthetic gene circuit could be easily integrated into more 
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complex networks and enable the analysis and engineering of highly dynamic 

processes in mammalian cells. 

4.4. Materials and methods 

4.4.1. Plasmids 

PCR amplifications of DNA fragments smaller than 2000 bp were performed 

using Vent® DNA polymerase (New England Biolabs), while PCR amplifications of 

DNA fragments larger than 2000 bp were performed using KAPA HiFi™ HotStart 

DNA polymerase (KAPA Biosystems), according to the manufacturer’s protocol. 

Plasmid sequences were verified by DNA sequencing. 

The plasmid pTO_SEAP was generated by replacing the GFP gene of pTO_GFP 

[63] with the SEAP gene amplified from pDRIVE5SEAP-hHSP70 (InvivoGen), using 

restriction enzymes KpnI-HF and EcoRI-HF (New England Biolabs). The plasmid 

pLenti CMV_tTA was constructed by first generating the vector backbone by 

replacing the SV40 promoter and blasticidin-resistance gene of pLenti CMV_GFP 

Blast (Addgene plasmid #17445) with a cassette comprising the EF1α promoter 

[188], and the hygromycin-resistance gene [189] using Gibson Assembly. A cassette 

comprising an IRES (internal ribosome entry site) sequence amplified from pMSCV 

PIG (Addgene plasmid#21654) and the gene encoding tTA-ODC amplified from 

pTRE_tTA [63] was inserted downstream of the gene encoding GFP using BsrGI-HF 

and SalI-HF, generating pLenti CMV_tTA. pLenti TRE_tTA was generated by 

replacing the CMV/TO_eGFP cassette of pLenti CMV/TO_eGFP Puro (Addgene 
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plasmid#17481) with a sequence consisting of the TRE promoter (comprising seven 

repeats of the 19bp TO sequence and the minimal CMV promoter), the gene 

encoding tTA-ODC, an IRES amplified from pMSCV PIG, and the gene encoding iRFP 

amplified from piRFP (Addgene plasmid#31857). The cassette containing the TRE 

promoter and tTA-ODC was amplified from pTRE_tTA [63] and cloned into the 

lentiviral vector pLenti CMV/TO_eGFP Puro via Gibson Assembly [144] using the 

Gibson Assembly® Master Mix (New England Biolabs) according to the 

manufacturer’s protocol. The gene encoding the V5 tag was fused to the 3’ of iRFP by 

reverse primer extension PCR. The plasmid pPA28 encoding the proteasome 

activator subunit PA28 was generated as previously described [63]. 

4.4.2. Cell cultures and transfection 

HEK293T cells (ATCC) and HEK293T cells stably expressing the hysteretic 

genetic circuit (HEK293T/Hys) were cultured in high glucose DMEM (Hyclone) 

supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% Penicillin-

Streptomycin-Glutamine (PSQ, Hyclone) at 37 °C in humidified 5% CO2 atmosphere. 

Cells were transfected using JetPrime (Polyplus transfection) according to the 

manufacturer’s protocol. 

4.4.3. Lentiviral vector production and transduction 

HEK293T cells were seeded in 10 cm culture dishes (1.5×106 cells per dish) 

24 h prior to transfection. Cells were co-transfected using JetPrime with a total of 5 

µg plasmid DNA: 0.8 µg of lentivirus construct (pLenti CMV_tTA or pLenti TRE_tTA), 
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2 µg of lentivirus packaging plasmid pMDLg/pRRE (Addgene plasmid #12251),  1 µg 

of Rev expressing plasmid pRSV-Rev (Addgene plasmid #12253), and 1.2 µg of 

envelope expressing plasmid pMD2.g (Addgene plasmid #12259) [190], [191]. The 

medium was replaced 8 h post-transfection. The culture supernatant was collected 

48 h after transfection and filtered through a 0.45 µm low protein-binding PVDF 

filter (Millipore). Lentivirus particles were concentrated with a Lenti-X™ 

Concentrator (Clontech) according to the manufacturer’s protocol, resuspended in 

1/100th of the original volume using complete DMEM and stored at -80 °C. 

HEK293T/SEAP and HEK293T/SEAP-TRE-tTA cells were seeded in 6-well 

plates (1.2×105 cells per well) 24 h prior to transduction. Cells were transduced 

with lentiviral particles at the desired multiplicity of infection (MOI) with polybrene 

(Sigma) at a final concentration of 8 µg/ml. The medium containing the virus was 

replaced with fresh medium 24 h post-transduction. Cells were harvested using 

TrypLE (GIBCO® Invitrogen) 48 h post-transfection and subcultured in 10 cm 

culture dishes using selection medium supplemented appropriate antibiotics. 

4.4.4. Stable cell lines 

The HEK293T/Hys stable cell line was generated by first selecting a 

monoclonal population of HEK293T cells stably expressing TO_SEAP. HEK293T cells 

were transfected with the pTO_SEAP plasmid linearized with FspI. Transfected cells 

were cultured in DMEM supplemented with 10% FBS, 1% PSQ and 200 μg/ml 

zeocin (InvivoGen) for 3 weeks and subcultured into 96-well plates at a 

concentration of 0.5 cells/well to isolate monoclonal populations. A stable 
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monoclonal cell line expressing SEAP at the level representing the average SEAP 

activity of 30 clones screened (HEK293T/SEAP) was selected for subsequent 

transduction with lentiviral vector pLenti TRE_tTA and pLenti CMV_tTA. The 

HEK293T/SEAP cell line was first transduced with lentiviral vector pLenti TRE_tTA 

and selected using medium supplemented with 1 μg/ml puromycin (InvivoGen) for 

3 weeks. The resulting polyclonal population (HEK293T/SEAP-TRE-tTA) was 

transduced with lentiviral vector pLenti CMV_tTA and selected using medium 

supplemented with 200 μg/ml hygromycin B (Gold Biotechnology Inc.) for 3 weeks, 

generating a polyclonal population of cells expressing the hysteretic genetic circuit 

(HEK293T/Hys). The polyclonal population of HEK293T/Hys cells was isolated 

using fluorescence-activated cell sorting to isolate colonies with different 

expression ratios of GFP (pLenti CMV_tTA) to iRFP (pLenti TRE_tTA). 

4.4.5. Fluorescence-activated cell sorting (FACS) and flow cytometry 

analyses 

Cell sorting was conducted using a FACSAria II flow cytometer (BD, San Jose, 

CA). Polyclonal HEK293T/Hys cells were collected in HEPES buffer supplemented 

with 1% BSA and 2 mM EDTA and sorted for populations with different ratios of 

fluorescence intensities of GFP (488 nm laser, 530/30 nm emission filter) to iRFP 

(633 nm laser, 780/60 nm emission filter). Sorted cells were collected in DMEM 

supplemented with 20% FBS in 96-well plates at a concentration of 1 cells/well to 

isolate monoclonal colonies. Monoclonal colonies were cultured and amplified to 

obtain monoclonal populations. 
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Flow cytometry analyses were conducted using a FACSCanto II flow 

cytometer (BD, San Jose, CA) to measure the fluorescence intensity of GFP (488 nm 

laser, 530/30 nm emission filter) and iRFP (633 nm laser, 780/60 nm emission 

filter). At least 20,000 cells were recorded for analysis in each sample. 

4.4.6. SEAP activity assay 

HEK293T/Hys cells were plated onto 12-well plates in medium 

supplemented with tetracycline (0-1 µg/ml). The culture medium was replaced with 

fresh medium supplemented with tetracycline every 24 h. The medium was 

collected after 96 h and SEAP expression was analyzed using SEAP Reporter Assay 

Kit (Invivogen) according to the manufacturer’s protocol. 

The effect of PA28 was tested by plating HEK293T/Hys cells into 12-well 

plates in medium supplemented with 0.02 µg/ml tetracycline 24 h prior to 

transfection. Cells were transfected with 500 ng of pPA28 or pcDNA3.1 using 

JetPrime (Polyplus transfection) according to the manufacturer’s protocol. The 

culture medium of transfected cells was replaced with fresh medium containing 

0.02 μg/ml tetracycline 24 h post-transfection. The medium was collected 48 h post-

transfection and SEAP expression was analyzed using SEAP Reporter Assay Kit 

(Invivogen) according to the manufacturer’s protocol. 

4.4.7. Western blot analyses 

Cells were lysed with Complete lysis-M buffer containing a protease inhibitor 

cocktail (Roche Applied Science) according to the manufacturer’s protocol. Lysed 
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cells were centrifuged for 5 min at 15,000 g and 4 °C and the supernatant was 

collected for Western blot analyses. Protein concentrations were determined by 

Bradford assay and samples were diluted to the same concentration and separated 

by 12% SDS-PAGE. Western blot analyses were performed using primary antibodies 

(anti-VP16, sc-7545, Santa Cruz Biotechnology; anti-V5, sc-83849-R, Santa Cruz 

Biotechnology; anti-GFP, 55423, AnaSpec Inc.; anti-GAPDH, NB300-320, Novus 

Biologicals) and appropriate secondary antibodies (m-IgGκ BP-HRP, sc-516102, 

Santa Cruz Biotechnology; anti-rabbit IgG-HRP, sc-2357, Santa Cruz Biotechnology; 

anti-chicken IgY-HRP, sc-2428, Santa Cruz Biotechnology; anti-goat IgG-HRP, sc-

2020, Santa Cruz Biotechnology). Blots were visualized using SuperSignal 

Chemiluminescent Substrates (ThermoFisher). 

4.4.8. Mathematical model 

A differential algebraic equation model was implemented using MATLAB 

(Mathworks, Inc.) to simulate SEAP production profiles. Changes in the 

concentration of SEAP were modeled as depended on the rate of SEAP synthesis 

(RSEAP), the rate of SEAP degradation (SEAP) and the cell number (N). 

𝑑[𝑆𝐸𝐴𝑃]

𝑑𝑡
= 𝑅 × 𝑁 − 𝛾 [𝑆𝐸𝐴𝑃] 

The rate of SEAP synthesis was described using the Hill function as 

previously reported [63], [177], modified to incorporate basal expression of SEAP 

due to promoter leakage [192] and to account for residual binding of tetracycline-
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bound tTA to the operator [63], where the parameter 1 accounts for the basal 

expression of SEAP, SEAP is the maximal synthesis rate of SEAP, [tTA*] is the 

concentration of free tTA, [tTA-Tc] is the concentration of tetracycline-bound tTA, nR 

is the degree of cooperativity of repression, and KR and KR’ are the dissociation 

constants of tTA and tTA-Tc binding to the CMV/TO promoter, respectively. μ is the 

cell growth rate. 

𝑅 = 𝛽 𝜃 + (1 − 𝜃 )
1

1 +
[𝑡𝑇𝐴∗]

𝐾
+

[𝑡𝑇𝐴 − 𝑇𝑐]
𝐾

 

𝑑𝑁

𝑑𝑡
= 𝜇𝑁 

Changes in the concentration of tTA were modeled as depended on the rate 

of tTA synthesis (RtTA), which includes tTA that is constitutively expressed by the 

CMV promoter (CMV, modified by the translation coefficient of protein translated 

after the IRES, f) and tTA that is induced by tTA binding to the TRE promoter, the 

rate of degradation (tTA), and dilution due to cell growth (μ). The rate of tTA 

synthesis controlled by the TRE promoter is described using the Hill function, where 

the parameter 2 accounts for the basal expression of tTA, TRE is the maximal 

synthesis rate of tTA controlled by the TRE promoter, [tTA*] is the concentration of 

free tTA, [tTA-Tc] is the concentration of tetracycline-bound tTA, nA is the degree of 
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cooperativity of activation, and KA and KA’ are the dissociation constants of tTA and 

tTA-Tc binding to the TRE promoter, respectively. 

𝑑[𝑡𝑇𝐴]

𝑑𝑡
= 𝑅 − (𝛾 + 𝜇)[𝑡𝑇𝐴] 

𝑅 = 𝑓 × 𝛼 + 𝛽 𝜃 + (1 − 𝜃 )

[𝑡𝑇𝐴∗]
𝐾

+
[𝑡𝑇𝐴 − 𝑇𝑐]

𝐾

1 +
[𝑡𝑇𝐴∗]

𝐾
+

[𝑡𝑇𝐴 − 𝑇𝑐]
𝐾

 

Binding of tetracycline to tTA was also modeled using the Hill function [172], 

where [tTA] is the total cellular tTA concentration, [Tc] is the concentration of 

tetracycline, nTc is the Hill coefficient of tetracycline binding to tTA, and KTc is the 

dissociation constant of tetracycline binding to tTA.  

[𝑡𝑇𝐴∗]

[𝑡𝑇𝐴]
=

1

1 +
[𝑇𝑐]
𝐾

 

[𝑡𝑇𝐴] = [𝑡𝑇𝐴∗] + [𝑡𝑇𝐴 − 𝑇𝑐] 

The relative SEAP expression ([SEAP]norm) was obtained by normalizing the 

SEAP production obtained 24 h after tTA expression reaches steady state ([SEAP]) 

to the SEAP production obtained 24 h after tTA expression reaches steady state 

when tetracycline is in great excess ([SEAP]max). 
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[𝑆𝐸𝐴𝑃] =
[𝑆𝐸𝐴𝑃]

[𝑆𝐸𝐴𝑃]
 

The parameter values for all simulations are provided in Supplementary 

Table 1. 

4.4.9. Statistical analyses 

All data are presented as mean ± s.d (n  3 biological replicates). Statistical 

significance was calculated using a two-tailed t-test in all experiments.
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Chapter 5 

Summary and Future Directions 

5.1. Summary 

The objective of this research was to expand the mammalian synthetic 

biology toolbox for applications in the study of protein misfolding diseases – a large 

class of diseases characterized by accumulation of misfolded and aggregated 

proteins. This goal was achieved by developing orthogonal gene regulators and 

genetic circuits that can be used as cell-based platforms to monitor protein folding 

and degradation. 

To overcome the limitations of current technologies for monitoring protein 

misfolding and aggregation, I designed a tunable cell-based sensor for quantifying 

protein solubility in mammalian cells (Chapter 3). In collaboration with Dr. Jonathan 

Silberg group, I first used a combinatorial approach to design a set of ligand-

dependent split TetR variants. I demonstrated that these ligand-dependent split 
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TetR variants can be used as genetic AND gates in E. coli and mammalian cells. I also 

built a solubility sensor based on the split TetR variant consisting of the smallest C-

terminal fragment among the split variant selected. I co-expressed the large 

“detector” fragment and a small “sensor” fragment fused to the target protein. 

Protein aggregation was detected by monitoring the complementation between the 

“detector” fragment and the “sensor” fragment. This split transcriptional regulator 

links the aggregation of the target protein to the expression of a fluorescent output. 

This study provides a novel tool that can be used for creating AND gate logic in both 

bacterial and mammalian cells. It also provides a cell-based platform for monitoring 

protein aggregation in mammalian cells, which will open the way to fundamental 

and applied studies aimed at elucidating and treating protein misfolding diseases. 

In Chapter 4, I reported the development of a tunable, hysteretic cell-based 

sensor for monitoring proteasomal degradation in mammalian cells. This hysteretic 

genetic circuit was based on an autoregulatory positive feedback loop that 

interfaces with the main cellular protein degradation machinery (the UPS). The self-

activation loop was built using a variant of the well characterized tetracycline-

controlled transactivator (tTA), which was engineered to function as a substrate of 

the UPS. Self-activation of tTA expression is triggered by expression of another 

constitutively regulated tTA. Guided by predictive modeling, I demonstrated that 

control of the hysteretic response can be achieved by modulating the ratio of 

expression of constitutive to inducible regulator that generates the positive 

feedback loop. I also showed that the system converts enhancement of UPS activity 

into an extracellular output signal and can be finely tuned through dosage of the 
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inducer (tetracycline) to calibrate the circuit for detection of the desired levels of 

UPS activation. This study provides a synthetic memory module which can be easily 

integrated into complex networks and enable the analysis and engineering of 

complex cellular behaviors in mammalian cells. This work also produced a tunable 

technology for detection of proteasomal degradation, which will be generally useful 

to monitor transient stimuli causing enhancement of proteasomal degradation. 

5.2. Future directions 

The study in Chapter 3 provides five sTetR variants that can be used to 

generate AND logic gates in synthetic gene circuits. I expect that these AND logic 

gates can be customized to link different sorts of inputs, including small molecules, 

proteins or peptides, and promoter elements of cellular signaling pathways, to a 

reporter output [193], [194], and will thus provide novel tools for investigating 

complex biological processes. The sTetR variants characterized in this study display 

aTc-dependent repression in E. coli and Tc-dependent repression in mammalian 

cells, which allow tuning transcriptional regulation through a small molecule ligand. 

Because regulators of the TetR family display similar ligand-dependent 

characteristics [139], it would be interesting to investigate whether similar protein 

fission approaches could be applied to other members of the TetR family. 

Identification of more split regulators is expected to diversify the array of ligand-

dependent transcriptional regulation tools available for synthetic biology 

applications. 
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The sTetR-based solubility sensor provides a tunable cell-based platform to 

quantify protein aggregation in mammalian cells. Further optimization of the 

solubility sensor could be achieved by engineering interacting peptides assisting 

complementation [116] and the affinity and specificity of DNA binding [141]. 

The study presented in Chapter 4 investigates the design of the Hys-Deg 

system as a cell-based sensor for detection of UPS activation. This cell-based sensor 

was based on a tTA variant rewired to function as a substrate of proteasomal 

degradation by fusion to a degradation tag, thereby generating an engineered 

transcriptional regulator that interfaces with the ubiquitin-independent 

proteasomal degradation pathway [61]. Due to the modular nature of the tTA 

variant [63], I expect that the Hys-Deg circuit can be adapted to target alternative 

degradation mechanisms, such as the ubiquitin-dependent proteasomal 

degradation, by altering the specificity of the degradation tag [187]. Moreover, this 

hysteretic genetic circuit could also be customized to monitor other biological 

pathways by substituting the degron tag with a signaling unit that interfaces with 

the target biological process. In summary, the Hys-Deg system could be used as a 

plug-and-play platform for studying cell signaling pathways that could potentially 

advance our understanding of mechanisms underlying important cellular responses. 

Previous studies suggest that the hysteretic behavior of synthetic gene 

circuits can be enhanced by engineering the cooperativity and DNA binding affinity 

of the circuit’s components [98], [141]. However, altering these intrinsic parameters 

of the circuit’s components requires extensive protein engineering. In Chapter 4, I 
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demonstrated that the hysteresis of the Hys-Deg system could be achieved by 

decreasing CMV/TRE ratio. These results suggest that the hysteresis of an 

autoregulatory feedback loop can be easily and predictably controlled by 

modulating the expression level of relevant circuit components. Other approaches 

to modulate CMV/TRE ratio, such as introducing strong transcription activators 

driving the self-activation loop, may also affect the hysteretic behavior of the Hys-

Deg system. Recruitment of multiple activation domains in a transcription activator 

can lead to improved transcriptional activation compared to that obtained by a 

single activation domain [195], [196]. Increased expression level of inducible tTA 

(TRE) could be achieved by replacing the VP16 activation domain with a stronger 

activation domain, such as a multimeric activation domain VPR (an ordered fusion 

of VP64, p65 and Rta activation domains) [186]. Stronger activators can lead to a 

more robust positive feedback loop, which is expected to result in hysteresis over a 

wider range of parameters.
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Appendix 

 

 

 
Appendix Figure 1 Optimization of the sTetR transfection conditions. 
Fluorescence of HEK293T cells transfected with a plasmid encoding GFP under the 
control of CMV/TO and plasmids encoding the two sTetR fragments (F1 and F2) or 
the parental TetR at different ratios (1:3-1:12), and cultured in the presence of Tc (2 
μg/mL). Relative GFP fluorescence values were obtained by first normalizing the GFP 
fluorescence intensity of transfected cells (iRFP-positive) of each sample to the iRFP 
fluorescence intensity, and dividing the resulting GFP signals to that of cells not 
expressing TetR (-) at identical ratios. 
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Appendix Figure 2 Tuning the limit of detection of the sTetR-based solubility 
sensor with tetracycline. HEK293T cells transfected for the expression of GFP under 
the control of CMV/TO (-) and with plasmids encoding the large sTetR fragment (F1) 
and the small sTetR fragment fused to different target proteins (F2-Q23, F2-Q103, or 
a control plasmid lacking the protein of interest), and cultured in the presence of 
tetracycline (0-0.05 μg/mL). Relative GFP fluorescence values are obtained by 
normalizing the GFP fluorescence intensity of transfected cells (iRFP-positive) to 
iRFP fluorescence intensity and dividing the resulting values by that of cells not 
expressing TetR (-). Data are presented as mean ± s.d. (n = 3, two tailed t-test). 
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Appendix Figure 3 Total protein aggregation of cells expressing the solubility 
sensor fused to F2 alone and F2 fused to HTT-Q103 and α-syn. HEK293T cells 
were transfected for the expression of GFP under the control of CMV/TO and the two 
plasmids encoding the large sTetR fragment (F1) and the small sTetR fragment fused 
to different target proteins (F2-Q103, F2-α-syn, or F2 lacking the fusion to a target 
protein). Total protein aggregation was evaluated by quantifying binding of the 
ProteoStat dye and calculating the APF of cells expressing the protein of interest as 
fusion to the small sTetR fragment relative to that of cells expressing the small sTetR 
fragment without fusion as described in Materials and Methods. Data are presented 
as mean ± s.d.  
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Appendix Figure 4 Screening of a stable monoclonal cell line expressing SEAP. 
SEAP activity of HEK293T cells stably expressing SEAP under the control of the 
CMV/TO promoter (HEK293T/SEAP) was quantified by measuring the absorbance 
(OD405) of the culture medium using the SEAP Reporter Assay Kit. The clone 
displaying SEAP activity equal to the average SEAP activity of the clones screened 
(yellow) was selected. 
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Appendix Figure 5 Screening of stable monoclonal cell lines expressing the Hys-
Deg circuit. (A) iRFP fluorescence intensity of HEK293T cells stably expressing the 
Hys-Deg circuit (HEK293T/Hys). Clones displaying iRFP signal equal to the average 
iRFP signal of the clones screened with a coefficient of variation of 20% (shaded) 
were selected. (B) GFP fluorescence intensity of HEK293T/Hys selected as described 
in (A). Clones displaying low, intermediate and high GFP signal (different shades of 
green) were selected. 
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Appendix Figure 6 Response time of the Hys-Deg circuit to tetracycline 
induction. Flow cytometry analyses of HEK293T/Hys#1 cells cultured in the absence 
and presence of tetracycline (0.1 and 1 μg/mL) and analyzed every 24 h. Relative iRFP 
fluorescence values were calculated by normalizing the iRFP fluorescence intensity 
of each sample to that of cells cultured in the absence of tetracycline (maximum iRFP 
fluorescence intensity). 
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Appendix Table 1 Parameter values. 
    

Parameter Description Value Reference 

𝑡  HEK293T doubling time 18 h Literature data [85] 

𝜇 Cell growth rate 0.0385 h-1 Calculated from  
𝑡  

𝑡 /  SEAP half-life 502 h 
Literature data 

[197] 

𝛾  SEAP degradation rate 0.0014 h-1 
Calculated from  

𝑡 /  

𝐾  
tTA-TO dissociation constant of 

the CMV/TO promoter 3.0 nM Literature data [63] 

𝐾  
tTA-tetracycline-TO 

dissociation constant of the 
CMV/TO promoter 

7.54105 
nM 

Literature data [63] 

𝑛  
Cooperativity of tTA-TO 
binding of the CMV/TO 

promoter 
2 Literature data [63] 

𝐾  
tTA-TO dissociation constant of 

the TRE promoter 3 nM Literature data [63] 

𝐾  
tTA-tetracycline-TO 

dissociation constant of the 
TRE promoter 

7.54105 
nM 

Literature data [63] 

𝑛  
Cooperativity of tTA-TO 

binding of the TRE promoter 2 Literature data [63] 

𝐾  
tTA-tetracycline dissociation 

constant 1 nM Literature data [63] 

𝑛  
Cooperativity of tTA-
tetracycline binding 

1 Literature data [63] 

𝛽  Maximal activity of the TRE 
promoter 

100 nM h-1 This work 

𝛽  Maximal activity of the CMV/TO 
promoter 

36 nM h-1 This work 

𝛼  
Maximal activity of the CMV 

promoter 
100, 1, 0.01 

nM h-1  This work 

𝑓 
Translation scaling factor of 

protein after the IRES 0.333 This work 

𝜃  
Basal activity of the CMV/TO 

promoter 0.05 This work 

𝜃  
Basal activity of the TRE 

promoter 
0.0001 This work 

Equal to 1, 0.01, 0.0001𝛽 , based on 𝛼 𝛽⁄  ratio. 


