


	
	

ABSTRACT 

From detection of proteasomal degradation to 
targeted control of protein depletion  

by 

Wenting Zhao 

The ubiquitin proteasome system (UPS) regulates protein turnover and catalyzes 

degradation of misfolded or damaged proteins, thus playing an important role in 

maintaining protein homoeostasis in eukaryotic cells. The UPS has emerged as a drug 

target for diverse diseases characterized by altered protein homeostasis. However, while 

proteasome inhibitors are widely used in research and have transitioned to clinical 

settings, pharmacological agents that enhance proteasomal degradation are rare and 

poorly characterized. In addition, approaches aimed at controlling the expression levels 

of cellular proteins by modulating proteasomal degradation are typically based on 

cumbersome modifications of the target protein. 

To generate a tool to monitor increase in proteasomal degradation, I developed a 

genetic inverter (Deg-On system) that translates proteasomal degradation of a 

transcriptional regulator engineered to function as a UPS substrate into increase in 

expression of a fluorescent reporter (GFP), thereby linking enhancement of UPS activity 

to an easily detectable output. I demonstrate that this genetic inverter responds to 

modulation of UPS activity. Guided by predictive modeling, I modified this genetic 

inverter by introducing a positive feedback loop that allows self-amplification of the 



	
	

transcriptional regulator, thereby enhancing the output signal sensitivity and dynamic 

range. This technology for monitoring proteasomal activation will be useful for a variety 

of applications, including the discovery of UPS activators and the selection of cell lines 

with different levels of proteasome activity. 

To achieve fast, targeted, and predictable control of cellular protein levels without 

genetic manipulation of the target, I developed a technology for post-translational 

depletion based on a bifunctional molecule (NanoDeg) consisting of the antigen-binding 

fragment from the Camelidae sp. heavy-chain antibody engineered to mediate 

degradation through the proteasome. Guided by predictive modeling, I show that 

customizing the NanoDeg rate of synthesis, rate of degradation, or mode of degradation 

allows to achieve quantitatively predictable control over the target’s levels. Integrating a 

GFP-specific NanoDeg within the Deg-On system results in enhanced dynamic range and 

resolution of the output. By providing predictable control over cellular proteins’ levels, 

the NanoDeg could be used for systems-level analyses of cellular protein function and to 

improve the design of mammalian gene circuits.	
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Chapter 1 

Introduction 

Protein degradation in eukaryotic cells relies on the ubiquitin proteasome system 

(UPS), a complex macromolecular machinery that regulates the turnover of stable, 

functional proteins and mediates disposal of misfolded or damaged proteins. The UPS 

plays an essential role in maintaining protein homeostasis [1] and regulating a wide 

variety of fundamental cellular processes, including cell cycle, DNA repair, immune 

response, and apoptosis [2]. Manipulating proteasomal degradation presents a number of 

important applications for both fundamental and applied studies.  Indeed, enhancing UPS 

activity has been proposed as a promising strategy to ameliorate the phenotypes caused 

by accumulation of misfolded proteins, which are typically associated with the 

development of protein deposition diseases, such as Parkinson’s [3, 4] and Huntington’s 

disease [5, 6]. In addition, controlling proteasomal degradation allows modulating the 

levels of cellular proteins [7], which allows studying protein function within the complex 

cellular environment [8]. In this thesis, I present two platform technologies for 

engineering protein degradation based on modulating proteasomal degradation that 
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enable (1) sensitive detection of proteasomal activation, and (2) targeted control of 

protein cellular levels. 

1.1. Protein homeostasis 

Protein homeostasis is maintained through a the dynamic equilibrium between 

protein synthesis, folding, and degradation [9]. Newly synthesized proteins fold three-

dimensionally into their native structure, which is required for protein function. Despite 

being a thermodynamically favored process, native folding in the crowded cellular milieu 

is catalyzed by a series of macromolecular components (chaperon system) that facilitate 

formation of the natively folded structure over off-pathway, misfolded conformations that 

are prone to aggregation. Non-native conformations are degraded by the UPS to prevent 

abnormal accumulation of misfolded species and aggregation. The half-life of stable, 

natively folded proteins is also regulated through UPS-mediated degradation. By 

regulating the steady state levels of cellular proteins, the UPS is thus essential for the 

maintenance of protein homeostasis.  

Insufficient UPS activity or impairment of UPS function results in imbalance of 

protein homeostasis, which leads to cell dysfunction and may ultimately results in 

phenotypic traits that are typically associated with the	 pathophysiology of age-related 

diseases, such as neurodegenerative and cardiac diseases [10]. Enhancement of UPS 

activity was reported as a potential therapeutic strategy to ameliorate the phenotypes 

associated with the accumulation of misfolded proteins, which characterize the onset of 
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Parkinson’s [3] and Huntington’s disease [5, 6]. However, pharmacological agents that 

increase UPS activity remain largely unexplored. And the molecular mechanisms 

underlying activation of UPS activity are not sufficiently understood to rationally design 

compounds that upregulate proteasomal degradation. Therefore, my research projected 

has focused on the development of biotechnological strategies to detect and manipulate 

UPS function that will be generally useful to discover UPS activators and control the 

steady state levels of cellular proteins.  

1.2. The Ubiquitin Proteasome System 

Discovered in the 1980s by Aaron Ciechanover, Avram Hershko, and Irwin Rose 

(2004 Chemistry Nobel Prize [11]), the UPS is a multi-molecular machine that regulates 

protein turnover and catalyzes degradation of misfolded or damaged proteins in 

eukaryotic cells [12]. UPS dysfunction has been linked to the pathogenesis of several 

diseases, ranging from cancer to cardiovascular and neurodegenerative disorders [10], 

implicating the UPS as a molecular target for therapeutic intervention in a diverse range 

of human diseases [13, 14]. 

 Protein degradation by the UPS involves covalent modification of substrates via 

polyubiquitin attachment [15] and degradation by the 26S proteasome [16] (Figure 1.1). 

A few proteins can be recognized and degraded directly by the proteasome without the 

need for conjugation to ubiquitin chains [17]. 
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Figure 1.1  The Ubiquitin-Proteasome System (UPS). Proteins destined to degradation 
by the UPS are marked by conjugation with a polyubiquitin chain. A ubiquitin-activating 
enzyme (E1) activates ubiquitin and transfers it to the ubiquitin-conjugating enzyme (E2). 
A ubiquitin-protein ligase (E3) mediates transfer of ubiquitin molecules from the E2 to 
the substrate protein. The proteasome is typically formed by a 20S proteolytic core that 
mediates protein hydrolysis and two caps of 19S regulatory particles that mediate 
deubiquitination and isolate the hydrolytic chamber from the cellular environment. 

 

Ubiquitin is a highly conserved 76-residue polypeptide ubiquitous in eukaryotic 

cells. The covalent modification of substrates via polyubiquitin attachment requires the 

concerted actions of a ubiquitin-activating enzyme (E1), a ubiquitin -conjugating enzyme 

(E2), and a ubiquitin-protein ligase (E3) (Figure 1.1) [12, 18]. E1 activates a ubiquitin 

molecule by forming a thioester bond with the C-terminus of ubiquitin. Next, ubiquitin is 

transferred to an E2 enzyme, which conjugates ubiquitin forming a thioester-linked E2-

ubiquitin complex. The E2-ubiquitin complex then associates with an E3 enzyme, which 

recognizes the substrate proteins or sequence motif (the degron [19]) and mediates 

transfer of the ubiquitin molecule to the substrate. This three-step enzymatic cascade is 
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repeated to form the polyubiquitin chain [12, 18]. The polyubiquitin chain is removed 

from the substrate by deubiquitinating enzymes (deubiquitinase) after the 

polyubiquitinated substrate binds the proteasome in preparation for degradation [20] 

(Figure 1.1).  

The 26S proteasome is a highly conserved protein complex present in both the 

nucleus and cytoplasm of eukaryotic cells. It is formed by a barrel-shaped 20S proteolytic 

core particle (CP) and 19S regulatory particles (RP) at both ends of the 20S CP [21] 

(Figure 1.1). The 20S CP consists of 28 polypeptides that form a cylindrical structure 

with peptidase activities inside the chamber of the cylinder. Each 19S RP contains 19 

subunits including subunits that act as clamp to connect the RP and CP, subunits that 

serve as ubiquitin receptors and mediate substrate binding, subunits that serve as 

deubiquitinases, and subunits that are responsible for substrate unfolding and 

translocation of the substrate into the 20S core for hydrolysis [22, 23]. In addition to the 

19S RP, which is highly conserved among eukaryotic cells, a few other protein 

complexes that bind to the end of the 20S core have been reported, including the 

Blm10/PA200 protein that is conserved among all eukaryotes and the 11S RP (PA26 or 

PA28) that is found only in higher eukaryotes [24, 25]. However, the biological function 

of these alternative proteasome complexes is unclear. Shuttle receptors or chaperones can 

transiently associate with the proteasome complex and serve as additional ubiquitin 

receptors and deubiquitinases [26, 27]. 

Some proteins do not require ubiquitination and can associate directly with the 

proteasome for degradation [28, 29]. Proteins degraded via ubiquitin-independent 
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degradation include ornithine decarboxylase (ODC), p53, thymidylate synthase, and 

Rpn4 [30]. 

Characterization of the molecular mechanisms of proteasome-mediated 

degradation has led to the development of strategies to modulate UPS activity. Small 

molecules and peptides that inhibit the peptidase activities of the proteasome have been 

widely used to characterize the UPS function [31] and have transitioned to the clinic for 

treatment of cancer and inflammatory diseases [32, 33]. These small-molecules include 

peptides or natural products that interact with the catalytic sites of the 20S CP and block 

the peptidase activities of proteasome [33]. For example, the proteasome inhibitor 

MG132 has been widely used to study degradation of misfolded or unstable proteins [34, 

35], regulation of cell cycle [36], and inflammatory response [37]. Bortezomib (Velcade; 

Millennium Pharmaceuticals), the first proteasome inhibitor used in clinical practice, was 

approved by the US Food and Drug Administration in 2003 for the treatment of multiple 

myeloma and in 2006 for the treatment of mantle cell lymphoma [34]. Inhibitors of the 

enzymatic activity of E1, E2, and E3 enzymes or that block ubiquitin-substrate 

interaction have also been reported [35]. Pharmacological agents that increase UPS 

activity, however, remain largely unexplored. Oleuropein [36] and betulinic acid [37, 38] 

were reported to increase the peptidase activity of the proteasome in vitro, but their 

function has not been confirmed in vivo.	 The inhibitor of deubiquitinase USP14 (IU1) 

was shown to enhance the degradation of Tau, a misfolding-prone protein associated with 

the onset of Alzheimer’s disease [39]. Rolipram enhances proteasome activity by 

activating protein kinase A and reduces aggregation of Tau in vivo [40]. Sulforaphane 



	 	
	

7	

increases UPS activity in vivo and promotes mutant huntingtin (mHtt) degradation and 

reduces mHtt-associated toxicity, thus providing a potential therapeutic approach for 

Huntington's disease [41]. Recently, Trader et al. [42] reported the discovery of two 

small molecules from the NIH Clinical Collection, MK-866 and AM-404 that promote 

proteasomal degradation of misfolded α-synuclein, a protein associated with the 

development of Parkinson’s disease.  

A number of studies aimed at characterizing the molecular mechanisms 

underlying the enhancement of proteasomal degradation have been reported. 

Overexpression of proteasome subunits, such as the 20S CP’s polypeptides responsible 

for peptidase activity [43, 44], the 11S RP PA28 [45], and the 19S subunits  Rpn11 [46] 

and Rpn6/PSMD11 [47], increases proteasome activity and cell survival to various 

stresses, reduces the accumulation of toxic protein aggregates in a Huntington’s disease 

mouse, and is generally associated with enhanced longevity. Overexpression of E3 

ligases such as CHIP and Ubr1 has been shown to increase the degradation of specific 

substrate proteins [4, 48]. This evidence points to an underlying molecular mechanism 

mediating enhancement of UPS activity and suggests that enhancing proteasomal 

degradation promotes clearance of misfolded proteins and restores UPS function, and is a 

promising therapeutic strategy for the treatment of protein misfolding diseases. 

In summary, the UPS is a sophisticated machinery that regulates protein turnover 

and catalyzes degradation of misfolded or damaged proteins. Protein degradation by the 

UPS involves covalent modification of substrates via polyubiquitin attachment and 

degradation by the proteasome complex. Pharmacological agents that modulate UPS 
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activity are valuable tools to study and modulate UPS function. Many UPS inhibitors 

have been discovered; however, UPS activators are rare and not well characterized. 

Proteasome activity can be upregulated by overexpressing specific proteasomal subunits, 

increasing E3 ligase expression, and modulating the rates of proteasomal conformational 

changes that are rate limiting for peptidase activity. However, the molecular mechanisms 

controlling total proteasomal activity in cells are not sufficiently understood to rationally 

design pharmacological agents that upregulate UPS activity. 

1.3. Technologies for the detection of UPS activity 

Assays for monitoring proteasomal degradation based on the use of purified UPS 

components, provide valuable information on the specificity of UPS modulator tested 

[49], but fail to recapitulate the complexity of the UPS and preclude evaluating cell 

permeability, toxicity, and off-target effects [50, 51] . 

Methods based on living cells allow monitoring the effects of UPS activity under 

physiologic conditions and are thus more suited to investigate UPS activity [42]. Methods 

for detection of misfolding-prone proteins, which are natural UPS substrates, typically 

rely on low-throughput detection tools [52].  

Reporter proteins engineered to function as model UPS substrates have been used 

to investigate proteasomal degradation in cells or in vivo [53-56]. These engineered UPS 

substrates are typically fusion proteins consisting of a reporter protein, such as the green 

fluorescence protein (GFP), and a degradation signaling sequence (degron) that mediates 
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degradation of the fusion protein (Figure 1.2) [57]. For example, a GFP variant fused to 

CL1 degron [41, 55], which is a 16 amino acid sequence with surface-exposed 

hydrophobic residue, is commonly used as a model substrate to study degradation of 

misfolded proteins and for detecting proteasomal activity. While enabling detection of 

proteasome inhibition by yielding an increase in output signal [57], these degron-fused 

reporters are not ideal to quantify proteasome activation because enhancement of UPS 

activity inevitably leads to a decrease in output signal, which is typically not appealing 

for high-throughput applications. Fusion proteins consisting of the reporter protein and 

natural misfolding-prone protein, such as misfolded α-synuclein [42] or mHtt [58], have 

also been used as UPS substrates for the study of proteasomal degradation. However, 

these natural misfolding-prone proteins tend to form aggregates and are thus not ideal 

reporters of protein degradation [59]. 

 

Figure 1.2	 Reporter proteins that function as model UPS substrates. These reporter 
proteins typically consist of two major elements: a measureable signal reporter (such as 
the GFP) and a degradation signaling sequence (usually a degron) to recruit the reporter 
to the proteasome. 

 

GFP
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To overcome these limitations, I developed a platform technology to quantify 

proteasomal degradation that is amenable to high-throughput screening of UPS 

activators. This platform consists of a genetic inverter based a reporter molecule (GFP) 

that is negatively regulated by a transcriptional regulator (the tetracycline repressor, 

TetR) engineered to function as a UPS substrate. This genetic inverter, named the 

‘Degradation On’ (Deg-On) system, translates enhancement in proteasomal degradation 

of the engineered TetR into an increase in fluorescent output, thereby linking UPS 

activity to an easily detectable signal. 

The transcriptional regulator TetR used in this Deg-On system is based on the 

regulatory elements from the E. coli Tn10-encoded tetracycline resistance operon [60]. 

Yao et al. (1998) [61] used TetR to repress the expression of a gene of interest in 

mammalian cells by placing two tetracycline operator (TO) sites downstream from the 

TATA element of the promoter controlling the expression of the gene of interest. 

Addition of tetracycline results in binding of tetracycline to TetR and expression of the 

gene of interest. In addition, when TetR is fused to the transcriptional activator domain 

VP16, the resulting fusion protein (TetR-VP16), known as tetracycline-controlled 

transactivator (tTA) [62], can activate the expression of a gene placed downstream of a 

minimal promoter derived from the human cytomegalovirus (hCMV) major immediate-

early promoter bearing seven TO sites [62]. Addition of tetracycline results in binding of 

tetracycline to TetR and repression of the expression of the gene of interest. Interestingly, 

tTA can function as a repressor when bound to a TO sequence placed downstream of the 
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promoter TATA box [63]. Therefore, tTA can function simultaneously as a 

transcriptional repressor and activator. 	

In this thesis, I present the design and optimization of the Deg-On system, a 

genetic inverter based on the use of a transcriptional repressor variant engineered to 

function as a UPS substrate via fusion to a degron tag that represses the expression of a 

fluorescent reporter (GFP) and activate its own expression.  

I tested two degrons: (1) the CL1 degron that mediates ubiquitin-dependent 

degradation of a fusion protein, and (2) the cODC degron, which is the 37 amino acid 

carboxy-terminal sequence of ornithine decarboxylase (ODC), and mediates ubiquitin-

independent degradation of a fusion protein. I also demonstrated that the Deg-On system 

responds to modulation of UPS activity. By linking UPS activity to a easily detectable 

fluorescence output, this genetic inverter will enable sensitive detection of UPS activation 

for a variety of applications, including the discovery of UPS activators and selection of 

cell lines with different levels of proteasome activity. 	

1.4. Technologies for controlling cellular protein levels 

Altering protein levels within the complex cellular environment enables systems-

level analyses of biological processes with accuracy that strictly depends on the level of 

control over protein expression. As described in Section 1.1, the steady state level of 

proteins is regulated by the dynamic equilibrium among protein synthesis, folding, and 

degradation. Genetic overexpression enhances protein accumulation by increasing protein 
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synthesis and provides information on protein localization and interactions, but may also 

lead to gain-of-function effects and artifactual phenotypes [64]. Protein depletion, on the 

other hand, provides a more direct and reliable method for studying protein function. 

Genetic inactivation via RNA interference or genome editing approaches, for instance, 

presents high specificity [65, 66]. These methods, however, are not ideally designed to 

control knockdown kinetics [67] and are not amenable to target post-translational 

modifications, which are often important determinants of protein function [68]. Chemical 

genetics strategies using small molecules that interfere with protein expression at the 

transcriptional, translational, or post-translational level allow for rapid, dose-dependent, 

and reversible manipulations [69], but are often plagued by low specificity, off-target 

effects, and slow lead identification and optimization processes [69].  

In addition to mediating degradation of misfolded and damaged proteins, the UPS 

also regulates the turnover of stable, active proteins. Post-translational protein depletion 

through UPS-mediated proteolysis has recently emerged as an alternative strategy to 

modulate protein levels in cells as it presents exquisite control over the kinetics of protein 

knockdown [70-77]. However, specificity is usually achieved through extensive genetic 

manipulations of the target protein [70, 72-77]. For example, fusion of a degron to the 

target protein enables rapid degradation of the fusion protein. A variety of degrons for 

targeted depletion through UPS-mediated degradation have been characterized [53, 74, 

78, 79] and even rationally designed [72, 75-77, 80], such as the auxin-inducible degron 

and the FKBP12(F36V) mutant. While providing valuable tools to enable inducible and 

tunable control of target degradation [72, 74-77, 80, 81], these approaches require genetic 
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manipulation of the target protein, which may affect the target protein’s native function 

[82]. 

Alternative approaches rely on heterobifunctional molecules consisting of fusion 

of UPS- and target-specific recognition elements such as PROTAC (proteolysis targeting 

chimeras)  [83-87] and Ubiquibodies [88, 89]. PROTAC consists of a ligand of the target 

protein and a ligand of a E3 ligase: it promotes ubiquitination of the target protein, which 

leads to target degradation by the proteasome (Figure 1.3). Over the past years, a number 

of PROTACs have been developed to target the degradation of a variety of proteins [83-

87]. Ubiquibodies are based on a variant of the human E3 ubiquitin ligase CHIP in which 

the substrate-binding domain is replaced with a single-chain Fv (scFv) intrabody or a 

fibronectin type III domain (FN3) monobody that mediates target recognition (Figure 

1.4). Ubiquibodies recognize the target protein with high specificity and affinity and 

mediate target ubiquitination and degradation [88]. While providing powerful tools for 

depleting unmodified targets for research and therapeutic applications [88, 90], these 

methods do not allow for tunable and predictable control over the extent of target 

depletion.		

Figure 1.3 A PROTAC that links 
the target protein to a ubiquitin 
ligase (E3 complex). The E3 
complex recruits a ubiquitin-
conjugating enzyme (E2), which 
transfers the ubiquitin to the target 
protein. Figure adapted from 
Deshaies, 2015 [85].	



	 	
	

14	

 

 

 

 

 

Figure 1.4 An Ubiquibody that 
mediates the proteasomal 
degradation of a target protein. A 
truncated CHIP (E3) lacking the 
substrate-binding domain is fused to 
a single-chain Fv (scFv) intrabody 
or a fibronectin type III domain 
(FN3) monobody that mediates 
target recognition. The CHIP 
domain of the fusion protein 
mediates the transfer of ubiquitin to 
the target and triggers the 
degradation of the target by the 
proteasome. Figure adapted from	
Osherovich and Writer, 2014 [89]. 
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To overcome the limitations of existing methods to control cellular protein levels, 

I developed a platform technology (NanoDeg) for targeted, post-translational control of 

protein levels in mammalian cells that does not require genetic manipulation of the target 

protein and that enables dynamic control over the target’s cellular levels.	The NanoDeg is 

a bifunctional recognition unit consisting of (1) a nanobody, which is the smallest intact 

antigen-binding unit and is used to encode target specificity, and (2) a degron, which is 

used as degradation signaling unit to control mode and rate of degradation. 

Nanobodies (or VHH) [91, 92] are minimally sized (15 kDa) molecular 

recognition units derived from Camelid heavy chain antibodies that contain the full 

antigen-binding capacity of the parental antibody and present many unique properties, 

such as high solubility and low aggregation propensity [93], small size that allows for 

tissue penetration and recognition of hidden epitopes, and the ability to recognize 

conformational epitopes [94] and conformational intermediates [95]. Due to the unusual 

flexibility of the nanobody structure and, particularly, the larger functional repertoire 

compared to conventional variable heavy chains that results from the enlarged 

hypervariable regions of nanobodies [96], the NanoDeg can be customized to target 

virtually any cellular protein. 

The degron can be customized with respect to the rate and mechanism of 

degradation. Unlike approaches based on engineering E3 ligases for targeted degradation 

through the proteasome, which are limited by the structural and functional complexity of 

this catalytic machinery [97], degron-mediated depletion relies on a diverse repertoire of 

sequences for tunable, reversible, and even orthogonal controls over the degradation [72, 



	 	
	

16	

75, 80, 81]. As a result, the degradation-signaling unit of the NanoDeg system could be 

engineered to enhance the versatility of the platform and modulate the target levels with 

the desired dynamics. 

In this thesis, I present proof-of-principle demonstration of the design and 

implementation of NanoDeg technology for tuning cellular protein levels with exquisite 

specificity without requirement for burdensome target manipulations. I also demonstrate 

that the NanoDeg technology provides a module that can be integrated within synthetic 

gene circuits to control of the output levels and enhancing temporal resolution of the 

stimulus dynamic. Results from this study suggest that the NanoDeg technology provides 

a novel tool for a variety of applications ranging from fundamental studies of protein 

function the development of synthetic biology tools. 
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Chapter 2 

Objectives 

This thesis work focuses on the design of platform technologies for sensing and 

controlling the main protein degradation machinery in mammalian cells, namely the 

ubiquitin proteasome system (UPS).  

Objective 1: Developing mammalian genetic circuits for sensitive detection of 

proteasomal activation.  

Motivated by the need for tools to monitor enhancement of UPS activity that 

would be amenable to high-throughput screening of molecules that function as UPS 

activators, I sought to develop a genetic inverter that links enhancement of proteasomal 

degradation to increase in expression of a reporter protein (GFP). Specifically, the 

objective of this project was to engineer a negative transcriptional regulator of the 

circuit’s reporter to function as UPS substrate, such that increase in degradation of the 
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transcriptional regulator would be translated into increase in GFP expression. This goal 

was achieved by fusing the tetracycline repressor (TetR) with a degron tag that conveys 

susceptibility to proteasomal degradation to fusion proteins. I also sought to improve the 

circuit by enhancing the sensitivity and dynamic range of the output signal. I achieved 

this goal by fusing a transcriptional activator domain VP16 to the TetR and introducing a 

positive feedback loop that mediates self-activation of the VP16 fused TetR.   

Objective 2: Developing a platform technology for quantitative and 

predictable control of cellular protein levels through proteasomal degradation.  

I sought to develop a technology for modulating protein levels in cells that present high 

target specificity, does not involve genetic manipulation of the target, and allows 

targeting post-translational modifications. This goal was achieved by designing a bi-

functional platform consisting of a target recognition element and a degradation signaling 

unit. The target recognition was mediated by a nanobody, which is the smallest intact 

antigen binding unit, and the degradation is mediated by a degron tag which controls the 

mode and rate of degradation. Both parts can be customized to target degradation of 

virtually any cellular protein through different degradation pathways. Importantly, this 

method does not require cumbersome manipulation of the target protein. I also sought to 

define the design rules of this bi-functional molecule to precisely modulate the steady 

state level of the target and for targets with different expression levels. Finally, I sought 

to apply this bi-functional molecule to assist genetic circuit design. This goal was 
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achieved by rationally integrating this bi-functional molecule into the genetic circuit 

established in Objective 1. 
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Chapter 3 

Sensitive detection of proteasomal 
activation using the Deg-On 

mammalian synthetic gene circuit 

The objective of this work is to develop a mammalian genetic circuit for the 

detection of UPS activation. This objective was accomplished by developing a genetic 

inverter that translates proteasomal degradation of an engineered transcriptional regulator 

into increase in expression of a fluorescent reporter (Deg-On system), thereby linking 

UPS activity to an easily detectable output.  

3.1. Introduction 

As introduced in Chapter 1, protein homeostasis in eukaryotic cells relies on the 

quality control function of the ubiquitin-proteasome system (UPS), a complex 

macromolecular machinery that regulates protein turnover and catalyzes degradation of 
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misfolded or damaged proteins [12]. Protein degradation by the UPS involves covalent 

modification of substrates via polyubiquitin attachment [12, 15]	 and degradation by the 

26S proteasome [12, 16]. UPS dysfunction has been linked to the pathogenesis of several 

diseases, ranging from cancer	 to cardiovascular and neurodegenerative disorders [10], 

implicating the UPS as a molecular target for therapeutic intervention in a diverse range 

of human diseases [13].  

Small molecules and peptides that inhibit the peptidase activities of the 

proteasome have been widely used to characterize the role of the UPS in maintaining 

protein homeostasis [31] and transitioned to the clinic for treatment of cancer and 

inflammatory diseases [33, 98]. On the other hand, pharmacologic agents that increase 

UPS activity remain largely unexplored [99-102], even though this mode of regulation 

has great potential to ameliorate the phenotypes associated with the development of 

protein deposition diseases, such as Parkinson’s [3, 103] and Huntington’s [5, 6]. 

Proteasome activity could be upregulated	 by overexpressing proteasomal subunits [5, 44, 

104], increasing E3 ligase expression [4, 48, 105], and modulating the rates of 

proteasomal conformational changes that are rate limiting for peptidase activity [106, 

107]. Unfortunately, the molecular mechanisms controlling total proteasomal activity in 

cells are not sufficiently understood to rationally design compounds that upregulate UPS 

activity. 

Current technologies for discovering and characterizing proteasome activators 

present a number of inherent limitations. In vitro assays based on the use of purified UPS 

components provide valuable information on the specificity of pharmacologic agents 

[108, 109], but fail to recapitulate the complexity of the cellular quality control system in 
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situ and preclude evaluating cell permeability, toxicity, and off-target effects [109]. 

Reporter proteins engineered to function as model UPS substrates have been used to 

investigate proteasomal degradation in cells or in vivo [54, 55, 110]. While enabling 

detection of proteasome inhibition by yielding an increase in output signal, these 

reporters are not ideal to quantify proteasome activation, because enhancement of UPS 

activity inevitably leads to a decrease in output signal, which is typically not appealing 

for high throughput applications.  

To develop a mammalian cell-based platform to quantify proteasomal degradation 

that is amenable to high throughput screening of UPS activators, I created a genetic 

circuit that interfaces with the natural proteasomal degradation machinery to convert 

modulation of UPS activity into an easily detectable output signal. This system, named 

“Degradation On” (Deg-On), is based on the expression of a reporter molecule (GFP, 

signal output) that is negatively regulated by a tetracycline repressor (TetR) variant, 

which has been engineered to serve as a UPS substrate. This engineered repressor 

functions as a signal inverter and converts enhancement of proteasomal degradation—and 

the reduced, potentially undetectable cellular concentration of a proteasomal substrate—

into an increase in GFP output. I show herein that the Deg-On system reports on 

modulation of UPS activity, and that the Deg-On output signal can be tuned by 

tetracycline dosage. I also used predictive modeling to improve the sensitivity and 

dynamic range of this circuit, thus generating a generalizable screening technology for 

the discovery or proteasome activators. In summary, I present here a genetic inverter that 

can be tuned for detecting the desired degree of UPS activation, thereby opening the way 
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to the discovery of chemical and genetic regulators of UPS function as well as to 

quantitative in vivo analyses of proteasome activity.  

3.2. Results 

3.2.1. The Deg-On inverter for quantifying proteasomal activity   

To build a synthetic circuit for quantifying UPS activity, I constructed a genetic 

inverter [111, 112] in which GFP transcription is under the control of a TetR variant 

engineered to function as a UPS substrate (Figure 3.1). TetR, a negative transcriptional 

regulator derived from the Tn10 bacterial transposon, binds to the tetracycline operator 

(TO) in a tetracycline-dependent manner and has been widely applied to regulate gene 

transcription in eukaryotic cells [113-116]. In this study, TetR was rewired to function as 

a UPS substrate by fusion to a degron (TetRDeg). Specifically, two TetRDeg variants were 

generated: TetRODC, based on the cODC degron tag [53, 117], is a substrate degraded via 

ubiquitin-independent proteasomal degradation [117]; and TetRCL1, based on the CL1 

degron [55, 78], which is a 16 residue hydrophobic peptide that targets fusion proteins to 

ubiquitin-dependent proteasomal degradation [78].  
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Figure 3.1 Schematic representation of the Deg-On System. The Deg-On system consists 
of two plasmids: pTetR encoding TetRDeg and eqFP650 under the control of PCMV and 
PSV40, respectively; and pTO_GFP encoding GFP under the control of PCMV-TO. TetRDeg 
is susceptible to proteasomal degradation and is displaced from TO by tetracycline (Tc). 
Both inputs (UPS activity and Tc) result in enhanced GFP expression. The far-red 
fluorescence protein eqFP650 is independently and constitutively expressed from pTetR 
and serves as transfection control. By translating enhancement of UPS activity to increase 
in GFP fluorescence, TeRDeg serves as UPS activity sensor and signal inverter, generating 
a positive correlation between UPS activity and GFP signal. Two distinct inputs 
(upregulation of UPS activity and tetracycline treatment) generate the signal output (GFP 
fluorescence). Adjusting the tetracycline concentration allows tuning of circuit sensitivity 
to different degrees of UPS activation (inset). 

 

To test whether each TetRDeg retains tetracycline-dependent transcriptional 

repressor function, I evaluated GFP fluorescence as a function of tetracycline 

concentration (0 to 1 µg/ml). This was achieved by transfecting HeLa cells with two 

plasmids encoding the Deg-On system: pTO_GFP, encoding GFP under the control of 

PCMV-TO; and pTetR, encoding TetR or a TetRDeg variant (TetRODC or TetRCL1). A 

constitutively expressed far-red fluorescent protein (eqFP650 [118]) was included in 

pTetR as a transfection control. GFP fluorescence was found to increase with tetracycline 

concentration in cells expressing both TetR and TetRDeg (Figure 3.2a), indicating that the 
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degron tags do not affect TetR binding to TO and tetracycline, as expected [119]. 

Moreover, cells expressing TetRDeg displayed higher GFP fluorescence than cells 

expressing TetR at each tetracycline concentration tested, suggesting that the TetR 

variants accumulate to different cellular concentrations [120] and implicating 

proteasomal degradation of TetRDeg. The fluorescence of cells transfected with pTO_GFP 

and pTetR– (a pTetR derivative lacking the TetR gene) was observed not to depend on 

tetracycline concentration (Figure 3.2b), confirming that GFP expression depends on the 

cellular concentration of TetR as intended. Interestingly, the dynamic range of GFP 

signal upon TetRDeg degradation was found to vary with tetracycline concentration 

(Figure 3.2c). I deduced that at low tetracycline concentrations, TO is partially occupied 

by TetRDeg that is neither degraded nor displaced by tetracycline. Increasing tetracycline 

concentration in the culturing medium resulted in an increase in the relative GFP output 

until an optimum of tetracycline (0.1 µg/ml), which corresponds to 3.9- and 2.7-fold 

increase in GFP fluorescence in cells expressing TetRCL1 and TetRODC, respectively, 

compared to cells expressing TetR lacking a degradation tag. At higher tetracycline 

concentrations, the GFP signals from cells expressing TetR and TetRDeg converge. This 

trend is interpreted as arising because tetracycline-induced displacement of TetR and 

TetRDeg from TO prevails over degradation at high concentrations of tetracycline, 

impeding detection of proteasomal degradation using our genetic inverter. These data 

provide evidence that TetRDeg degradation and tetracycline-induced displacement of 

TetRDeg from TO occur independently and that these reactions simultaneously contribute 

to GFP expression levels. These data also show that tetracycline can be used to tune the 

sensitivity and dynamic range of the Deg-On system in response to UPS activity. 
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 Importantly, the fluorescence intensity of cells transfected with pTO_GFP and 

pTetR– was found to be considerably higher under steady state conditions (30 h, Figure 

3.2d) than that of cells transfected with pTO_GFP and pTetR encoding TetRODC or 

TetRCL1 (6.9- and 4.8-fold, respectively, Figure 3.2a, b and d). This difference in output 

signal observed in the absence of TetR expression represents the theoretical maximal 

output signal arising from complete TetR degradation.  

To test whether the fluorescence signals detected by flow cytometry reflect TetR 

and GFP expression, I measured TetR and GFP protein levels. HeLa cells were 

transfected with pTO_GFP and each pTetR plasmid (encoding TetR, TetRODC, or 

TetRCL1) and treated with tetracycline (0, 0.1, and 1 µg/ml), and TetR and GFP protein 

levels were evaluated by Western blot. GFP accumulation increased proportionally with 

the concentration of tetracycline in cells expressing TetR or TetRDeg (Figure 3.3), 

confirming that tetracycline regulates GFP expression. In contrast, tetracycline did not 

alter the accumulation of TetR or TetRDeg. Moreover, the steady state level of each TetR 

variant was inversely proportional to the GFP levels, with cells expressing TetRCL1 

presenting the lowest TetR and highest GFP concentration. These data confirm that 

TetRDeg serves as signal inverter. The largest increase in GFP accumulation in cells 

expressing TetRDeg compared to cells expressing TetR was observed at 0.1 µg/ml 

tetracycline (Figure 3.3), in agreement with the results obtained by flow cytometry 

(Figure 3.2a, c). As expected, cells transfected with pTO_GFP and pTetR– (lacking 

TetR) contained the highest level of GFP.  
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Figure 3.2 Deg-On output signal in response to tetracycline. (a, b) Deg-On output signal 
as a function of tetracycline concentration. HeLa cells transfected with pTO_GFP and 
pTetR (encoding TetR, TetRODC, or TetRCL1) (a) or with pTO_GFP and pTetR– (b) were 
cultured with tetracycline (0 to 1 µg/ml) for 30 h. GFP fluorescence intensities were 
normalized to those of eqFP650 (measured by flow cytometry) to correct for differences 
in transfection efficiency. The resulting values were divided by the fluorescence of 
control cells transfected with pTO_GFP and pTetR– (—) and cultured without 
tetracycline. Data are reported as mean ± s.d. (n ≥ 3). (c) Relative Deg-On output signal 
as a function of tetracycline concentration. HeLa cells were transfected as described in 
(a). Fluorescence intensities were normalized to those of cells transfected with pTO_GFP 
and pTetR encoding TetR to evaluate the relative increase in output signal associated 
with expression of a TetRDeg variant. (d) Deg-On output signal as a function of time. 
HeLa cells transfected with pTO_GFP and pTetR (encoding TetR, TetRODC, or TetRCL1) 
or with pTO_GFP and pTetR–, were cultured with tetracycline (0.1 µg/ml). GFP 
fluorescence intensities were measured using a fluorescence plate reader and normalized 
to those of eqFP650 to correct for differences in transfection efficiency. The resulting 
values were divided by the fluorescence of control cells transfected with pTO_GFP and 
pTetR– at t = 0 h. Data are reported as mean ± s.d. (n ≥ 3). 
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Figure 3.3 Western blot analyses of TetR and GFP in response to tetracycline. HeLa cells 
transfected with pTO_GFP and pTetR (encoding TetR, TetRODC, TetRCL1) or with 
pTO_GFP and pTetR– were cultured with or without tetracycline (Tc) for 30 h and 
harvested for western blot analyses. GAPDH was used as a loading control. 

 

To confirm that the changes in GFP fluorescence are due to post-translational 

regulation of TetR half-life and transcriptional regulation of GFP expression, I evaluated 

TetR and GFP mRNA levels using quantitative RT-PCR. I did not observe any 

significant change in TetR mRNA levels among cells expressing TetR or TetRDeg treated 

with different concentrations of tetracycline (Figure 3.4a), supporting our hypothesis that 

TetR, TetRCL1, and TetRODC protein levels are regulated post-translationally. However, I 

detected an increase in GFP mRNA levels in cells expressing TetRDeg compared to cells 

expressing TetR (Figure 3.4b), confirming that the Deg-On output signal arises from 

changes in transcriptional regulation of GFP.  
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Figure 3.4 Relative mRNA expression level of TetR (a) and GFP (b) in response to 
tetracycline. HeLa cells transfected with pTO_GFP and pTetR (encoding TetR, TetRODC, 
TetRCL1) were cultured with or without tetracycline for 30 h. The mRNA expression 
levels were evaluated by quantitative RT-PCR, corrected for the expression of the 
housekeeping gene GAPDH, and normalized to those of the transfection control 
eqFP650. The relative mRNA expression was shown in comparison to that of cells 
transfected with pTO_GFP and pTetR encoding TetR and cultured without tetracycline. 
Data are reported as mean ± s.d. (n = 3). 

	

3.2.2. The Deg-On system is a sensor of UPS activity 

To evaluate whether the GFP output from the Deg-On circuit varies with UPS 

activity in cells, I examined the effect of the proteasome inhibitor MG132 [31] on GFP 

expression within cells expressing TetR and each TetRDeg. Specifically, HeLa cells were 

transfected with pTO_GFP and pTetR (encoding TetR, TetRODC, or TetRCL1) or with 

pTO_GFP and pTetR– (negative control). Transfected cells were cultured with 

tetracycline (0.1 µg/ml) and MG132 (3 µM). MG132 treatment resulted in a 25% and 

17% decrease in fluorescence in cells expressing TetRODC and TetRsCL1, respectively, 

compared to untreated cells (Figure 3.5). However, MG132 treatment did not affect the 
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fluorescence of cells expressing TetR or lacking TetR (Figure 3.5), suggesting that the 

Deg-On system provides an orthogonal circuit whose signal output can be used to 

quantify modulation of UPS activity.  

 
Figure 3.5 Quantification of proteasomal 
inhibition using the Deg-On system. HeLa 
cells transfected with pTO_GFP and pTetR 
(encoding TetR, TetRODC, or TetRCL1) or 
with pTO_GFP and pTetR– were treated 
with tetracycline 24 h post-transfection (0.1 
µg/ml) for 8 h and subsequently exposed to 
tetracycline (0.1	 µg/ml) and MG132 
treatment (3 µM) for 16 h. Data are 
presented as mean ± s.d. (n = 3, *p<0.05; 
**p<0.01, Student’s t-test).	

 

To directly evaluate the effect of MG132 treatment on the Deg-On system output, 

I analyzed TetR and GFP protein and mRNA levels. Western blot analyses revealed an 

increase in TetR protein levels in cells expressing TetRODC and TetRCL1 treated with 

MG132 compared to untreated cells (Figure 3.6), confirming that TetRODC and TetRCL1 

half-lives respond to modulation of proteasomal degradation. GFP accumulation was 

found to decrease in cells expressing TetRODC and TetRCL1 treated with MG132, 

compared to untreated cells. However, MG132 treatment did not affect TetR and GFP 

protein levels in cells expressing TetR or lacking TetR. Quantitative RT-PCR analyses 

revealed that MG132 does not cause significant changes in TetR mRNA levels in cells 

transfected with any of the TetR variants (Figure 3.7a). GFP mRNA levels were found to 

be reduced upon MG132 treatment in cells expressing the TetRDeg variants (Figure 3.7b), 
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but not in cells expressing TetR or lacking TetR. These results show that the Deg-On 

output signal depends on post-translational regulation of TetR half-life by the UPS and 

on transcriptional regulation of GFP by TetR. 

 

Figure 3.6 Western Blot analyses of TetR and GFP in response to proteasomal inhibition. 
HeLa cells were transfected and treated as described in Figure 3.5. GAPDH was used as 
a loading control. 

 
	

 

Figure 3.7 Relative mRNA expression level of TetR (a) and GFP (b) in response to 
proteasome inhibitor. mRNA expression levels were evaluated by quantitative RT-PCR, 
corrected for the expression of the housekeeping gene GAPDH, and normalized to those 
of the transfection control eqFP650. The relative mRNA expression was shown in 
comparison to that of cells transfected with pTO_GFP and pTetR encoding TetR and 
cultured without tetracycline and MG132. Data are presented as mean ± s.d. (n=3, 
*p<0.05; **p<0.01, Student’s t-test). 
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3.2.3. Modeling predicts improved sensitivity with feedback loop 

To predict variations in the Deg-On circuit’s architecture that would enhance the 

Deg-On output signal, I developed a mathematical model based on ordinary differential 

equations and quasi-steady state assumptions that describes TetR and GFP concentrations 

(the mathematic model and equations are described in Section 3.4.8; model parameter 

values are shown in the Table 3.1 in Section 3.4.8). In this model, GFP and TetR 

expression were controlled by the rates of protein synthesis, degradation, and cell dilution 

arising from cell division. Specifically, TetR synthesis was modeled as constitutive, while 

GFP production was dependent upon the equilibrium between TetR and tetracycline-

bound TetR as described in the Methods (Section 3.4.8). This simplified model is based 

on the assumptions that TetR dissociation from DNA is a function of tetracycline 

concentration, with singly repressed promoter states ignored, and that transcription is fast 

compared to translation as previously reported [121]. Our experimental data demonstrate 

that the GFP output of cells expressing TetR or TetRDeg at high concentration of 

tetracycline reaches a plateau signal that is lower than the signal observed in cells 

expressing TO_GFP but lacking TetR (Figure 3.2). To build a model that recapitulates 

our experimental results, which suggest residual repression of TO_GFP even at high 

concentrations of tetracycline as previously reported [115, 122], GFP expression was 

derived to include binding of tetracycline-bound TetR to TO, as described in the Methods 

(Section 3.4.8).  

The predicted GFP expression at steady state increased as a function of 

tetracycline concentration and UPS activity, which was simulated by decreasing TetR 
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half-life (Figure 3.8a). The simulated GFP output as a function of tetracycline 

concentration and TetR half-life recapitulates the experimental results, with decreases in 

TetR half-life resulting in higher GFP signal intensity (Figure 3.8b) and sensitivity 

(Figure 3.8c). Our modeling also revealed that the concentration of tetracycline can be 

modulated to fine tune the sensitivity of the system (Figure 3.8c). Low tetracycline 

concentration (0.05 µg/ml) yielded a dramatic change in GFP expression with small 

changes in TetR half-life, whereas increasing tetracycline dosage (0.3 µg/ml) lowers the 

output sensitivity to modulation of UPS activity. The agreement of our simulations with 

our experimental observations (Figure 3.2 and Figure 3.5) provides additional evidence 

that the Deg-On output signal reports on UPS activity.  

 

 

Figure 3.8 Prediction of GFP output signal of the Deg-On system as a function of UPS 
activity and tetracycline dosage. GFP expression was predicted using the mathematical 
model described in Section 3.4.8. Relative GFP fluorescence values were calculated by 
normalizing GFP expression levels to those obtained in the absence of repressor. (a) 
Relative GFP output of the Deg-On system as a function of tetracycline concentration 
and TetR half-life.  (b) Relative GFP output of the Deg-On system as a function of 
tetracycline concentration assuming TetR half-life of 1, 3, and 5 h. (c) Relative GFP 
output of the Deg-On system as a function of TetR half-life assuming cell exposure to 
0.05, 0.1 and 0.3 µg/ml tetracycline (Tc). 
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I next used our model to predict strategies that enhance the dynamic range and 

sensitivity of the Deg-On circuit. Because previous studies demonstrated a linearizing 

effect of negative feedback-based gene circuits [121, 123], I hypothesized that 

engineering TetRDeg to function as a self-activator would result in a positive feedback 

loop that, in turn, would enhance the Deg-On output signal sensitivity to modulation of 

UPS activity [124]. A positive feedback loop can be introduced in the Deg-On system by 

controlling GFP output using the tetracycline-controlled transactivator (tTA), which 

consists of TetR fused to the transcriptional-activator domain VP16 [116]. Like TetR, 

tTA functions as a repressor when bound to a TO that is placed downstream of the 

promoter TATA box [115]. In contrast to TetR, however, tTA can additionally function 

as an activator when bound to a TO that is placed upstream of a minimal CMV promoter, 

e.g., PTRE, which consists of 7 TO cassettes upstream of a minimal CMV promoter [116].  

I envisioned introducing a feedback loop into the Deg-On system by including two tTA-

encoding genes, one under control of an inducible promoter (PTRE) that results in self-

activated expression, and the other under control of a constitutive promoter (PCMV) that 

initiates the self-activation loop (as described in Section 3.4.8).  

Mathematical modeling of GFP expression from this “enhanced Degradation On” 

(eDeg-On) system revealed that, upon addition of the self-amplification loop, the output 

signal still responds to tetracycline dosage and UPS activity (Figure 3.9a). GFP 

expression in the eDeg-On system is predicted to depend on tTA half-life in the presence 

of different tetracycline concentrations (Figure 3.9b, c), like in the Deg-On system, but 

the greater eDeg-On output signal sensitivity to changes in the repressor’s half-life 

suggests that this alternative architecture enables more precise detection of UPS 
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activation. To directly compare the UPS dependence of the Deg-On and eDeg-On system 

outputs, I simulated GFP expression as a function of TetR and tTA half-life, respectively, 

under constant tetracycline dosing conditions (0.05 µg/ml). I observed a considerably 

sharper increase in the eDeg-On output signal compared to the Deg-On output signal at 

TetR half-lives between 1 and 2 h (Figure 3.10), implicating the eDeg-On system as 

having a greater sensitivity to modulation of UPS activity. Interestingly, the eDeg-On 

system is predicted to lose sensitivity at high UPS activity (TetR half-life below 1 h). 

Under these conditions, lower tetracycline concentrations can be used to tune the system 

and allow for detection of UPS activation (Figure 3.9b, c).   

 

 

 

Figure 3.9 Prediction of GFP output signal of the eDeg-On system as a function of UPS 
activity and tetracycline dosage. GFP expression was predicted using the mathematical 
model described in Section 3.4.8. Relative GFP fluorescence values were calculated by 
normalizing GFP expression levels to those obtained in the absence of repressor. (a) 
Relative GFP output of the eDeg-On system as a function of tetracycline concentration 
and tTA half-life.  (b) Relative GFP output of the eDeg-On system as a function of 
tetracycline concentration assuming tTA half-life of 1, 3, and 5 h. (c) Relative GFP 
output of the eDeg-On system as a function of tTA half-life assuming cell exposure to 
0.05, 0.1 and 0.3 µg/ml tetracycline (Tc).	
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Figure 3.10 Comparison of the 
predicted relative GFP output of 
the eDeg-On and Deg-On 
systems as a function of TetR or 
tTA half-life. The concentration 
of tetracycline is assumed to be 
0.05 µg/ml for modeling.  

	

	

	

	

3.2.4. eDeg-On displays enhanced sensitivity upon UPS activation 

To experimentally test whether the eDeg-On system exhibits improved sensitivity 

as predicted, I constructed two tTA variants that function as UPS substrates (tTADeg), 

consisting of tTA fused to the CL1 (tTACL1) or the ODC (tTAODC) tag. A three-plasmid 

system was used to implement the eDeg-On system, including: pTRE_tTA encoding tTA 

or tTADeg under the control of PTRE (7TO_Pmin); ptTA encoding tTA or tTADeg under the 

control of PCMV; and pTO_GFP encoding GFP under the control of PCMV-TO (Figure 

3.11). I hypothesized that constitutive expression of tTADeg from ptTA would result in 

induction of the self-activation loop from pTRE_tTA as well as repression of GFP 

expression from pTO. The optimal pTRE_tTA to ptTA ratio for transfection was 

experimentally determined (Figure 3.12).  
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Figure 3.11 Schematic representation of the eDeg-On System. The eDeg-On system 
consists of three plasmids: ptTA encoding tTADeg and eqFP650 under the control of the 
PCMV and PSV40, respectively; pTO_GFP encoding GFP under the control of PCMV-TO; and 
pTRE_tTA encoding tTADeg under the control of PTRE (7TO_Pmin), and eqFP650 under 
the control of PSV40 (not shown). tTADeg is a sensor of UPS activity and a repressor of 
GFP expression. tTADeg activates its own expression by binding to PTRE and is also 
constitutively expressed from ptTA. 
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Figure 3.12 Optimization of eDeg-On transfection conditions. (a) HeLa cells were 
transfected with a mixture containing constant concentration of pTO_GFP (0.086 µg/ml) 
and ratios of pTRE_tTA:ptTA ranging from 1 to 200 (0.516 µg/ml in total) to determine 
the optimal amount of constitutive tTA expression (from ptTA) necessary to induce self-
activation. Cells were cultured without or with tetracycline (1 µg/ml) for 30 h and GFP 
fluorescence was measured with a fluorescence microplate reader. GFP fluorescence 
intensities were normalized to those of eqFP650. An output signal plateau was observed 
upon transfection with pTRE_tTA : ptTA ratios higher than 10, corresponding to low 
constitutive expression of tTA and complete displacement of tTA from TO by 
tetracycline. (b) Relative eDeg-On output signal. The output signal of cells treated with 
tetracycline (1	µg/ml) was normalized to that of untreated cells. The relative output signal 
was maximal in cells transfected with pTRE_tTA:ptTA ratios up to 10.  

	

To test whether tTADeg in the eDeg-On system functions as predicted, I measured 

the fluorescence of HeLa cells transfected with pTO_GFP, ptTA, and pTRE_tTA as a 

function of tetracycline concentration. GFP fluorescence increased as a function of 

tetracycline concentration, confirming that tTADeg retains tetracycline-dependent 

repressor activity (Figure 3.13). Cells expressing tTACL1 and tTAODC displayed 2.1- and 

1.4-fold higher fluorescence, respectively, than cells expressing tTA at tetracycline 

concentrations between 0 and 0.01 µg/ml. The fluorescence of cells expressing these 
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tTADeg variants further increased to 7.3- and 4.5-fold higher fluorescence at tetracycline 

concentrations between 0.05 and 0.1 µg/ml (Figure 3.13b). I concluded that the addition 

of 0.05 µg/ml of tetracycline to the culturing medium is optimal to detect even limited 

increase in UPS activity and thus results in maximal output dynamic range and sensitivity 

in response to tTA degradation. The kinetics of tetracycline induction in the eDeg-On 

system (Figure 3.14) was similar to that observed in the Deg-On system (Figure 3.2d). 

These results suggest that self-amplification of the UPS sensor enhances the sensitivity of 

the gene circuit and amplifies the dynamic range of the output signal (Figure 3.2, Figure 

3.13 and Figure 3.14), validating the prediction of the mathematical model.   

 

Figure 3.13 eDeg-On output signal as a function of tetracycline concentration. (a) HeLa 
cells transfected with pTO_GFP, ptTA and pTRE_tTA (encoding tTA, tTAODC, or 
tTACL1) or with pTO_GFP and pTetR–, were cultured with tetracycline (0 to 1	µg/ml) for 
30 h. Cell fluorescence was measured and analyzed as described in Figure 3.2a. Data are 
reported as mean ± s.d. (n ≥ 3). (b) Relative eDeg-On output signal as a function of 
tetracycline concentration. HeLa cells were transfected as described in (a).  Fluorescence 
intensities were normalized to those of cells transfected with pTO_GFP, ptTA, and 
pTRE_tTA encoding tTA to evaluate the relative increase in output signal associated with 
expression of a tTADeg variant.	
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Figure 3.14 eDeg-On output signal as a 
function of time. HeLa cells transfected 
with pTO_GFP, ptTA and pTRE_tTA 
(encoding tTA, tTAODC, or tTACL1) or 
with pTO_GFP and pTetR–, were 
cultured with tetracycline (0.1 µg/ml). 
Cell fluorescence was measured with a 
microplate reader. GFP fluorescence 
intensity was normalized to that of 
eqFP650 to correct for differences in 
transfection efficiency. The resulting 
values were divided by the fluorescence 
of control cells transfected with 
pTO_GFP and pTetR– and cultured 
without tetracycline. Data are reported as 
mean ± s.d. (n = 3). 

 
 

To verify that the GFP signal in the eDeg-On system is linked to tTA self-

activation, I measured tTA and GFP protein and mRNA levels in HeLa cells expressing 

the eDeg-On system. I found that tTA and tTADeg protein concentrations (Figure 3.15) 

and mRNA levels (Figure 3.16a) decreased with increasing tetracycline concentration, 

confirming that tTADeg self-activation is negatively regulated by tetracycline. I also 

observed an increase in GFP protein concentration (Figure 3.15) and mRNA levels 

(Figure 3.16b) upon increase in tetracycline dosage. Importantly, GFP mRNA levels in 

cells exposed to high tetracycline concentrations (1 µg/ml) were found to be 5- to 6.5-

fold higher than those of untreated cells (Figure 3.16b) — a relative increase that is more 

than 2-fold higher than what I observed with the Deg-On system (Figure 3.4b), 

demonstrating an enhanced dynamic range of the eDeg-On system. 
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Figure 3.15 Western blot analyses of tTA and GFP. HeLa cells were transfected with the 
eDeg-On system as described in Figure 3.13. GAPDH was used as a loading control. 

 

	

Figure 3.16 Relative mRNA expression level of tTA (a) and GFP (b). HeLa cells were 
transfected with the eDeg-On system as described in Figure 3.13. mRNA expression 
levels were evaluated by quantitative RT-PCR, corrected for the expression of the 
housekeeping gene GAPDH, and normalized to those of the transfection control 
eqFP650. The relative mRNA expression was shown in comparison to that of cells 
transfected with pTO_GFP and ptTA encoding tTA and cultured without tetracycline. 
Data are reported as mean ± s.d. (n = 3).   
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To confirm that the differences in GFP expression observed between the Deg-On 

and the eDeg-On system result from the introduction of the self-activation loop and are 

not caused by differences in TO binding affinities between TetR and tTA, I compared the 

fluorescence of cells transfected with the eDeg-On system (pTRE_tTA, ptTA, and 

pTO_GFP) to that of cells expressing the TetR-based Deg-On system (pTetR and 

pTO_GFP) or the tTA-based Deg-On system (ptTA and pTO_GFP). I did not observe 

significant differences between the output signals of TetR-based and tTA-based Deg-On 

systems, which were both significantly lower than the output of the eDeg-On system 

(Figure 3.17). These results demonstrate that i) the VP16 transcriptional activation 

domain does not influence tTA function as a transcriptional repressor and ii) the 

transcriptional feedback loop mediates the signal amplification observed in the eDeg-On 

system.  

To verify that the eDeg-On system responds to modulation of UPS activity, I 

evaluated the output signal response to inhibition of proteasomal degradation. HeLa cells 

were transfected with the eDeg-On system and cultured with tetracycline (0.05 µg/ml) 

and MG132 (3 µM). Upon treatment with MG132, cells expressing tTAODC and tTACL1 

presented a 40% and 25% decrease in GFP fluorescence intensity, respectively (Figure 

3.18). The dynamic range of the eDeg-On output signal in response to MG132 treatment 

was considerably higher than that of the Deg-On system under the same conditions (25% 

and 17%, respectively; Figure 3.5), confirming that self-amplification of the UPS sensor 

enhances the circuit sensitivity to modulation of proteasomal degradation.  
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Figure 3.17 Comparison of tTA-based and TetR-based Deg-On systems. (a) HeLa cells 
were transfected with the Deg-On system consisting of pTO_GFP and ptTA (encoding 
tTA, tTAODC, or tTACL1) or with pTO_GFP and pTetR–, and were cultured with 
tetracycline (0 to 1 µg/ml) for 30 h. Cell fluorescence was analyzed as described in 
Figure 3.2a. The output signal of the tTA-based Deg-On system (solid lines) is compared 
to that of TetR-based Deg-On system (dashed lines). Data are reported as mean ± s.d. (n 
= 3). (b) Relative output signal of the tTA-based Deg-On system as a function of 
tetracycline concentration. Experiments were conducted as described in (a). Fluorescence 
intensities were normalized to those of cells transfected with pTO_GFP and ptTA 
encoding tTA.  The output signal of tTA-based Deg-On system (solid lines) is compared 
to that of TetR-based Deg-On system (dashed lines). Data are reported as mean ± s.d. (n 
= 3). (c) Comparison of eDeg-On, tTA-based Deg-On, and TetR-based Deg-On systems. 
The output signal of cells transfected with pTO_GFP and pTetR– is also reported as 
control.	
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Figure 3.18 eDeg-On output signal in 
response to proteasomal inhibition. HeLa 
cells transfected with pTO_GFP, ptTA, 
pTRE_tTA (encoding tTA, tTAODC, or 
tTACL1) or with pTO_GFP and pTetR–, 
were treated with tetracycline 24 h post-
transfection (0.05 µg/ml) for 8 h and 
subsequently exposed to tetracycline (0.05 
µg/ml) and MG132 treatment (3 µM) for 
16 h. 

 

 

To directly evaluate the effect of MG132 treatment on the eDeg-On system 

output, I analyzed tTA and GFP protein and mRNA levels. Western blot analyses 

revealed an increase in tTA and decrease in GFP protein concentrations in cells 

expressing tTADeg treated with MG132, compared to untreated cells (Figure 3.19). As 

expected, MG132 treatment altered neither tTA nor GFP protein levels in cells 

expressing unmodified tTA or lacking tTA (Figure 3.19). Moreover, tTA mRNA levels 

were found to increase upon MG132 treatment in cells expressing tTADeg, but not in cells 

expressing tTA (Figure 3.20a), confirming that tTADeg transcription is self-activated and, 

as a result, is upregulated upon increase in tTADeg half-life by MG132 inhibition of the 

UPS. Accordingly, GFP mRNA levels were found to decrease upon MG132 treatment in 

cells expressing tTADeg, but not in cells expressing tTA or lacking tTA (Figure 3.20b).  
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Figure 3.19 Western Blot analyses of tTA and GFP in response to the proteasomal 
inhibition. HeLa cells were transfected and treated as described in Figure 3.18. GAPDH 
was used as a loading control. 

 

 

 

Figure 3.20 Relative mRNA expression level of tTA (a) and GFP (b) in response to the 
proteasomal inhibition. HeLa cells were transfected and treated as described in Figure 
3.18. mRNA expression levels were evaluated by quantitative RT-PCR, corrected for the 
expression of the housekeeping gene GAPDH, and normalized to those of the 
transfection control eqFP650. The relative mRNA expression was shown in comparison 
to that of cells transfected with pTO_GFP and ptTA encoding tTA and cultured without 
tetracycline and MG132. Data are presented as mean ± s.d. (n=3, *p<0.05; **p<0.01, 
Student’s t-test). 
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To evaluate whether the extent of tTADeg aggregation [55], particularly upon 

proteasomal inhibition, contributes to the eDeg-On system output signal, I calculated the 

aggregation propensity factor (APF; see Section 3.4.6) of HeLa cells transfected with the 

eDeg-On system, untreated or treated with MG132, compared to control cells lacking 

both the tTA and GFP genes (Figure 3.21). In the absence of MG132, I did not observed 

significant differences among the APF of cells expressing tTA, tTADeg, or lacking tTA, 

suggesting that under the expression conditions used in this study, the ODC and CL1 tags 

do not alter the aggregation propensity of tTA. Upon treatment with MG132, I observed a 

60% increase in APF with each condition (p<0.05, Student’s t-test), reflecting the impact 

of proteasomal inhibition on the extent of total cellular protein aggregation. However, 

cells expressing the eDeg-On system presented an MG132 induced increase in APF 

comparable to that of cells expressing only GFP, providing evidence that overexpression 

of tTA and tTADeg do not alter the extent of total protein aggregation (Figure 3.21). In 

summary, these results demonstrate that the eDeg-On output signal depends on the extent 

of tTADeg proteasomal degradation and not on the extent of tTADeg aggregation.  
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Figure 3.21 The aggregation propensity factor (APF) for evaluating total cellular 
aggregation. The APF of HeLa cells treated as described in Figure 3.18 was calculated as 
described in Section 3.4.6. 

 

To evaluate whether the eDeg-On system can serve as a quantitative reporter for 

enhancement of proteasomal degradation, I evaluated the eDeg-On output signal upon 

genetic activation of UPS activity achieved by overexpressing the proteasome activator 

subunit PA28 [5]. To this end, HeLa cells were transfected with the eDeg-On system and 

with a vector encoding PA28, and cultured with 0.05 µg/ml tetracycline. Overexpression 

of PA28 resulted in a 38% and 44% increase in fluorescence intensity in cells expressing 

tTAODC and tTACL1, respectively, but did not affect the output signal of cells expressing 

tTA or lacking of tTA (Figure 3.22).  
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Figure 3.22 eDeg-On output signal upon activation of proteasomal degradation. HeLa 
cells transfected with i) pTO_GFP, ptTA, pTRE_tTA (encoding tTA, tTAODC, or tTACL1), 
with pTO_GFP and pTetR–, or with pTO_GFP-CL1 and with ii) pPA28, a pcDNA3.1 
derivative encoding PA28, or pcDNA3.1, were treated with tetracycline 24 h post-
transfection (0.05 µg/ml, 24 h). GFP fluorescence intensity was normalized to that of 
eqFP650; the resulting fluorescence values were normalized to those of cells transfected 
with pTO_GFP, pTetR–, and pcDNA3.1. Data are presented as mean ± s.d. (n=3, 
*p<0.05; **p<0.01, Student’s t-test). 

 

To compare the eDeg-On to a reporter system that directly links output signal to 

UPS activity [55, 78], I also tested HeLa cells expressing a GFP variant fused to a degron 

tag.  Specifically, GFP was fused to the CL1 tag, which was found to result in highest 

dynamic range in the context of both the Deg-On and the eDeg-On systems. HeLa cells 

were transfected for the expression of GFPCL1 system (ptTA- and pTO_GFP-CL1) and 

PA28 (pPA28 or pcDNA3.1) and cultured under the same conditions used to test the 

eDeg-On system (Figure 3.22). The GFP output signal was found to decrease upon 

overexpression of PA28 as expected, confirming that the increase in PA28 expression 
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results in enhanced degradation of the CL1-tagged reporter. UPS activation resulted in 

28% decrease in fluorescence intensity in cells expressing PA28, which is smaller than 

the increase elicited with the eDeg-On system. While this decrease was statistically 

significant (p<0.05, Student’s t-test), the significance level obtained with a similar eDeg-

On experiment (p<0.01, Student’s t-test) was smaller (Figure 3.22). These findings 

suggest that the eDeg-On is likely to provide a more ideal circuit for detection of UPS 

activation because it provides a more sensitive system to translate enhancement of 

proteasomal degradation into increase in signal output. In addition, these findings 

illustrate how the GFPDeg system could provide a powerful counter-screen to validate hits 

selected in the context of the eDeg-On system that alter TetRDeg degradation and 

eliminate potential false positives that arise from molecules that directly alter the 

expression level of the system components, e.g., GFP. Such false positives would 

increase the signal obtained from both the eDeg-On and GFPDeg systems, rather than 

eliciting opposite effects on the GFP signal as observed with PA28 overexpression. 

To create a more robust platform for the detection of UPS modulation, I generated 

a stable cell line expressing the eDeg-On system. HEK293 cells were first transfected 

with pTO_GFP and a stable monoclonal population was selected for the transfection with 

ptTA and pTRE_tTA encoding the CL1-tagged tTA variant. To test whether the eDeg-On 

stable cell line recapitulates the features of the transiently transfected eDeg-On system, I 

monitored the effect of tetracycline dosage on the GFP output signal as well as the GFP 

and tTA protein levels. GFP fluorescence increased as a function of tetracycline 

concentration, displaying a range of signal increases (1.5- to 12-fold) between 

tetracycline concentrations of 0.01 and 1 µg/ml, respectively (Figure 3.23a). I also found 
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that tTA protein levels in the stable cell line decreased with increasing tetracycline 

concentration, confirming that tTACL1 self-activation is negatively regulated by 

tetracycline. As expected, GFP protein concentration increased with tetracycline dosage 

in the eDeg-On stable cell line, but did not depend on tetracycline in the parental stable 

cell line transfected only for the expression of GFP (Figure 3.23b).  

 

Figure 3.23 Generation of a stable eDeg-On cell line. (a) A stable monoclonal 
populations of cells transfected for the expression of the eDeg-On system containing CL1 
tagged tTA and the stable parental line transfected only for the expression of GFP (PCMV-
TO_GFP) were treated with tetracycline (Tc) for 36 h. The GFP fluorescence of cells 
expressing the eDeg-On system was normalized to that of the parental clone in which 
GFP is expressed constitutively. Data are presented as mean ± s.d. (n=3). (b) Western 
Blot analyses of tTA and GFP in the stable clones as described in (a). GAPDH was used 
as a loading control. 

	

To test whether the generated eDeg-On stable cell line is generally sensitive to 

chemical inhibition of proteasomal degradation, I tested the output signal response to two 

well-established proteasome inhibitors, the MG132 and Lactacystin [31]. MG132 

treatment decreased the output signal of the eDeg-On stable cell line by 38%, while 

Lactacystin treatment resulted in a 22% decrease in GFP fluorescence (Figure 3.24a), 
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confirming that the eDeg-On stable cell line is a reliable sensor of proteasomal inhibition. 

Finally, to evaluate the use the eDeg-On stable cell line as a sensor of proteasomal 

enhancement, I induced overexpression of the proteasome activator subunit PA28. 

Overexpression of PA28 yielded a 31% increase in fluorescence output in the eDeg-On 

stable cell line but did not affect the output signal of the parental line expressing only 

GFP (Figure 3.24b). These results demonstrate that the eDeg-On system is a reliable 

sensor of UPS activation and a novel tool to quantify enhancement of proteasomal 

degradation.  

 
Figure 3.24 Quantification of UPS modulation using the stable eDeg-On system. (a) 
eDeg-On output signal upon inhibition of proteasomal degradation. The stable cell lines 
used in Figure 3.23 were cultured with tetracycline (0 or 0.2 µg/ml) and MG132 (1 µM) 
or Lactacystin (Lact, 2 µM) for 24 h. The GFP fluorescence of cells expressing the eDeg-
On system was normalized to that of the parental clone in which GFP was expressed 
constitutively. Data are presented as mean ± s.d. (n=3, **p<0.01, Student’s t-test). (b) 
eDeg-On output signal upon activation of proteasomal degradation. The stable cell lines 
used in Figure 3.23 were transfected with pPA28 or pcDNA3.1 and were treated with 
tetracycline 24 h post-transfection (0 or 0.2 µg/ml, 24 h). The GFP fluorescence of cells 
expressing the eDeg-On system was normalized to that of the parental clone in which 
GFP was expressed constitutively. Data are presented as mean ± s.d. (n=3, **p<0.01, 
Student’s t-test). 
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3.3. Discussion 

Enhancing the UPS capacity to dispose of misfolded, aggregation-prone proteins 

holds potential for the treatment of a range of protein misfolding diseases in which the 

formation of non-native proteinaceous inclusion bodies is associated with 

neurodegeneration [3, 5, 6, 103]. Cellular proteasome activators, such as the proteasome 

subunits PA28, PA200, and PA700, are involved in fundamental cellular processes 

including antigen presentation and tumorigenesis [107]. Interestingly, overexpression of 

PA28 was shown to recover proteasome function in an in vitro model of Huntington 

disease and improve cell viability [5]. Pharmacologic agents that enhance UPS activity, 

however, are extremely rare: oleuropein was shown to enhance all three proteasome 

peptidase activities in fibroblasts [101], while betulinic acid activates preferentially the 

chymotrypsin-like proteasome activity [99] and displays potentially anti-cancer 

properties [100, 125]. Inhibition of the deubiquitinating enzyme USP14 was shown to 

enhance degradation of oxidized proteins thereby protecting from oxidative stress [102]. 

The discovery and characterization of compounds that enhance proteasomal degradation 

has been generally hindered by the current lack of cell-based technologies to quantify 

enhancement of UPS activity. To address this need, I generated a cell-based technology 

that couples a synthetic gene circuit that senses inputs caused by modulation of UPS 

activity, to the cell’s natural regulatory circuitry, which produces an easily detectable 

fluorescent output.  To build this genetic inverter, TetR was engineered to function as a 

substrate for the UPS and used to control the transcription of a fluorescent reporter. This 
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genetic sensor was designed to sense inputs that culminate in UPS modulation, including 

intracellular inputs, such as altered expression of the proteasome activator subunit PA28 

as well as extracellular inputs, such as exposure to small molecule proteasome inhibitors.  

While genetic circuits have been previously employed as screens for drug discovery 

[126], this is the first evidence of an orthogonal circuit that interfaces specifically with 

the mammalian UPS machinery.  

TetR was rewired to function as a UPS substrate by fusion to two representative 

protein domains that are actively targeted to proteasomal degradation: the C-terminus of 

ODC and the CL1 degron. Due to the specific nature of these degradation sequences, our 

synthetic circuit can be tuned to interface with different proteasomal degradation 

pathways. Circuits containing TetRODC can be used to interface with a ubiquitin-

independent pathway that mediates proteasomal degradation in collaboration with 

antizyme [117], whereas TetRCL1 can be used to report on the ubiquitin-dependent 

pathway that mediates proteasomal degradation via the Ubc6p-Ubc7p ubiquitin-

conjugating enzyme pair [78]. Fusion of degradation tags to reporter protiens can afford 

precise control over the reporter protein’s turnover rate [127]. I expect that the ability to 

alter the sequence of degradation tag will make it possible to customize this genetic 

sensor for the discovery and characterization of different classes of proteasome 

activators. Moreover, I anticipate that altering the sequence specificity of the degradation 

tag will allow modulating the half-life of the engineered TetR, as previoulsy shown for 

other CL1-fusion proteins [78]. Thus, the interface between the engineered gene circuit 

and the cell’s regulatory circuitry could be farther adapted for the discovery of 
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proteasome modulators that display different activation kinetics by using TetR variants 

with desired degradation properties.  

To enhance the sensitivity and dynamic range of this orthogonal circuit and 

engineer a more robust and decisive cellular behavior in response to modulation of UPS 

activity, I introduced a positive feedback loop that enables self-activation of the 

engineered TetR. Artificial positive feedback loops have been employed as genetic 

amplifiers for enhancing promoter activity [124, 128, 129]. In this study, addition of a 

positive feedback loop to amplify expression of the engineered TetR resulted in enhanced 

sensitivity of the gene circuit — defined as the slope of the relationship between output 

and input — to modulation of UPS activity. The predictive model described herein could 

be used to explore alternative or additional variations in the circuit’s architecture for 

customizing or further improving the dynamic range of the system. Whether stochasticity 

of gene expression leading to phenotypically distinct subpopulations affects the 

sensitivity of the eDeg-On system to changes in UPS activity, however, remains to be 

established [130] and optimization of the parts may be ultimately needed to ensure 

functionality in different biological settings [123].  

The UPS plays an essential role in regulating a wide variety of fundamental 

cellular processes, including cell cycle, DNA repair, immune response and apoptosis 

[131]. Proteasome inhibitors have been widely used to characterize the UPS function and 

enabled dissection of important cellular pathways involved in the degradation of 

misfolded proteins, cell cycle, inflammatory and immune response, disease development, 

metabolism, circadian rhythms, photomorphogenesis, and muscle atrophy [31]. The 

activity of proteasome inhibitors as anticancer, anti-inflammatory, angiostatic, and 
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immuno-modulating agents was reported [31], and their clinical potential as cancer 

chemotherapeutics has been amply documented [98, 132, 133]. Particularly, bortezomib 

(Velcade) was the first proteasome inhibitor to be tested in humans and is approved for 

the treatment of multiple myeloma and mantle cell lymphoma [134]. While evidence of 

the molecular mechanisms that could be potentially targeted to enhance UPS activity is 

emerging [4, 44, 48, 102-107], it remains challenging to rationally design compounds that 

activate proteasomal degradation. The genetic circuits reported herein should be 

generally useful for in vitro and in vivo investigations aimed at deciphering the cellular 

regulatory networks that underlie modulation of UPS function in different cell types. The 

input-output behavior of the eDeg-On system was also confirmed in the context of stable 

cell lines generated by genetically integrating the relevant parts of the circuit’s 

(PTRE_tTACL1, PCMV_tTACL1, and PCMV-TO_GFP) into the chromosome. By providing a 

cell-based platform to quantify modulation of UPS activity, this eDeg-On cell line may 

also find applications in the screening for compounds that enhance UPS activity, which, 

in turn, will open the way to the development of therapeutic strategies to reduce the 

accumulation of aberrant proteins under conditions of proteotoxic stress. 
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3.4. Methods  

3.4.1. Primers and plasmids 

The cloning primers are listed in Appendix Table 1.  

pTO_GFP was constructed by cloning the gene encoding emGFP amplified from 

pcDNA 6.2/C-EmGFP-DEST (Invitrogen) into pcDNA4/TO (Invitrogen) using KpnI and 

EcoRI restriction sites. 

pTetR was generated from pcDNA6/TR (Invitrogen). First the XbaI site at 

2509bp in pcDNA6/TR was deleted by mutagenesis PCR using KAPA HiFi HotStart 

DNA (Kapa Biosystems) and a PstI site was added upstream of the blasticidin selection 

marker. The gene encoding eqFP650 was generated by oligo assembly PCR [135] and 

cloned into pcDNA6/TR using PstI and BlpI restriction sites, thus replacing the 

blasticidin cassette. pTetR– was constructed by deleting the TetR-encoding gene between 

the two BglII sites.  

ptTA was constructed by cloning tTA, amplified from pDM309 [136] (a generous 

gift of Dr. Jeffrey Tabor), into  pTetR using XbaI and EcoRI restriction sites. pTRE_tTA 

was generated by cloning the PTRE, consisting 7 repeats of the 19bp TO sequence and the 

CMV minimal promoter, which was amplified from pTreTight-Htt94Q-CFP (Addgene 

plasmid 23966), into ptTA using SpeI and HindIII restriction sites.  

The encoding sequence of TetRCL1 and tTACL1 were generated by cloning the CL1 

degron sequence [78] to the downstream of the TetR or tTA by three steps of reverse 

primer extension PCR. The cODC sequence[53] was constructed by oligo assembly PCR 

[135] and was cloned to the downstream of TetR or tTA to generate the encoding 
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sequence of TetRODC and tTAODC. The encoding sequence of TetR or tTA were replaced 

with that of TetRCL1, TetRODC, tTACL1 or tTAODC in the plasmids pTetR, ptTA and 

pTRE_tTA using restriction sites EcoRI and BstXI to generate plasmids encoding the 

TetR and tTA variants.  

pPA28 was generated by cloning the PA28 encoding sequence, which was 

amplified from pOTB7 (Open Biosystems), into pcDNA3.1+ (Invitrogen) using KpnI and 

EcoRI restriction sites. 

3.4.2. Cell lines and transfections 

HeLa cells (ATCC) were cultured in Eagle's minimal essential medium (EMEM, 

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

Streptomycin-Glutamine (PSQ, Hyclone) and maintained at 37°C and 5% CO2. Cells 

were harvested using trypsin (TrypLE, GIBCO® Invitrogen). Cells were transfected 

using JetPrime (Polyplus transfection), according to the manufacturer’s protocol. Cells 

were transfected with the Deg-On system using a 1:6 ratio of pTO_GFP : pTetR and with 

the eDeg-On system using a 1:1:5 ratio of pTO_GFP : ptTA : pTRE_tTA. The culturing 

medium of transfected cells was replaced with fresh medium supplemented with MG132 

(Cayman Chemical) and/or tetracycline (Invitrogen) 24 h post-transfection. The 

transfection conditions used in each experiment are reported in Appendix Table 2.  

The eDeg-On stable cell line was generated by first selecting a monoclonal stable 

population of HEK293 cells expressing TO_GFP. The plasmid pTO_GFP was linearized 

with FspI and transfected into HEK293 cells using JetPrime according to the 
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manufacturer’s protocol. Stably transfected cells were selected using medium 

supplemented with zeocin (250 µg/ml) for 3 weeks and subcultured into 96-well plates at 

a concentration of 0.5 cells/well to isolate monoclonal populations. A stable monoclonal 

cell line (HEK293/GFP) was selected for transfection with ptTA-CL1 and pTRE_tTA-

CL1. The eqFP650 encoding cassette was replaced with the blasticidin resistance gene in 

ptTA and with the puromycin resistance gene in pTRE_tTA-CL1. ptTA and pTRE_tTA-

CL1 were linearized using FspI and a 5:1 mixture (concentration ratio) was transfected 

into the HEK293/GFP cell line using JetPrime. Stably transfected cells were selected 

using blasticidin (5 µg/ml) and puromycin (2 µg/ml) for 3 weeks. A stable monoclonal 

cell line (HEK293/eDeg-On) was isolated as described for HEK293/GFP cells. 

3.4.3. Western Blot analyses 

Cells were lysed with Complete lysis-M buffer containing a protease inhibitor 

cocktail (Roche Applied Science) for 10 mins. Lysed cells were centrifuged for 5 min at 

14,000g and 4°C and supernatant collected for Western blot analyses. The protein 

concentrations were determined using the Bradford assay. 20 µg of total proteins from 

each sample were separated by 10% SDS-PAGE gel. Western blots were conducted using 

mouse anti-TetR (MobiTech; 1:8,000), chicken anti-GFP (AnaSpec; 1:10,000), and rabbit 

anti-GAPDH (Santa Cruz Biotechnology; 1;8,000), and appropriate secondary antibodies 

(HRP-conjugated goat anti-mouse, goat anti-chicken, and goat anti-rabbit (Santa Cruz 

Biotechnology; 1:12,000)). Blots were visualized using Luminata™Forte Western HRP 

substrate (Millipore).  
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3.4.4. Quantitative RT-PCR 

Total RNA was extracted using RNAGEM™ Tissue reagent (ZyGEM). cDNA 

was synthesized from total RNA using qScript™ cDNA SuperMix (Quanta Biosciences) 

and quantified using a NanoDrop (Thermo Scientific). Quantitative PCR reactions were 

performed using PerfeCTa™ SYBR Green FastMix (Quanta Biosciences) in a CFX96 

Real-Time PCR Detection System (Bio-Rad) with corresponding primers listed in 

Appendix Table 3. Samples were heated for 2 min at 95°C and amplified using 45 cycles 

of 1 s at 95°C, 30 s at 60°C, and 30 s at 72°C. Analyses were conducted using CFX 

Manager software (Bio-Rad) and the threshold cycle (CT) was extracted from the PCR 

amplification plot [137]. The DCT value was used to describe the difference between the 

CT of a target gene and the CT of the housekeeping gene GAPDH and of the transfection 

control eqFP650 as follows: DCT = (CT (target gene) - CT (GAPDH)) -(CT (eqFP650) - CT 

(GAPDH)). The relative mRNA expression levels of each sample were normalized to 

those of control cells consisting of untreated cells expressing TetR or tTA: relative 

mRNA expression level = 2 exp [-(DCT_sample – DCT_control)]. Each data point was 

evaluated in triplicate and measured three times. 

3.4.5. Flow cytometry analyses  

Cells were analyzed with a FACSCanto II flow cytometer (BD, San Jose, CA) to 

measure fluorescence intensity of GFP (488 nm laser, 530/30 nm emission filter) and 
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eqFP650 (488 nm laser, 670/LP emission filter). At least 10,000 cells were recorded in 

each sample for analysis.  

For transient transfection experiments, I monitored changes in GFP signal within 

eqFP650 positive cells to monitor changes in GFP signal within transfected cells. The 

reported output signal was calculated by normalizing GFP to eqFP650 signal to eliminate 

differences arising from transfection efficiencies. 

3.4.6. Protein aggregation studies 

The aggregation propensity factor (APF) was measured as previously described 

[138], using the ProteoStat Aggregation detection kit (Enzo Life Sciences).  The APF of 

cells expressing the eDeg-On system was calculated using the following formula: APF = 

100 ´ (MFIsample – MFIcontrol)/MFIsample where MFIsample is the mean fluorescence intensity 

of the ProteoStat dye in HeLa cells transfected with the eDeg-On system (as described in 

the Results) and MFIcontrol is the mean fluorescence intensity of control HeLa cells 

lacking both tTA and GFP and not treated with MG132. Fluorescence intensity was 

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

3.4.7. Statistical analyses 

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

significance was calculated using a two-tailed t-test in all experiments. 
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3.4.8. Mathematical model 

GFP expression depends on GFP rate of synthesis (RGFP_Syn) and degradation 

(γ#,- and on the rate of cell dilution (𝜇):  

							
𝑑[𝐺𝐹𝑃]
𝑑𝑡 = 	𝑅#,-_:;& − γ#,- + 𝜇 𝐺𝐹𝑃 																																		Eq. 3. 1 

The rate of GFP synthesis is described using the Hill function as previously 

described [139] modified to include GFP basal expression due to leakage [123] and to 

account for residual binding of tetracycline-bound TetR to TO:  

							𝑅#,-_:;& = 𝛽D +
𝛽#,-EFG

1 + 𝑇𝑒𝑡𝑅∗
𝐾LMNO

&PQRS
+ 𝑇𝑒𝑡𝑅 − 𝑇𝑐

𝐾U

&PQRS 																					Eq. 3. 2	 

where 𝛽D is the GFP basal expression rate due to leakage, 𝛽#,-EFG  is the maximal 

synthesis rate, [TetR*] is the concentration of free TetR, KTetR is the dissociation constant 

of TetR binding to TO, [TetR-Tc] is the concentration of TetR bound to tetracycline, KC 

is the dissociation constant of TetR-Tc binding to TO, and nTetR 	 is the degree of 

cooperativity of repression.   

TetR-tetracycline binding is also described using the Hill equation [113]: 

										
𝑇𝑒𝑡𝑅∗

𝑇𝑒𝑡𝑅 =
	1

1 + 𝑇𝑐
𝐾LW

&PX 																																				Eq. 3. 3 

where [TetR] is the total cellular TetR concentration ([TetR] = [𝑇𝑒𝑡𝑅∗] + [𝑇𝑒𝑡𝑅 −

𝑇𝑐]), [Tc] is the concentration of inducer (tetracycline), nTc is the Hill coefficient of 

binding of tetracycline to TetR and KTc is the concentration of tetracycline resulting in 

half-maximal binding. 
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GFP expression (Eq. 3.1) as a function of total TetR and tetracycline 

concentration was obtained using Eq. 3.2 and 3.3.  

It was previously reported that tetracycline diffuses through lipid bilayers very 

rapidly and without the aid of protein channels. Because tetracycline diffusion 

equilibrium (t1/2 = 35±15 min) [140] is reached much faster than steady state GFP 

expression (30 h, Figure 3.2d), the rate of tetracycline uptake was neglected.   

I assumed that the effect of UPS activity on the rate of degradation of GFP — a 

highly stable protein (t1/2 > 24 h) [141] — is negligible compared to the effect of UPS 

activity on the rate of degradation of TetR. Thus, 𝛾#,- was assumed to be constant. TetR 

expression (Eq. 3.4) is defined in analogy to GFP expression (Eq. 3.1) and depends on 

the rate of synthesis of TetR (𝛼), which is constant, and on the rate of degradation of 

TetR  (𝛾LMNO = 𝑙𝑛2/𝑡^/_). The half-life of TetR and, particularly, the half-life of TetRDeg, 

depend on UPS activity. Thus, TetR half-life was varied to simulate modulation of UPS 

activity.  

					
𝑑[𝑇𝑒𝑡𝑅]
𝑑𝑡 = 	𝛼 − γLMNO + 𝜇 𝑇𝑒𝑡𝑅 																																		Eq. 3. 4 

𝐾LW , 𝐾LMNO , 𝑛LW , nTetR, γ  GFP, and the dilution rate of HeLa cells (µ) were 

obtained from the literature (Table 3.1). The dissociation constant of TetR-

tetracycline binding to TO (KC), TetR synthesis rate 	(𝛼) , TetR degradation rate 

( γLMNO ), and GFP basal expression rate ( 𝛽D ) were estimated by fitting the 

experimental measurements of GFP fluorescence under the repression of TetR 

(Figure 3.2) to the steady state model using nonlinear regression (MathWorks). The 

estimated value of KC was found to be five order of magnitude greater than the 
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dissociation constant of TetR binding to TO (KTetR), in agreement with previously 

reported experimental studies [142].  

To simulate self-activation of tTA expression, the equation describing tTA 

expression was modified to account for the rate of synthesis of tTA that is constitutively 

expressed (𝛼′) and the rate of synthesis of tTA that is induced by tTA binding to its own 

promoter sequence (𝑅NLdeQfg): 

								
𝑑[𝑡𝑇𝐴iMj']

𝑑𝑡 = 𝛼k + 𝑅NLdeQfg − 𝛾NLd + 𝜇 𝑡𝑇𝐴 																		Eq. 3. 5 

The rate of tTA synthesis is described by the following Hill function: 

𝑅NLdeQfg = 𝛽NLdEFG

𝑡𝑇𝐴∗
𝐾NLdeQfg

&RPmeQfg
+ 𝑡𝑇𝐴 − 𝑇𝑐

𝐾W

&RPmeQfg

1 + 𝑡𝑇𝐴∗
𝐾NLdeQfg

&RPmeQfg
+ 𝑡𝑇𝐴 − 𝑇𝑐

𝐾W

&RPmeQfg
					Eq. 3. 6 

where 𝛽NLdEFG  is the maximum rate of synthesis of 𝑡𝑇𝐴iMj'  upon self-

activation, [tTA*] is the concentration of free tTA, 𝐾NLdeQfg  is the dissociation 

constant of tTA binding to TO, [tTA-Tc] is the concentration of tTA bound to 

tetracycline, KC is the dissociation constant of tTA-tetracycline binding to TO, 

and 𝑛NLdeQfg is the Hill coefficient of binding of tTA to its own promoter DNA. 

The rate of tTA expression (Eq. 3.5) as a function of total tTA and tetracycline 

concentration was obtained from Eq. 3.6.    

The rate of synthesis of GFP as a function of total tTA and tetracycline 

concentration was derived as described above for TetR and using the Hill function 

describing tTA binding. 

Parameters values used in the mathematical model are reported in Table 3.1. 
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Table 3.1 Parameter values. 

Parameter Description Value Source 

𝜇 HeLa cell growth rate 0.0289 hr -1 Literature data [143] 

𝛾#,- GFP degradation rate 0.0267 hr -1 Literature data [141] 

𝛽#,-EFG Maximal GFP expression from 
pTO_GFP 36 nM·hr -1 This worka 

𝛽D 	
GFP basal expression rate due 

to leakage 0.5 nM·hr -1 This worka 

𝐾LMNO TetR-TO dissociation constant 3.0 nM Literature data [113] 

𝑛LMNO Cooperativity of TetR-TO 
binding 2 Literature data [113, 

144] 

𝐾U  TetR-tetracycline-TO 
dissociation constant 7.54×105 nM This work 

𝐾LW TetR-tetracycline dissociation 
constant 1.0 nM Literature data [113] 

𝑛LW Cooperativity of TetR-
tetracycline binding 1 Literature data [113] 

𝛼 Rate of synthesis of TetR from 
pTetR 217 nM·hr -1 This work 

𝛼′ Rate of synthesis of tTA from 
ptTA 36 nM·hr -1 This worka 

𝛽NLdEFG Maximal tTA expression from 
pTRE_tTA 181 nM·hr -1 This workb 

𝐾NLdeQfg tTA-TO dissociation constant 3.0 nM Literature data [113] 

𝑛NLdeQfg Cooperativity of tTA-TO 
binding 2 Literature data [113, 

144] 
a Equal to 𝛼/6, based on plasmid transfection ratio.  
b Equal to 5 ∙ 𝛼k, based on plasmid transfection ratio. 
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Chapter 4 

Quantitatively predictable control of 
cellular protein levels through 

proteasomal degradation 

The objective of this work is to develop a platform technology for targeted, post-

translational control of protein levels in mammalian cells that does not require genetic 

manipulation of the target protein and that enables dynamic control over the target’s 

cellular levels. This technology will be useful for systems level analyses of cellular 

protein function. To accomplish this objective, I built a bifunctional recognition unit 

consisting of a nanobody, the smallest available intact antigen binding unit, and a degron, 

the minimal degradation signaling unit, to regulate the degradation of cellular proteins 

with exquisite control over target identity, as well as rate, mode, and time of induction of 

target degradation. 
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4.1. Introduction 

As introduced in Chapter 1, altering protein levels within the complex cellular 

environment enables systems-level analyses of biological processes with accuracy that 

strictly depends on the level of control over protein expression [145]. Enhancing protein 

levels via genetic overexpression provides information on protein localization and 

interaction, but may also lead to gain-of-function effects and artifactual phenotypes [64]. 

Protein depletion, on the other hand, provides a more direct and reliable method for 

studying protein function. Genetic inactivation via RNA interference or genome editing 

approaches, for instance, presents high specificity [146-148]. These methods, however, 

are not ideally designed to control knockdown kinetics [67] and are not amenable to 

target post-translational modifications, which are often important determinants of protein 

function [68]. Chemical genetics strategies allow for rapid, dose-dependent, and 

reversible manipulations [149], but are often plagued by low specificity, off-target 

effects, and slow lead identification and optimization processes [149]. Post-translational 

protein depletion through accelerated proteolysis, typically mediated by the ubiquitin-

proteasome system (UPS), has recently emerged as an alternative strategy to modulate 

protein levels in cells as it presents exquisite control over the kinetics of protein 

knockdown [72, 74-77, 79, 80, 150]. However, specificity is usually achieved through 

extensive genetic manipulations of the target protein [72, 74-77, 80, 150]. Alternative 

approaches rely on heterobifunctional molecules consisting of fusion of UPS- and target-

specific recognition elements such as PROTAC [83, 85, 87, 151, 152] and Ubiquibodies 

[88]. While providing powerful tools for depleting unmodified targets for research and 
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therapeutic applications [88, 153], these methods do not allow for tunable and predictable 

control over the extent of target depletion.  

In this study, I developed a technology for controlling cellular protein levels with 

high specificity and selectivity. Specifically, I built a bifunctional recognition system 

(NanoDeg) consisting of i) a molecular recognition unit, the variable fragment of a 

Camelid single chain antibody (nanobody), which is the smallest antigen binding 

fragment (15 kDa) presenting selectivity and specificity comparable to conventional 

antibodies [91, 93], and ii) a degradation signaling unit, the degron [79, 96], which can be 

customized with respect to rate and mechanism of degradation and mediates degradation 

of the nanobody-target complex. The smallest monomeric antigen-binding fragments 

derived from functional antibodies, nanobodies, can be potentially engineered to target a 

variety of seemingly unlimited structures and sequence diversities [92, 154, 155], thus 

enabling customization of the NanoDeg to target any cellular protein and post-

translational modifications. I demonstrate the use of the NanoDeg to modulate protein 

levels in cells with exquisite level of control and provide the design rules for building 

NanoDeg systems with the desired protein depletion properties that can be customized to 

target a range of target protein expression levels. I also report that integration of a 

reporter-specific NanoDeg within a genetic circuit for detection of a cellular stimulus 

provides a powerful tool to enhance the dynamic resolution of the reporter and thus 

enhance the performance of the genetic circuit. 	
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4.2. Results 

4.2.1. Design of a GFP-specific NanoDeg 

Proof-of-concept demonstration of the NanoDeg was obtained by generating a 

GFP-specific nanobody (VHH) [150] fused to the 37 amino acid carboxy-terminal 

sequence of ornithine decarboxylase (ODC degron), which is degraded via ubiquitin-

independent degradation [53, 156] (Figure 4.1). The ODC tag was confirmed not to 

affect the formation of the VHH-GFP complex (Figure 4.2).  

 

 

 

 

 

 

 

 

 

 

	
Figure 4.1 Schematic representation of the NanoDeg system. 
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Figure 4.2 ELISA measurements of the VHH-GFP complex using purified VHH 
variants (VHH or VHHODC) and GFP. Data are reported as mean ± s.d. (n = 3).  

 

To test whether the ODC-tagged nanobody (VHHODC) affects GFP cellular levels, 

HEK293T cells stably expressing GFP (HEK293T/GFP) were transiently transfected for 

the expression of the GFP specific nanobody (VHH or VHHODC), or with a control 

plasmid lacking the VHH gene. The GFP signal of cells expressing VHH was found to be 

comparable to that of cells lacking the VHH gene (Figure 4.3). Overexpression of 

VHHODC, however, resulted in a 65% decrease in GFP fluorescence, suggesting that GFP 

accumulation is affected by the expression of the degron-tagged VHH, but not of the 

parental VHH (Figure 4.3, P < 0.01, Student's t-test). To test whether the change in cell 

fluorescence depends on proteasomal degradation, HEK293T/GFP cells were transfected 

as described above and treated with the proteasome inhibitor MG132 [31]. MG132 

treatment was found to cause a 2.2-fold increase in the GFP fluorescence of cells 

expressing VHHODC, but not to affect the fluorescence intensity of cells expressing VHH 
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or lacking the VHH gene (Figure 4.3, P < 0.01, Student's t-test), suggesting that the 

change of GFP signal observed in the presence of the degron-tagged VHH depends on 

proteasomal degradation. 

 

	

Figure 4.3 Flow cytometric analyses of HEK293T/GFP#1 cells transiently transfected 
for the expression of a VHH variant (VHH or VHHODC) or with a control plasmid lacking 
the VHH gene (—), treated with or without 3 µM MG132 32 h post-transfection, and 
analyzed 48 h post-transfection. iRFP was used as transfection control. Relative GFP 
levels of transfected cells (iRFP+) were calculated by normalizing the GFP fluorescence 
values of transfected cells to that of untreated cells lacking VHH gene (left). Data are 
reported as mean ± s.d. (n = 3, P < 0.01, Student’s t-test). Representative flow cytometry 
dot plots of GFP and iRFP fluorescence intensity (right) with blue lines indicating the 
gates used to define GFP+ and iRFP+ cells. 

 

To verify that cell fluorescence correlates with the expression levels of GFP and 

VHH, protein levels were verified by Western blot (Figure 4.4). The amount of 

nanobody in cells expressing VHHODC was found to be 5.6-fold lower than that of cells 

expressing VHH (Figure 4.4, P < 0.01, Student's t-test). MG132 treatment was found not 

to affect the levels of VHH, but to cause a 2.3-fold increase in VHHODC levels (Figure 
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4.4, P < 0.01, Student's t-test), confirming that VHHODC is susceptible to UPS-mediated 

degradation. Cells expressing VHH or lacking the VHH gene presented comparable GFP 

levels, which were not affected by MG132 treatment. The dramatic reduction in GFP 

levels observed in cells expressing VHHODC (5.2-fold decrease compared to cells lacking 

the VHH gene, Figure 4.4, P < 0.01, Student's t-test) was partially rescued upon MG132 

treatment (2.6-fold increase compared to untreated cells, Figure 4.4, P < 0.01, Student's 

t-test). The changes in GFP protein levels are consistent with measurements of GFP 

fluorescence intensity, indicating that cell fluorescence is a reliable indicator of the 

NanoDeg function as a modulator of GFP expression (Figure 4.4). The mRNA levels of 

the VHH variants and GFP were found not to change upon MG132 treatment, confirming 

that the changes in VHH and GFP levels occur at the post-translational level (Figure 

4.5). Expression of VHHODC was confirmed not to cause protein aggregation under the 

experimental conditions used in this study (Figure 4.6). 
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Figure 4.4 Western blot analyses of VHH variants, GFP, iRFP, and Tubulin in sorted 
iRFP+ cells treated as described in Figure 4.3. (a) Representative Western blots. iRFP 
and Tubulin are used as transfection and loading control, respectively. (b, c) Relative 
VHH (b) and GFP (c) expression levels were obtained from quantifications of Western 
blot bands. Relative VHH expression values were calculated by normalizing the VHH 
band intensity of each sample to that of untreated cells expressing VHH. Relative GFP 
expression values were calculated by normalizing the GFP band intensity of each sample 
to that of cells lacking VHH. Data are reported as mean ± s.d. (n = 3, P < 0.01, Student’s 
t-test). 
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Figure 4.5 Relative mRNA expression levels of VHH and GFP in HEK293T/GFP#1 
cells transiently transfected for the expression of a VHH variant (VHH or VHHODC) or 
with a plasmid lacking the VHH gene (—) measured by qRT-CR. Transfected cells were 
treated with or without 3 µM MG132 32 h post-transfection and analyzed 48 h post-
transfection. (a) Relative VHH mRNA levels were calculated by normalizing the 
measured VHH mRNA levels to the measured mRNA levels of the transfection control 
(iRFP) and then dividing the resulting values by the normalized mRNA level of cells 
expressing VHH. (b) Relative GFP mRNA levels were obtained by normalizing the GFP 
mRNA levels to the mRNA levels of GAPDH and then dividing the resulting values by 
the normalized GFP mRNA level of cells lacking the VHH gene. Data are reported as 
mean ± s.d. (n = 3). 

	

 
Figure 4.6 Aggregation propensity factor (APF) of HEK293T cells, HEK293T/GFP#1 
cells, and HEK293T/GFP#1 cells transiently transfected for the expression of a VHH 
variant (VHH or VHHODC) or with a plasmid lacking VHH gene (—) treated with or 
without 3	 µM MG132 32 h post-transfection and analyzed 48 h post-transfection. The 
APF was calculated as described in Section 4.4.7. Data are reported as mean ± s.d. (n = 
3). 
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To distinguish between the contribution of GFP synthesis and degradation and 

directly evaluate the effect of the NanoDeg on GFP degradation, I used a 

photoactivatable GFP variant (PA-GFP) [157]. Photoactivation of PA-GFP upon cell 

exposure to a 405 nm light source allows quantifying the subset of activated green 

fluorescence reporter. HEK293T cells stably expressing PA-GFP were transiently 

transfected for the expression of a VHH variant (VHH or VHHODC) or with a control 

plasmid lacking the VHH gene. Transfected cells were exposed to a 405 nm light source 

to induce photoactivation and cell fluorescence was monitored by flow cytometry.  Green 

fluorescence in cells expressing VHHODC was found to decrease to half of the initial 

value 16 hours post-photoactivation (P < 0.01, Student's t-test), while only a minor decay 

in cell fluorescence was detected in cells expressing VHH or lacking the VHH gene under 

the same conditions (Figure 4.7). These results confirm that VHHODC, but not VHH, 

mediates PA-GFP degradation.  

	

Figure 4.7 Relative GFP expression of 
photoactivated HEK293T/PA-GFP cells 
transiently transfected for the expression of 
VHH variants (VHH or VHHODC) or lacking 
VHH (—) measured by flow cytometry and 
calculated by normalizing GFP fluorescence 
values to that of cells at the time of 
photoactivation. Data are reported as mean ± 
s.d. (n = 3, *P < 0.01, Student’s t-test). 
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4.2.2. Modulation of NanoDeg rates of synthesis and degradation allows for 

quantitative control of cellular GFP levels. 

To predict the effect of the half-life and expression level of VHH on the target 

protein’s accumulation and identify design rules for engineering the NanoDeg system for 

accurate control over the target’s levels, I developed a mathematical model consisting of 

ordinary differential equations that describe the concentrations of VHH, GFP, and the 

VHH-GFP complex (the mathematic model and equations are described in Section 

4.4.12; model parameter values are shown in the Table 4.1 in Section 4.4.12). The model 

is based on the assumption that VHH and GFP expression levels depend on the rates of 

protein synthesis, degradation, and cell dilution arising from cell division. I assumed that 

VHH binds reversibly to GFP and that the degradation rate of the VHH-GFP complex is 

proportional to the degradation rate of unbound VHH (Figure 4.8). A sensitivity analysis  

(see Section 4.4.13) revealed that VHH half-life (𝑡^/_p), VHH synthesis rate (𝛼"), and 

GFP synthesis rate (𝛼#) have the most dramatic effect on GFP steady state levels (Figure 

4.9). These parameters (𝑡^/_p	,	𝛼", and	𝛼#) were thus modulated experimentally to verify 

the model’s prediction.		

	

Figure 4.8 Reaction mechanism underlying 
nanobody-mediated GFP degradation involving 
synthesis of VHH and GFP with rate constants 𝛼" 
and 𝛼# , formation of the VHH-GFP complex 
with rate constants of association and dissociation 
𝑘%& and 𝑘%'', and degradation of VHH, GFP, and 
the VHH-GFP complex with rate constant 𝛾" ,	𝛾#  
and 𝑓 ∙ 𝛾" , where 𝑓 is the degradation coefficient. 
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Figure 4.9 Parameter 
sensitivity analysis. Scaled 
sensitivity coefficients of 
the relative GFP 
expression at steady state 
as a function of variations 
in kinetic parameters. The 
sensitivity analysis was 
conducted as described in 
Section 4.4.13.  

 

 

Table 4.1  Parameters used for sensitivity analyses. 

Parameter Description Value Source 

𝛼" VHH synthesis rate 50 nM h-1 Estimated from literature [158] 

𝛼#  GFP synthesis rate 50 nM h-1 Estimated from literature [158] 

𝑡^/_p	 VHH half-life 2 h Literature Data [53] 

𝑡^/_q	 GFP half-life 26 h Literature Data [141] 

𝛾" VHH degradation rate 0.3466 h-1 Calculated from 𝑡^/_p	 

𝛾#  GFP degradation rate 0.0267 h-1 Calculated from 𝑡^/_q	 

𝑘%& VHH and GFP association 
rate constant 2.7648 nM-1h-1 Literature Data [159] 

𝑘%'' VHH-GFP complex 
dissociation rate constant 0.6264 h-1 Literature Data [159] 

𝑓 Degradation coefficient of 
VHH-GFP complex 1 Assumed 

𝑡r	 HEK293T doubling time 18 h Literature Data [160] 

𝜇 Cell dilution rate 0.0385 h-1 Calculated from 𝑡r	 
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To modulate the half-life (𝑡^/_p) of the degron-tagged VHH, I generated a series 

of VHHODC variants harboring mutations in the ODC sequence (C20A, T15A, S24A, and 

D12A) expected to affect VHH half-life [53]. Altering the sequence of the ODC degron 

was confirmed not to affect the formation of the VHH-GFP complex (Figure 4.10). The 

half-life of the VHHODC variants (𝑡^/_p) was estimated using the cycloheximide chase 

assay (Figure 4.11 and Table 4.2). The synthesis rate of VHH (𝛼") was modulated by 

expressing the VHHODC variants under the control of different promoters, namely the 

cytomegalovirus (CMV), the human elongation factor-1 alpha promoter (EF1a), and the 

simian virus 40 (SV40) promoter, which result in high, intermediate, and low levels of 

expression, respectively [161, 162] (Figure 4.12). The synthesis rate of GFP (𝛼#) was 

modulated by generating HEK293T cell lines stably expressing different GFP levels 

(Figure 4.13).  

	

Figure 4.10 ELISA measurements of the VHH-GFP complex using purified VHHODC 
variants (VHHODC or VHHODC(C20A)) and GFP. Data are reported as mean ± s.d. (n = 3).	
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Figure 4.11 Western blot analyses of HEK293T cells transiently transfected for the 
expression of the VHHODC variants under the control of the CMV promoter and treated 
with cycloheximide (CHX,100	 µg/ml) 48 h post-transfection. Representative Western 
blot images (top) obtained using anti-HA (VHHODC variants), anti-V5 (iRFP), and anti-
tubulin are reported. iRFP and Tubulin were used as transfection and loading control, 
respectively. Image quantification from 3 biological repeats (bottom, dots). Relative 
VHH expression levels were calculated by normalizing the VHH band intensities by 
Tubulin and iRFP band intensities, and dividing the normalized VHH levels by the VHH 
levels at t = 0 h. Experimental data were fit to a first-order decay function (bottom, line) 
to estimate the degradation rate constants of the VHHODC variants. 
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Table 4.2  Degradation rate constants and half-lives of VHHODC variants. 

VHHODC 
variant 

Degradation 
rate constant 𝜸𝑽 

(h-1) 

Half-life 𝒕𝟏/𝟐𝑽	 
(h) 

VHHODC (C20A) 0.061 ± 0.004 11.453 ± 0.682 
VHHODC (T15A) 0.324 ± 0.012 2.144 ± 0.076 

VHHODC 0.547 ± 0.021 1.269 ± 0.049 
VHHODC (S24A) 0.67 ± 0.028 1.036 ± 0.043 
VHHODC (D12A) 0.73 ± 0.026 0.951 ± 0.034 

   

	

	

Figure 4.12 Representative Western blot images of HEK293T cells transiently 
transfected for the expression of VHHODC under the control of CMV, EF1a, or SV40 
promoter collected 48 h post-transfection. iRFP and tubulin were used as transfection and 
loading control, respectively.	
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Figure 4.13 Mean GFP fluorescence intensity of four HEK293T/GFP clones detected 
by flow cytometry. 

	

The effect of VHHODC synthesis rate on GFP signal as a function of VHHODC half-

life was explored by conducting flow cytometric analyses of HEK293T/GFP cells 

transfected for the expression of the VHHODC variants under the control of the CMV, 

EF1a, or SV40 promoter (Figure 4.14, Figure 4.12 and Table 4.2). The GFP signal was 

found to decrease as a function of VHHODC half-life, with cells expressing VHHODC 

variants with shorter half-life presenting a higher decrease in GFP fluorescence compared 

to cells expressing the stable VHHODC variant (VHHODC(C20A)). The change in GFP 

fluorescence was also found to decrease as a function of VHHODC synthesis rate, with the 

VHHODC variant presenting the lowest half-life (VHHODC(D12A)) under the control of 

EF1a and CMV promoter resulting in about 40% and 70% decrease in fluorescence, 

respectively, compared to the stable VHHODC variant (VHHODC(C20A)) (Figure 4.14 and 

Table 4.2). The results obtained using different promoters to modulate the expression of 
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VHHODC thus confirmed the effect of VHHODC synthesis rate on GFP expression 

predicted using the mathematical model (Figure 4.14, Figure 4.9 and Figure 4.12).  

	

Figure 4.14 Experimental data and modeling results of GFP expression as a function of 
VHHODC half-life and VHHODC synthesis rate. Experimental data were obtained from 
flow cytometric analyses of HEK293T/GFP#1 cells transiently transfected for the 
expression of the VHHODC variants under the control of the CMV, EF1a or SV40 
promoter and analyzed 48 h post-transfection. Relative GFP fluorescence values were 
calculated by normalizing GFP signals to that of cells lacking VHH gene. Data are 
reported as mean ± s.d. (n = 3). 

	

The effect of GFP synthesis rate on GFP signal as a function of VHHODC half-life 

was explored by conducting flow cytometric analyses of HEK293T/GFP cells expressing 

different levels of GFP transfected for the expression of the different VHHODC variants 

under the control of the CMV promoter (Figure 4.15, Figure 4.13 and Table 4.2). The 

extent of GFP depletion was found to decrease as a function of GFP expression, ranging 

from about 70% decrease in GFP fluorescence in the cell line expressing low GFP levels 
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to 25% decrease in the cell line expressing high GFP levels in the presence of 

VHHODC(D12A) (Figure 4.15 and Figure 4.13). 

These results, taken together, demonstrate that modulating the synthesis rate and 

half-life of the degron-tagged nanobody enables precise and quantitative control of the 

target protein levels with respect to the target’s synthesis rate and desired extent of 

depletion.  

 

 

Figure 4.15 Experimental data and modeling results of GFP expression as a function of 
VHHODC half-life and GFP synthesis rate. Experimental data were obtained from flow 
cytometric analyses of HEK293T/GFP cells presenting low (HEK293T/GFP#1), mid 
(HEK293T/GFP#2) and high (HEK293T/GFP#3) GFP levels transiently transfected for 
the expression of the VHHODC variants under the control of the CMV promoter and 
analyzed 48 h post-transfection. Relative GFP fluorescence values were calculated by 
normalizing GFP signals to that of cells lacking VHH gene. Data are reported as mean ± 
s.d. (n = 3). 
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4.2.3. Modular design of the NanoDeg system for predictable control of the 

target’s levels. 

To investigate whether the NanoDeg can be customized with respect to the mode 

of degradation, I tested an alternative degron tag, namely the CL1, a 17-amino acid 

hydrophobic peptide that targets fusion proteins to ubiquitin-dependent proteasomal 

degradation [78]. HEK293T/GFP cells were transfected for the expression of VHHCL1 

and compared to HEK293T/GFP cells transfected with a control plasmid lacking the 

VHH gene. Overexpression of VHHCL1 was found to cause an almost 50% decrease in 

GFP fluorescence (Figure 4.16, **P < 0.01, Student's t-test). MG132 treatment was 

observed not to affect the fluorescence of cells lacking the VHH gene, but to cause a 1.5-

fold increase in the GFP signal of cells expressing VHHCL1 (Figure 4.16, *P < 0.05, 

Student's t-test), confirming that the reduction in GFP fluorescence observed in the 

presence of VHHCL1 is due to proteasomal degradation. Fusion of VHH to the CL1 

degron was confirmed not to induce aggregation under the experimental conditions used 

in this study (Figure 4.17).  
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Figure 4.16 Flow cytometric analyses of HEK293T/GFP#1 cells transiently transfected 
to express VHHCL1 or with a control plasmid lacking VHH (—), treated with or without 3	
µM MG132 32 h post-transfection, and analyzed 48 h post-transfection (left). iRFP was 
used as transfection control. Relative GFP levels were calculated by normalizing the GFP 
fluorescence values of transfected cells to that of untreated cells lacking VHH. Data are 
reported as mean ± s.d. (n = 3, *P < 0.05; **P < 0.01, Student’s t-test). Representative 
flow cytometry dot plots of GFP and iRFP fluorescence intensity (right) with blue lines 
indicating the gates used to define GFP+ and iRFP+ cells. 

	

 
Figure 4.17 Aggregation propensity factor (APF) of HEK293T cells and 
HEK293T/GFP#1 cells transiently transfected for the expression of VHHCL1 or with a 
plasmid lacking VHH gene (—), treated with or without 3 µM MG132 32 h post-
transfection and analyzed 48 h post-transfection. The APF was calculated as described in 
Section 4.4.7. Data are reported as mean ± s.d. (n = 3).	
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The design rules of the NanoDeg system based on the CL1 tag were explored as 

described above. Specifically, VHHCL1 half-life was modulated by generating a set of 

VHHCL1 variants harboring mutations H15A, H11A, and W5AF6A in the CL1 sequence 

[78]. The half-life of the resulting VHHCL1 variants was estimated using the 

cycloheximide chase assay (Figure 4.18 and Table 4.3). VHHCL1 synthesis rate was 

modulated by expressing the VHHCL1 variants under the control of the CMV, EF1a, or 

SV40 promoter, while GFP synthesis rate was modulated using stable HEK293T/GFP 

cell lines expressing different GFP levels (Figure 4.13). Flow cytometric analyses 

(Figure 4.19 and Figure 4.20) recapitulated the results obtained using the ODC tag 

(Figure 4.14 and Figure 4.15), validating the mode of degradation as an additional 

mechanism for tuning the cellular levels of the target protein.  

To test the predictive value of the mathematical model, the experimental data 

were fitted to the model (Figure 4.14, Figure 4.15, Figure 4.19 and Figure 4.20) and the 

model’s parameters (Table 4.4) were optimized as described in Section 4.4.14. The 

degradation coefficient (f, introduced in the model to account for variations in the half-

life of the degron-tagged VHH upon binding to GFP) was found to be smaller than 1 

(Table 4.4), suggesting that the degradation rate of the VHH-GFP complex is slower than 

that of the unbound VHH. To verify this finding experimentally, the accumulation of 

VHHODC in HEK293T and HEK293T/GFP cells was monitored by Western blot. 

Consistent with the results obtained from fitting the experimental data to the model, 

VHHODC levels were found to decrease at a slower rate in HEK293T/GFP cells than in 
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HEK293T (Figure 4.21), indicating that the average degradation rate of the total cellular 

VHH decreases in the presence of GFP. 

 

Figure 4.18 Western blot analyses of HEK293T cells transiently transfected for the 
expression of the VHHCL1 variants under the control of the CMV promoter and treated 
with cycloheximide (CHX,100 µg/ml) 48 h post-transfection. Representative Western 
blot images (top) obtained using anti-HA (VHHODC variants), anti-V5 (iRFP), and anti-
tubulin are reported. iRFP and Tubulin were used as transfection and loading control, 
respectively. Image quantification from 3 biological repeats (bottom, dots). Relative 
VHH expression levels were calculated by normalizing the VHH band intensities by 
Tubulin and iRFP band intensities, and dividing the normalized VHH levels by the VHH 
levels at t = 0 h. Experimental data were fit to a first-order decay function (bottom, line) 
to estimate the degradation rate constants of the VHHCL1 variants.	
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Table 4.3   Degradation rate constants and half-lives of VHHCL1 variants. 
VHHCL1 
variant 

Degradation rate 
constant 𝜸𝑽 (h-1) 

Half-life 𝒕𝟏/𝟐𝑽	 
(h) 

VHHCL1 (W5AF6A) 0.436 ± 0.03 1.596 ± 0.109 
VHHCL1 (H11A) 0.862 ± 0.04 0.806 ± 0.038 

VHHCL1 1.313 ± 0.066 0.529 ± 0.027 
VHHCL1 (H15A) 1.347 ± 0.075 0.516 ± 0.029 

   
	

	

Figure 4.19 Experimental data and modeling results of GFP expression as a function of 
VHHCL1 half-life and VHHCL1 synthesis rate. Experimental data were obtained from flow 
cytometric analyses of HEK293T/GFP#1 cells transiently transfected for the expression 
of the VHHCL1 variants under the control of the CMV, EF1a or SV40 promoter and 
analyzed 48 h post-transfection. Relative GFP fluorescence values were calculated by 
normalizing GFP signals to that of cells lacking VHH. Data are reported as mean ± s.d. (n 
= 3).  
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Figure 4.20 Experimental data and modeling results of GFP expression as a function of 
VHHCL1 half-life and GFP synthesis rate. Experimental data were obtained from flow 
cytometric analyses of HEK293T/GFP#1, #2 and #3 cells transiently transfected for the 
expression of the VHHCL1 variants under the control of the CMV promoter and analyzed 
48 h post-transfection. Relative GFP fluorescence values were calculated by normalizing 
GFP signals to that of cells lacking VHH. Data are reported as mean ± s.d. (n = 3). 
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Figure 4.21  Western blot analyses of (a) HEK293T cells and (b) HEK293T/GFP#1 cells 
transiently transfected for the expression of the VHHODC under the control of the CMV 
promoter and treated with cycloheximide (CHX,100 µg/ml) 48 h post-transfection. 
Representative Western blot images obtained using anti-HA (VHHODC), anti-V5 (iRFP), 
and anti-tubulin are reported. iRFP and Tubulin were used as transfection and loading 
control, respectively.	
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Table 4.4 Optimized parameters from model fitting. 
Parameter Description Value Source 

𝛼"xyp VHH synthesis rate  
CMV promoter 42.18 nM h-1 Model Fit 

𝛼"z{|F VHH synthesis rate  
EF1a promoter 23.18 nM h-1 Model Fit 

𝛼"}p~� VHH synthesis rate  
SV40 promoter 1.36 nM h-1 Model Fit 

𝛼#^ GFP synthesis rate 
HEK293T/GFP#1 56.04 nM h-1 Model Fit 

𝛼#_ GFP synthesis rate 
HEK293T/GFP#2 88.72 nM h-1 Model Fit 

𝛼#� GFP synthesis rate 
HEK293T/GFP#3 160.00 nM h-1 Model Fit 

𝛼#� GFP synthesis rate 
HEK293T/GFP#4 65.45 nM h-1 Calculated from 

fluorescence intensity* 

𝑡^/_p����x(x��m)	 VHHODC(C20A) half-life 10.77 h-1 Model Fit 

𝑡^/_p����x(P|�m)	 VHHODC(T15A) half-life 2.22 h-1 Model Fit 

𝑡^/_p����x  VHHODC half-life 1.32 h-1 Model Fit 

𝑡^/_p����x(}�~m)	 VHHODC(S24A) half-life 0.99 h-1 Model Fit 

𝑡^/_p����x(�|�m)	 VHHODC(D12A) half-life 0.92 h-1 Model Fit 

𝑓��U  Degradation coefficient of 
VHHODC-GFP complex  0.414 Model Fit 

𝑡^/_p��x�| ��m{�m 	 VHHCL1(W5AF6A)
 half-life 1.49 h-1 Model Fit 

𝑡^/_p��x�| �||m 	 VHHCL1(H11A) half-life 0.77 h-1 Model Fit 

𝑡^/_p��x�|	 VHHCL1 half-life 0.54 h-1 Model Fit 

𝑡^/_p��x�| �|�m 	 VHHCL1(H15A) half-life 0.50 h-1 Model Fit 

𝑓UD^ Degradation coefficient of 
VHHCL1-GFP complex 0.0544 Model Fit 

*GFP synthesis rate in HEK293T/GFP#4 cells was obtained from measurements of the 
fluorescence intensity of HEK293T/GFP#4 cells and using the correlation between GFP 
synthesis rate and the fluorescence intensity of HEK293T/GFP cells clone#1, #2, and #3 
(Figure 4.22).  
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The optimized model was then used to predict the GFP levels of a newly 

generated clone of HEK293T/GFP cells (HEK293T/GFP#4, Figure 4.13) transfected for 

the expression of the NanoDeg system. The GFP synthesis rate (𝛼# ) of this newly 

generated clone was extrapolated from the linear correlation between the fluorescence 

intensity and synthesis rate of all other HEK293T/GFP clones (Figure 4.22 and Table 

4.4). The model optimized as described above was used to predict the GFP levels of this 

newly generated HEK293T/GFP clone as a function of VHHODC half-life or VHHCL1 

half-life (Figure 4.23). HEK293T/GFP#4 cells were transfected for the expression of the 

VHHODC and VHHCL1 variants and analyzed by flow cytometry. The experimental results 

were found to be in agreement with the model prediction (Figure 5.23), validating the 

use of the mathematical model for designing the NanoDeg system and achieve precise 

control over the cellular level of a target protein. 

	

Figure 4.22 Correlation between GFP 
synthesis rate and the fluorescence 
intensity of stable HEK293T clones 
expressing different levels of GFP 
(HEK293T/GFP#1, #2, and #3). The 
dots represent the numerical data from 
GFP fluorescence intensity (Figure 
4.13) and the GFP synthesis rate (Table 
4.4). The dashed line represents the 
linear regression of the data. 
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Figure 4.23 Experimental data and model prediction of GFP expression as a function of 
VHHODC (a) and VHHCL1 (b) half-life. Experimental data were obtained from flow 
cytometric analyses of HEK293T/GFP#4 cells transiently transfected for the expression 
of the VHHODC (a) or VHHCL1 (b) variants under the control of CMV promoter and 
analyzed 48 h post-transfection. Relative GFP levels were obtained by normalizing the 
GFP fluorescence values of each sample to that of cells lacking the VHH gene. Data are 
reported as mean ± s.d. (n = 3).  

	

4.2.4. Integration of the NanoDeg system into a stimulus-dependent circuit 

for enhancing the output dynamics.  

To demonstrate the use of the NanoDeg to achieve dynamic control over a 

target’s cellular levels, I sought to explore the use of the NanoDeg to enhance the 

dynamic range and resolution of a stimulus-dependent fluorescent output. To this end, the 

GFP specific, degron-tagged nanobody was introduced in cells expressing the eDeg-On 

system [163] (Figure 4.24), a genetic inverter for monitoring UPS activity. The eDeg-On 

system consists of a UPS-dependent transcriptional regulator, the CL1 degron fused 
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tetracycline-controlled transactivator (tTACL1), that controls the expression of GFP, 

generating a signal output in response to tetracycline (Tc) induction and proteasomal 

activation [163]. The circuit was modified to place VHHODC under the control of tTACL1 

(Figure 4.24), with the ultimate goal to lower the output signal in the absence of the 

stimulus, a current challenge in the design of genetic circuits [164], and, consequently, 

enhance the output dynamic range.  

	

Figure 4.24 Schematic of the stimulus-dependent eDeg-On circuit modified to achieve 
nanobody-mediated control of the circuit’s output. 

 

Modeling results suggest that tTACL1-induced VHHODC greatly reduces leakiness 

of the expression system in the absence of Tc and enhances the signal dynamic range 

upon Tc induction (Figure 4.25) compared to tTACL1-induced VHHODC(C20A) (a stable 

VHHODC variant that does not affect GFP accumulation, Figure 4.14 and Table 4.2) or 

compared to the circuit lacking VHH (Figure 4.25). Experimental validation was 

obtained by monitoring the GFP levels of HEK293T cells stably expressing the eDeg-On 

system (HEK293T/eDeg-On) and transiently transfected for the expression of VHHODC or 
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VHHODC(C20A) under the control of the tTA inducible promoter [163] (Figure 4.24). GFP 

output was found to increase as a function of Tc concentrations, as expected. The GFP 

signal of cells expressing the stable, degron-tagged nanobody (VHHODC(C20A)) was found 

to be comparable to that of cells lacking the VHH gene (Figure 4.26). Expression of the 

VHHODC, however, was found to decrease the basal expression of GFP, resulting in a 

64% reduction in GFP signal in the absence of Tc (Figure 4.26a, P < 0.01, Student's t-

test). As a result, integration of the NanoDeg within the eDeg-On system enhances the 

dynamic range of the eDeg-On output signal, which increases 12-fold in the presence of 

the VHHODC compared to the 6-fold increase observed in the presence of the stable 

VHHODC variant (VHHODC(C20A)) or in the absence of VHH (Figure 4.26b).  

	

Figure 4.25 Model prediction of steady state levels of GFP as a function of Tc induction 
in cells expressing the eDeg-On system and a degron-tagged nanobody. Model 
parameters were listed in Table 4.5. (a) GFP levels of cells expressing the eDeg-On 
system and VHHODC (𝑡^/__"����x x��m 	= 1.32 h) or VHHODC(C20A) (𝑡^/__"����x x��m 	= 
10.77 h) expressed under the control of tTA or lacking the VHH gene (—) relative to the 
GFP level of uninduced cells expressing eDeg-On system and lacking VHH (—). (b) GFP 
fluorescence obtained as described in (a), normalized to that of the cells at t = 0 h and 
plotted as fold change. 
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Figure 4.26  Flow cytometric analyses of HEK293T/eDeg-On cells transiently 
transfected for the expression of a VHHODC variant (VHHODC or VHHODC(C20A)) or with 
plasmid lacking the VHH gene (—) induced with Tc 24 h post-transfection and analyzed 
24 h post-induction. (a) Relative GFP levels were obtained by normalizing the GFP 
fluorescence values of each sample to that of uninduced cells lacking the VHH gene (—). 
Data are reported as mean ± s.d. (n = 5, *P < 0.05, Student’s t-test). (b) GFP fold change 
of HEK293T/eDeg-On cells transfected and treated as described in (a) as a function of Tc 
concentration calculated by normalizing the GFP fluorescence intensities of cells induced 
with Tc to that of the uninduced cells. Data are reported as mean ± s.d. (n = 5, **P < 
0.01, Student’s t-test). 

	

To test whether the NanoDeg system enhances the sensitivity of the eDeg-On 

system to proteasomal activation [163], I also monitored GFP fluorescence in 

HEK293T/eDeg-On cells transfected for the expression of a tTACL1-induced VHHODC 

variant (VHHODC or the stable VHHODC(C20A)) and the proteasome activator PA28 [5, 

165]. Plasmids lacking VHH or PA28 encoding gene were used as controls. 

Overexpression of PA28 resulted in increase in GFP fluorescence, as expected (Figure 

4.27 and Figure 4.28). Co-expression of VHHODC was observed to reduce the basal 

expression of GFP (Figure 4.27a). As a result, integration of NanoDeg within the eDeg-
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On system enhances the output signal dynamic range upon PA28 overexpression (Figure 

4.27b and Figure 4.28, P < 0.05, Student's t-test). Similar results were obtained upon 

overexpression of PSMD11 [166] or the phosphomimetic PSMD11 mutant (PSMDPho) 

[167], which are  known to function as proteasome activators, in HEK293T/eDeg-On 

cells also transfected for the expression of a tTACL1-induced VHHODC variant (Figure 

4.28), confirming that NanoDeg enhances the sensitivity of the eDeg-On system to 

proteasomal activation.  

 

	

Figure 4.27  Flow cytometric analyses of HEK293T/eDeg-On cells transiently 
transfected for the expression of PA28 (or lacking PA28 encoding gene) and a VHHODC 
variant (VHHODC , VHHODC(C20A), or lacking the VHH gene), induced with Tc 24 h post-
transfection and analyzed 24 h post-induction. (a) Relative GFP fluorescence values were 
calculated by normalizing the GFP fluorescence intensity of transfected cells to that of 
uninduced cells lacking both VHH and PA28 encoding genes (— / —). Data are reported 
as mean ± s.d. (n = 3). (b) The fold change of GFP levels upon PA28 overexpression 
calculated by normalizing the GFP fluorescence intensity of cells expressing PA28 to that 
of cells lacking PA28 encoding gene. Data are reported as mean ± s.d. (n = 3, *P < 0.05, 
Student’s t-test). 
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Figure 4.28 Flow cytometric analyses of HEK293T/eDeg-On cells transfected with 
plasmids encoding VHHODC variants (VHHODC, VHHODC(C20A), or lacking the VHH gene) 
and proteasomal activators (PA28, PSMD, PSMDPho, or empty plasmid) induced with 0.1 
µg/ml Tc 24 h post-transfection and analyzed 48 h post-transfection. GFP fluorescence 
intensity values were normalized to that of uninduced cells transfected with plasmids 
lacking both VHH and the proteasomal activator. Data are reported as mean ± s.d. (n = 3, 
P < 0.05, Student's t-test). 

 

To test whether the NanoDeg system enhances the temporal resolution of the 

output signal in response to a stimulus, I monitored the GFP levels of HEK293T/eDeg-

On cells expressing the NanoDeg system as a function of time upon Tc induction. The 

dynamics of GFP expression was not affected by VHHODC or VHHODC(C20A) expression in 

terms of time needed to reach the half-maximal (18-24 h) and maximal florescence (42-

54 h) (Figure 4.29a). However, the signal dynamic range of cells expressing VHHODC 

was found to be considerably higher than that of cells expressing VHHODC(C20A) or 

lacking the VHH gene. Specifically, cells expressing VHHODC were found to reach a 21-

fold increase in GFP fluorescence, while the fluorescence of cells expressing 

VHHODC(C20A) or lacking the VHH gene was found to increase 8.4-fold under the same 
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conditions (Figure 4.29a). A similar time course experiment was conducted to evaluate 

GFP decay upon removal of Tc. GFP levels were found to decay slightly in cells 

expressing VHHODC(C20A) or lacking the VHH gene, presenting only a 20% decrease in 

fluorescence after 60 h from the time of removal of Tc (Figure 4.29b). Cells expressing 

VHHODC, however, were observed to present a rapid decay in GFP signal that reached 

half of the initial value after 36 h from the removal of Tc (Figure 4.29b).  

 

Figure 4.29 (a) Flow cytometric analyses of HEK293T/eDeg-On cells transiently 
transfected for the expression of a VHHODC variant (VHHODC or VHHODC(C20A)) or with 
plasmid lacking the VHH gene (—) induced with 10 µg/ml Tc 24 h post-transfection (t = 
0 h) and analyzed every 6 hours. GFP fluorescence values were normalized to that of 
uninduced cells (t = 0 h). Data are reported as mean ± s.d. (n = 3). (b) Flow cytometric 
analyses of HEK293T/eDeg-On cells treated with 10 µg/ml Tc, transfected for the 
expression of VHHODC variant (as described in (a)), and incubated in Tc-free medium at 
24 h post-transfection (t = 0 h). GFP fluorescence was measured and analyzed as 
described in (a). Data are reported as mean ± s.d. (n = 3). 

	

To test the effect of the NanoDeg system on the output temporal resolution in 

response to a transient stimulus, I monitored GFP signal in cells subjected to a pulse of 
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Tc induction. Overexpression of VHHODC was found to enhance the dynamic range of the 

GFP output during the pulse of Tc induction compared to overexpression of 

VHHODC(C20A) or to cells lacking the VHH gene (Figure 4.30). Overexpression of 

VHHODC was also found to enhance the rate of decay of GFP signal after removal of Tc 

compared to overexpression of VHHODC(C20A) or to cells lacking the VHH gene (Figure 

4.30).			

	

Figure 4.30 Flow cytometric analyses of HEK293T/eDeg-On cells transiently 
transfected for the expression of a VHHODC variant (VHHODC or VHHODC(C20A)) or 
with plasmid lacking the VHH gene (—), induced with 10	 µg/ml Tc 24 h post-
transfection (t = 0 h) for 24 h, followed by incubation in Tc-free medium. GFP 
fluorescence were analyzed every 6 hours. GFP fluorescence values were normalized 
to that of uninduced cells (t = 0 h).  Data are reported as mean ± s.d. (n = 3). 

	

To verify that the NanoDeg system provides a superior tool for monitoring 

dynamic, stimulus-dependent outputs, I compared the performance of the eDeg-On 

system containing the NanoDeg module as described above, to the eDeg-On based on a 

destabilized GFP variant with shorter half-life, which is commonly used to generate an 
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output signal that recapitulates the stimulus’ dynamic behavior [168, 169]. To enable 

comparisons between the different expression systems, HEK293T cells were transfected 

for the expression of the eDeg-On system, the eDeg-On system and VHHODC, or the 

eDeg-On system based on ODC-tagged GFP (eDeg-On/GFPODC) and selected in bulk to 

obtain polyclonal populations with stable expression. The resulting polyclonal stable cell 

lines were subjected to a pulse of Tc induction, and GFP signal was monitored using flow 

cytometry. The basal GFP expression (measured at the time of Tc induction) of cells 

expressing the eDeg-On system was found to be reduced 2.6-fold in the presence of 

VHHODC (Figure 4.31a, P < 0.01, Student's t-test). A similar decrease in basal 

fluorescence (3.1-fold) was observed in cells expressing the eDeg-On system based on 

ODC-tagged GFP (Figure 4.31a). Exposure to a pulse of Tc resulted in a 17-fold 

increase in the GFP output of the eDeg-On system and VHHODC, compared to the 11-fold 

increase observed in the GFP output of the eDeg-On system or the eDeg-On/GFPODC 

under the same conditions (Figure 4.31b). Unlike cells expressing the eDeg-On system, 

which do not present significant change (P > 0.1, Student's t-test) in fluorescence after 48 

hour from the time of removal of Tc (Figure 4.31), both cells expressing the eDeg-On 

system and VHHODC and cells expressing the eDeg-On/GFPODC system displayed a rapid 

decay in GFP fluorescence (Figure 4.31). These data suggest that incorporating the 

NanoDeg within a stimulus dependent circuit to control the signal output improves the 

dynamic range and temporal resolution of the output signal compared to current 

alternatives.  
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Figure 4.31 Flow cytometric analyses of HEK283T cells stably expressing the eDeg-On 
system (GFP / —), the eDeg-On system and VHHODC (GFP / VHHODC), or the eDeg-On	
system based on ODC-tagged GFP (GFPODC / —) induced with 10	 µg/ml Tc 24 h post-
transfection (t = 0 h) for 24 h, followed by incubation in Tc-free medium. GFP 
fluorescence were analyzed every 6 hours. (a) Relative GFP fluorescence values obtained 
by normalizing the GFP fluorescence intensity of each sample to that of uninduced cells 
stably expressing the eDeg-On system (GFP / —). Data are reported as mean ± s.d. (n = 
3). (b) GFP fluorescence values were normalized to that of uninduced cells (t = 0 h). Data 
are reported as mean ± s.d. (n = 3). 

 

 

 

4.3. Discussion 

Protein depletion through accelerated proteolysis provides rapid and exquisite 

control over proteins’ knockdown kinetics, thereby enabling accurate investigation of 

protein function in complex biological systems [54, 83, 85, 87, 88, 151, 152, 156]. A 

variety of tags for targeted depletion through UPS-mediated degradation have been 
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characterized [53, 74, 78, 79] and even rationally designed [72, 75-77, 80]. While 

providing valuable tools to enable inducible and tunable control of target degradation [72, 

74-77, 80, 81], they require genetic manipulation of the target protein, which may affect 

the target protein’s native function [82]. Heterobifunctional molecules, such as 

PROTACs [83, 85, 87, 151, 152] and the Ubiquibodies [88], consisting of fusion of UPS- 

and target-specific recognition elements, induce interaction between the proteasome and 

the target protein, thus mediating target depletion without the need for target 

manipulation. The efficiency of these methods, however, is likely to be highly target-

specific [82, 170, 171]. Because they control protein levels by acting at the post-

translational levels, strategies based on targeted degradation provide the advantage of 

rapid response, dose dependence, and destruction of existing copies of the target [72, 74-

77, 80]. However, current methods for targeted degradation do not allow significant 

control over the extent and dynamics of depletion and may rely on substrate-specific 

mechanisms for proteasomal targeting [83, 85, 87, 88, 151-153], which restricts their use 

to certain proteins or protein classes. 

To address the need for a universal platform technology for modulating cellular 

protein levels with high specificity and selectivity and with dynamic control, I developed 

a modular, bi-functional recognition system consisting of a molecular recognition unit – 

the nanobody – which can be customized with respect to target specificity and selectivity, 

and a degradation signaling unity – the degron – which can be customized with respect to 

rate and mechanism of degradation to mediate degradation of the nanobody-target 

complex. The NanoDeg system can efficiently mediate the depletion of a target protein 
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without the need for genetic manipulation of the target. I established the design rules for 

generating a NanoDeg system that enables precise control of the target protein levels and 

validated a mathematical model for predicting the nanobody synthesis rate and 

degradation properties to achieve the desired extent of target depletion based on the target 

protein expression level – a feature that is likely to be useful to modulate targets with 

different endogenous expression levels.  

The recognition unit of the NanoDeg – the nanobody – is the smallest, monomeric 

antigen-binding element derived from a functional antibody and presents unique 

properties [91, 93, 172], such as high solubility and low aggregation propensity [93], 

small size that allows for tissue penetration and recognition of hidden epitopes [155], and 

the ability to recognize conformational epitopes [94] and conformational intermediates 

[154]. Due to the unusual flexibility of the nanobody structure and, particularly, the larger 

functional repertoire compared to conventional variable heavy chains that results from 

the enlarged hypervariable regions of nanobodies [92], the NanoDeg can be customized 

to target virtually any cellular protein. These features make the NanoDeg a versatile plug-

and-play platform technology for tuning cellular protein levels with exquisite specificity 

without requirement for burdensome target manipulation.  

The modular nature of degrons, which can be customized with respect to the rate 

and mechanism of degradation, provides an additional layer of control for tuning 

depletion of the target to the desired levels. Unlike approaches based on engineering E3 

ligases for targeted degradation through the proteasome, which are limited by the 

structural and functional complexity of this catalytic machinery [97], degron-mediated 
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depletion relies on a diverse repertoire of sequences for tunable, reversible, and even 

orthogonal controls over the degradation [72, 74-77, 81]. As a result, the degradation-

signaling unit of the NanoDeg system could be engineered to enhance the versatility of 

the platform and modulate the target levels with the desired dynamics.  

Finally, I showed the use of the GFP-specific NanoDeg as a modular unit to 

enhance the dynamic resolution of the output signal of stimulus-dependent genetic 

circuits based on the use of GFP as reporter. The dynamic resolution of a gene circuit’s 

output signal depends on the reporter’s half-life, with stable reporters such as GFP 

providing poor indicators of the stimulus decay [168]. Using a reporter with reduced half-

life – a commonly used approach to study dynamic processes in mammalian cells [168, 

169]  – partly alleviates this issue, but also results in loss dynamic range and sensitivity 

of the output signal [82, 168]. I demonstrated here that integrating the NanoDeg system 

into a genetic circuit to achieve stimulus-dependent degradation of the reporter mediated 

by the NanoDeg allows recapitulating the input dynamic behavior with enhanced 

accuracy.  

In summary, the NanoDeg system provides a universal plug-and-play technology 

for controlling protein levels in mammalian cells that is poised to provide a powerful tool 

for a variety of applications ranging from fundamental research to the design of synthetic 

gene circuits.  
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4.4. Methods 

4.4.1. Plasmids and cloning procedures 

The primers used in this study are listed in Appendix Table 4. PCR 

amplifications of DNA fragments larger than 3 kb were conducted using Kappa HiFi 

DNA polymerase (Kapa Biosystems) according to the manufacturer's protocol. All other 

PCR reactions were conducted using Vent DNA polymerase (New England BioLabs, 

NEB) according to the manufacturer's protocol. Plasmid sequences are available upon 

request.  

The plasmid pvhh- was constructed by replacing the SV40 promoter and 

neomycin-resistance gene of pcDNA3.1+/neomycin (Invitrogen) with a cassette	

comprising the EF1a promoter [162], iRFP [173], the sequence encoding the 2A peptide 

from Thosea asigna virus [174], and the hygromycin-resistance gene [175] using Gibson 

Assembly. The VHH encoding sequence was amplified from pcDNA3_NSlmb-vhhGFP4 

[150] (a generous gift of Dr. Matthew P. DeLisa). The HA tag was fused to the 5’ of the 

VHH encoding sequence and a BlpI site inserted immediately upstream of the stop 

codon. The resulting cassette was cloned into pvhh- at the KpnI and NotI sites generating 

the plasmid pvhh. The sequences encoding the ODC and CL1 tags were amplified from 

pTetR-ODC and pTetR-CL1 [163], respectively, and cloned into pvhh using BlpI and 

NotI restriction sites, generating the plasmids pvhh-ODC and pvhh-CL1. The CMV 

promoter in pvhh-ODC and pvhh-CL1 was replaced with the EF1a or the SV40 promoter 

using MluI and KpnI sites to generate pEF1a_vhh-ODC and pEF1a_vhh-CL1, or 
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pSV40_vhh-ODC and pSV40_vhh-CL1. Plasmids encoding VHHODC and VHHCL1 

variants containing mutations in ODC and CL1 were generated by mutagenesis PCR. 

pIREShyg-PA-GFP was constructed by replacing PA-GFP-Tubulin in the plasmid 

pIREShyg-PA-GFP-alpha Tubulin [175] (Addgene plasmid#12296) with PA-GFP using 

NheI and BamHI sites. The plasmids pET-22b/vhh, pET-22b/vhh-ODC and pET-

22b/vhh-ODC(C20A) were generated by cloning HA-tagged VHH, VHHODC and VHHODC 

harboring the C20A mutation in the ODC into pET-22b(+) using NcoI and XhoI sites. 

The plasmid pTRE_vhh-ODC and pTRE_vhh-ODC(C20A) were constructed by 

replacing the CMV promoter in the pvhh-ODC and pvhh-ODC(C20A) plasmids with the 

tTA-inducible promoter (PTRE) [163]  using MluI and KpnI sites. The plasmid pTO_GFP-

ODC were generated by amplifying the sequence encoding ODC from pvhh-ODC and 

using Gibson Assembly to insert the amplified sequence immediately upstream of the 

GFP stop codon into the pTO-GFP plasmid. 

4.4.2. Cell cultures, transfections and stable cell lines 

HEK293T cells (ATCC) and HEK293T cells stably expressing GFP 

(HEK293T/GFP) [163], PA-GFP (HEK293T/PA-GFP), the eDeg-On system 

(HEK293T/eDegOn) [163] or the modified eDeg-On system containing GFPODC 

(eDegOn/GFPODC) were maintained in Dulbecco's Modified Eagles Medium 

(DMEM/High glucose; HyClone) supplemented with 10% fetal bovine serum (FBS; 

Sigma) and 1% penicillin-streptomycin-glutamine (PSQ; Hyclone) at 37°C and 5% CO2. 

Cells were harvested using trypLE (GIBCO Invitrogen). Cells were transfected using 
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JetPrime (Polyplus transfection) according to the manufacturer's instructions. 

HEK293T/PA-GFP stable cell lines were generated by transfecting HEK293T cells with 

linearized pIREShyg-PA-GFP. Transfected cells were cultured in DMEM supplemented 

10% FBS, 1% PSQ and 100 ug/ml Hygromycin B (Gold Biotechnology Inc.) for 3 weeks 

and subcultured into 96-well plates at a concentration of 0.5 cells per well to isolate 

monoclonal populations.  

Stable cell lines expressing the eDeg-On system were generated by transfecting 

HEK293T cells with linearized ptTA-CL1, pTRE_tTA-CL1, pTO_GFP [163], and pvhh-. 

Stable cell lines expressing the eDeg-On system and VHHODC were generated by 

transfecting HEK293T cells with linearized ptTA-CL1, pTRE_tTA-CL1, pTO_GFP, and 

pvhh-ODC. Stable cell lines expressing the eDeg-On system based on ODC-tagged GFP 

(eDeg-On/GFPODC) were generated by transfecting HEK293T cells with linearized ptTA-

CL1, pTRE_tTA-CL1, pTO_GFP-ODC, and pvhh-. Transfected cells were selected in 

bulk using Zeocin™ (150 µg/ml), Blasticidin (5 µg/ml), Puromycine (0.5 µg/ml) and 

Hygromycin B (200 µg/ml) for 2–3 weeks. 

4.4.3. Flow cytometric analyses and fluorescence-activated cell sorting 

(FACS) 

Cell fluorescence was measured using a FACSCantoII (BD) cell analyzer. The 

GFP intensity was detected using a 488 nm laser and 530/30 nm emission filter. The 

iRFP intensity was detected using a 635 nm laser and 780/60 nm emission filter. Cell 

sorting was conducted using a FACSAriaII (BD). Cells were collected in HEPES buffer 

supplemented with 1% BSA and 1 mM EDTA and at least 5x105 iRFP-positive (iRFP+) 
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cells were sorted and collected in DMEM supplemented with 20% FBS for Western blot 

analyses or quantitative RT-PCR analyses. 

4.4.4. Photoactivation and fluorescence decay analyses 

HEK293T/PA-GFP cells were plated in 12-well plates and transfected using 

JetPrime. The medium was replaced with DMEM/High glucose without phenol red 

(HyClone) supplemented with 10% FBS and 1% PSQ 24 h post-transfection.  Cells were 

photoactivated 48 h post-transfection using a 405 nm LED array (Loctite® Flood Array).  

4.4.5. Quantitative real-time PCR analyses 

The total RNA content was extracted using RNAGEM Tissue reagent (ZyGEM). 

The cDNA was reverse transcribed using qScript cDNA SuperMix (Quanta Biosciences). 

Gene expression was assessed using Bio-Rad CFX96 Real-Time PCR Detection System 

(Bio-Rad) with PerfeCTa SYBR Green FastMix (Quanta Biosciences) using the primers 

listed in Appendix Table 4.  

4.4.6. Western blot analyses 

Cells were lysed using the Complete lysis-M buffer containing a protease 

inhibitor cocktail (Roche Applied Science). Lysed cells were centrifuged for 5 min at 

18,000 g at 4°C and the supernatant was collected for further studies. The protein 
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concentrations were determined using the Bradford protein assay (ThermoScientifics). 

Fifteen micrograms of total proteins from each sample were separated using a 12% SDS-

PAGE gel and transferred to a PVDF membrane (Bio-Rad). Blots were incubated with 

primary antibodies (anti-HA, 1:8000, Santa Cruz Biotechnology sc-805; anti-GFP, 

1:8000, AnaSpec 55423; anti-V5, 1:10000, Santa Cruz Biotechnology sc-83849-R; anti-

Tubulin, 1:8000, Sigma Aldrich T6074) and appropriate secondary antibodies (goat anti-

rabbit IgG HRP, 1:12000, Santa Cruz Biotechnology sc-2004; anti-mouse IgG HRP, 

1:12000, Santa Cruz Biotechnology SC-2005; anti-Chicken, 1:12000, Santa Cruz 

Biotechnology SC-2428). Blots were visualized using Luminata Forte Western HRP 

substrate (Millipore). Quantification of band intensities was performed using Image J 

software. 

4.4.7. Protein aggregation studies 

The aggregation propensity factor (APF) was measured as previously described 

[138], using the ProteoStat Aggregation detection kit (Enzo Life Sciences).  The APF of 

cells expressing the eDeg-On system was calculated as described [176]: APF = 100 × 

(MFIsample – MFIcontrol)/MFIsample where MFIsample is the mean fluorescence intensity of the 

ProteoStat dye in transfected HEK293T/GFP cells and MFIcontrol is the mean fluorescence 

intensity of the ProteoStat dye in untreated HEK293T cells. Fluorescence intensity of the 

ProteoStat dye was measured by flow cytometry (488 nm laser, 585/40 nm emission 

filter). 
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4.4.8. Cycloheximide chase assay 

Cells were treated with 100 μg/ml cycloheximide (Sigma) for the indicated time 

points and collected for Western blot analyses.	

4.4.9. Protein purification 

E. coli Rosetta 2 (DE3)-competent cells were transformed with pET-22b/vhh, 

pET-22b/vhh-ODC, or pET-22b/vhh-ODC(C20A). The resulting strains were inoculated 

in 3 ml of Luria-Bertani (LB, Fisher BioReagents) broth containing 100 µg/ml of 

ampicillin at 37°C and 220 rpm overnight. The cultures were diluted 1:500 into 250 ml of 

LB supplemented with antibiotics and shaken at 37°C until they reached an OD600 of 0.6. 

Protein expression was induced using 0.05 mM Isopropyl β-D-1- thiogalactopyranoside 

(Sigma-Aldrich) at 30°C for 7 h. The cells were harvested by centrifugation (10,000 g for 

5 min) and resuspended in 50 ml of 200 mM Tris-HCl pH 8.0, 20% sucrose (Millipore) 

and 5 mM EDTA (Alfa Aesar). Resuspended cells were gently stirred at room 

temperature for 30 min, and then centrifuged at 10,000 g for 15 min at 4°C. Cell pellets 

were resuspended in 15 ml of ice cold 5 mM Tris-HCl buffer (pH 8.0), gently stirred on 

ice for 30 min, and centrifuged at 17,000 g for 30 min at 4°C. The supernatant containing 

periplasmic proteins was loaded onto a Ni-NTA agarose column to separate His-tagged 

proteins according to the manufacturer's instructions (Bio-Rad). Purified proteins were 

concentrated in PBS using 10 kDa MW cut off centrifugal filters (Millipore). Protein 
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samples were detected by SDS-PAGE using Coomassie brilliant blue staining and stored 

in PBS supplemented with 0.08% sodium azide at 4°C.  

4.4.10. Enzyme-linked immunosorbent assay (ELISA) 

96-well high binding plate (Corning) were coated with 0.2 µg/well GFP (Vector 

Labratories MB-0752) in 100 mM carbonate buffer overnight at 4°C. Nonspecific sites 

were blocked with PBS 1% BSA for 2 h at room temperature. Upon addition of purified 

VHH variants, the plates were incubated overnight at 4°C. VHH was detected using a HA 

antibody (1:3000, Santa Cruz Biotechnology sc-805) and HRP-conjugated goat anti-

rabbit IgG (1:10000, Santa Cruz Biotechnology sc-2004). Antibody binding was 

visualized by adding the Ultra TMB ELISA Substrate (Thermo Scientific) for 30 min at 

37°C. The reaction was stopped by addition of 1 N HCL and the optical density was 

measured at 450 nm using a Microplate Reader (GeneMate). 

4.4.11. Statistical analyses 

Data are expressed as mean ± s.d. (n = 3 biological replica) unless stated 

otherwise. Statistical significance was calculated using a two-tailed t-test in all 

experiments. 
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4.4.12. Mathematical model 

The model was implemented using software COPASI [177]. The ordinary 

differential equations describing VHH, GFP, and VHH-GFP complex concentration are: 

𝑑 𝐺𝐹𝑃
𝑑𝑡 = 	𝑎#	– (𝜇 + 𝛾#) ∙ 𝐺𝐹𝑃 + 𝑘%'' ∙ 𝑉𝐻𝐻 − 𝐺𝐹𝑃 −	𝑘%& ∙ 𝐺𝐹𝑃 ∙ 𝑉𝐻𝐻 		

𝑑 𝑉𝐻𝐻
𝑑𝑡 = 	𝑎"	–	(𝜇 + 𝛾") ∙ 𝑉𝐻𝐻 + 𝑘%'' ∙ 𝑉𝐻𝐻 − 𝐺𝐹𝑃 −	𝑘%& ∙ 𝐺𝐹𝑃 ∙ 𝑉𝐻𝐻 	

𝑑 𝑉𝐻𝐻 − 𝐺𝐹𝑃
𝑑𝑡

= 	𝑘%& ∙ 𝐺𝐹𝑃 ∙ 𝑉𝐻𝐻 	− 𝑘%'' ∙ 𝑉𝐻𝐻 − 𝐺𝐹𝑃 	–	(𝜇 + 𝑓 ∙ 𝛾")

∙ 𝑉𝐻𝐻 − 𝐺𝐹𝑃 	

where [GFP] is the concentration of free GFP, [VHH] is the concentration of free 

VHH, and [VHH-GFP] is the concentration of the VHH-GFP complex. 𝛾#  and 𝛾" are the 

degradation rates of free GFP and free VHH. The protein half-lives are obtained as 

follows: 𝑡^/_q	 =
j&_
�q

 and 𝑡^/_p	 =
j&_
�p

. 

The parameters used and relative source are reported in the Table 4.1. 

The total GFP concentration is: 

𝐺𝐹𝑃 L%N�j = 𝐺𝐹𝑃 + 𝑉𝐻𝐻 − 𝐺𝐹𝑃 	
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In analogy to the experimental measurements, which are based on calculation of 

relative GFP levels, the relative GFP concentration ( 𝐺𝐹𝑃 �%��) was also used as model 

output and calculated as follows:  

𝐺𝐹𝑃 �%�� =
𝐺𝐹𝑃 L%N�j

𝐺𝐹𝑃 %
	

𝐺𝐹𝑃 % =
𝑎#

𝜇 + 𝛾#
			

where GFP ����� is the total GFP concentration, and GFP �	is the steady state 

GFP concentration in the absence of VHH.  

The mathematical model used to predict GFP expression in the eDeg-On system was 

previously reported [163] and modified here to introduce the expression of the degron-

tagged nanobody. The ordinary differential equations used are: 

𝑑 𝑡𝑇𝐴
𝑑𝑡 = 𝑅NLd − 𝜇 + 𝛾NLd 𝑡𝑇𝐴 	

𝑑[𝐺𝐹𝑃]
𝑑𝑡 = 	𝑅#,- − 𝜇 + γ#,- 𝐺𝐹𝑃 + 𝑘%'' ∙ 𝑉𝐻𝐻 − 𝐺𝐹𝑃 −	𝑘%& ∙ 𝐺𝐹𝑃 ∙ 𝑉𝐻𝐻 						

𝑑 𝑉𝐻𝐻
𝑑𝑡 = 	𝑅"	–	(𝜇 + 𝛾") ∙ 𝑉𝐻𝐻 + 𝑘%'' ∙ 𝑉𝐻𝐻 − 𝐺𝐹𝑃 −	𝑘%& ∙ 𝐺𝐹𝑃 ∙ 𝑉𝐻𝐻 	

𝑑 𝑉𝐻𝐻 − 𝐺𝐹𝑃
𝑑𝑡

= 	𝑘%& ∙ 𝐺𝐹𝑃 ∙ 𝑉𝐻𝐻 	− 𝑘%'' ∙ 𝑉𝐻𝐻 − 𝐺𝐹𝑃 	–	(𝜇 + 𝑓 ∙ 𝛾")

∙ 𝑉𝐻𝐻 − 𝐺𝐹𝑃 	
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The tTA synthesis is  

𝑅NLd = 𝛼NLd + 𝛽NLdEFG

𝑡𝑇𝐴∗
𝐾NLd

&RPm
+ [𝑡𝑇𝐴 − 𝑇𝑐]

𝐾W

&RPm

1 + 𝑡𝑇𝐴∗
𝐾NLd

&RPm
+ [𝑡𝑇𝐴 − 𝑇𝑐]

𝐾W

&RPm 	

The GFP synthesis is  

	

𝑅#,- = 𝛽D +
𝛽#,-EFG

1 + 𝑡𝑇𝐴∗
𝐾NLd

&RPm
+ [𝑡𝑇𝐴 − 𝑇𝑐]

𝐾W

&RPm							

where 

𝑡𝑇𝐴∗

𝑡𝑇𝐴 =
	1

1 + 𝑇𝑐
𝐾LW

&PX								

The synthesis rate of VHH udner the control of tTAis  

𝑅" = 𝛽"D + 𝛽"���

𝑡𝑇𝐴∗
𝐾NLd

&RPm
+ [𝑡𝑇𝐴 − 𝑇𝑐]

𝐾W

&RPm

1 + 𝑡𝑇𝐴∗
𝐾NLd

&RPm
+ [𝑡𝑇𝐴 − 𝑇𝑐]

𝐾W

&RPm 

 

4.4.13. Sensitivity analysis 

Changes in GFP expression upon variation of each parameter (VHH-GFP 

association rate constant, 𝑘%& ; and VHH-GFP dissociation rate constant, 𝑘%'' ; GFP 



	 	
	

115	

synthesis rate, 𝑎# ; VHH synthesis rate,	𝑎" ; GFP half-life, 𝑡^/_q	; VHH half-life, 𝑡^/_p	; 

degradation coefficient, f) were quantified by calculating the scaled sensitivity 

coefficients (ε¡¢) as follows: 

𝜀¤¥ = 	
𝜕 𝐺𝐹𝑃 �%��

𝜕𝑘§
∙

𝑘§
𝐺𝐹𝑃 �%��

 

where k© is the parameter altered in the analysis. A positive ε¡¢	value indicates an 

increase in the system output upon increase of the parameter, and a negative value 

indicates a decrease in the system output. The absolute value of ε¡¢	 provides a 

measurement of the sensitivity of the output to variation in each parameter. 

4.4.14. Data fitting and model parameter estimation 

The relative GFP fluorescence values reported in Figure 4.14, Figure 4.15, 

Figure 4.19 and Figure 4.20 were fitted to the model simultaneously. The mean half-life 

value determined experimentally for each VHH variant was used as initial value for each 

VHH variant half-life (Table 4.2 and Table 4.3), and the upper and lower boundaries 

were constrained using the mean half-life values determined experimentally plus and 

minus the standard deviation (Table 4.2 and Table 4.3). The initial values of GFP and 

VHH synthesis rates are reported in the Table 4.1, and the boundaries were not 

constrained. The initial value of the degradation coefficient was set as 1, and the upper 

and lower boundaries were 0.01 and 100. The GFP degradation rate (𝛾# ), VHH-GFP 

association and dissociation rate constants (𝑘%&  and 𝑘%''), and the cell doubling time 
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(𝑡r	) were fixed using the values reported in Table 4.1. The parameters were optimized 

using COPASI by using the global minimum of Hooke and Jeeves algorithm [178] and 

are reported in Table 4.4. 
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Table 4.5 Parameters used for modeling GFP expression in cells expressing the eDeg-On 
system and the degron-tagged nanobody.* 

Parameter Description Value Source 

𝛼NLd Synthesis rate of 
constitutive tTA 36 nM h-1 Literature data [163] 

𝛽NLdEFG Maximal synthesis rate 
of inducible tTA  281 nM h-1 Literature data [163] 

𝐾NLd tTA-TO dissociation 
constant 3 nM Literature data [163] 

𝑛NLd Cooperativity of tTA-TO 
binding 2 Literature data [163] 

𝐾U  tTA-Tc-TO dissociation 
constant 7.54×105 nM Literature data [163] 

𝛽D Leakiness of GFP 
expression  5 nM h-1 Literature data [163] 

𝛽#,-EFG Maximal GFP synthesis 
rate in induced cells 36 nM h-1 Literature data [163] 

𝐾LW tTA-Tc dissociation 
constant 1 nM Literature data [163] 

𝑛LW Cooperativity of tTA-Tc 
binding 1 Literature data [163] 

𝛽"D Leakiness of inducible 
VHH 5 nM h-1 

Assuming the leakiness of 
inducible VHH equals the leakiness 

of GFP expression 

𝛽"��� Maximal synthesis rate 
of inducible VHH 281 h-1 Assuming the synthesis rate of 

induced cells equals that of tTA 
*Parameters values not listed here are listed in Table 4.4.  
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Chapter 5 

Summary and future directions 

5.1. Summary 

In this thesis work, I demonstrated the development of platform technologies to 

engineer the main cellular protein degradation machinery (the UPS) for detecting and 

manipulating proteasomal degradation. The genetic circuits used to develop these 

platform technologies were designed, optimized, and implemented through a combination 

of cutting-edge protein engineering and synthetic biology technologies and mathematical 

modeling. 

In an effort to overcome the limitations of current technologies for detecting 

proteasomal activity and enable high-throughput screening of UPS activators, I 

developed a mammalian cell-based platform (Deg-On system) that enables sensitive 

detection of proteasomal degradation (Chapter 3). The Deg-On system is based on a 

genetic inverter that translates proteasomal degradation of an engineered transcriptional 
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repressor into expression of a fluorescent reporter, thereby linking enhancement of UPS 

activity to increase in output signal. Guided by predictive modeling, I enhanced the 

circuit’s signal sensitivity and dynamic range by introducing a feedback loop that enables 

self-amplification of the engineered repressor. In this improved circuit design, the 

engineered repressor is modified to function both as a transcriptional repressor of the 

fluorescent reporter protein and as a transcriptional activator that activates its own 

expression. This platform will be generally useful to monitor increase in UPS activity and 

discover activators of proteasomal degradation. 

I also developed a technology for targeted control of cellular protein levels that 

overcomes the limitations of current approaches, namely genetic tools for protein 

inactivation, small molecules, and protein-engineering strategies. Specifically, I 

developed a technology (NanoDeg) for post-translational and targeted control of cellular 

protein levels (Chapter 4). The NanoDeg system is based on a bifunctional molecule 

consisting of the antigen-binding fragment of the Camelidae sp. heavy-chain antibody 

(nanobody) fused to a degron sequence that mediates degradation through the 

proteasome. Guided by predictive modeling, I showed that customizing the NanoDeg rate 

of synthesis, rate of degradation, and mode of degradation enables quantitative and 

predictable control over the target’s levels. Integrating a GFP-specific NanoDeg within a 

genetic circuit based the stimulus-dependent expression of GFP as output signal results in 

enhanced dynamic range and resolution of the output signal. By providing predictable 

control over cellular proteins’ levels, the NanoDeg system could be readily used for a 
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variety of systems level analyses of cellular protein function and to expand the synthetic 

biology toolbox.  

5.2. Future directions 

The design of programmable biological circuits with predicable functions in 

mammalian cells presents unique challenges associated with the complexity of these 

biological systems [179]. The advantages and unique features of the platform 

technologies presented in this thesis are expected to expand the mammalian synthetic 

biology toolbox. For example, the synthetic circuit design of eDeg-On system provides 

an approach for introducing positive feedback and enhancing output sensitivity. The 

eDeg-On system could be used to monitor UPS function in different cell types, identify 

pharmacology agents that modulates UPS activity, and design therapeutic strategies for 

diseases associated with impaired or insufficient proteasomal degradation. The NanoDeg 

system provides a new tool for post-translational control of target protein. These 

approaches could enable spatial and temporal control of complex cellular responses both 

in vitro and in vivo. Specific future directions are discussed below in more detail. 

5.2.1. Modifying the eDeg-On system to introduce cellular memory  

The eDeg-On system containing a positive feedback loop for amplifying the 

expression of the engineered transcription factor (tTA) is expected to produce bistability 

and show hysteresis or even irreversibility [180]. Optimizing the eDeg-On system to 
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achieve hysteresis in response to modulation of UPS activity would allow monitoring 

transient stimuli of UPS activation and maintain a stable output signal over time, thus 

providing a tool to detect conditions that induce transient activation of UPS function. 

Predictions based on the results of the mathematical model suggest that the eDeg-On 

system exhibits a hysteresis effect upon UPS activation (simulated by modulating the 

transcription factor half-life) and Tc dosage when the synthesis rate of the inducible tTA 

is significantly higher than the synthesis rate of the constitutive tTA. To experimentally 

validate the model prediction, monocolonal populations stably expressing different levels 

of constitutive and inducible tTA need to be selected. Stable monoclonal populations of 

cells can be screened to obtain protein expression levels more homogenous than those of 

cells transiently transfected and will therefore be more suitable to control tTA expression. 

This study will provide not only a platform to detect transient activation of UPS, but also 

a new circuit topology for hysteresis in living mammalian cells [181].  

5.2.2. Screening UPS activators by using the eDeg-On stable platform 

I expect the eDeg-On system could be used to screen genetic and chemical 

libraries and isolate molecules that function as UPS activators. The CRISPR/Cas9 system 

provides an efficient method to conduct genome-wide targeted mutagenesis in 

mammalian cells. The human CRISPR activation library [182] and the human activity-

optimized CRISPR knockout library [183] are used to activate and inactivate gene 

expression in human cell lines for a variety of applications. The NIH Clinical Collection 

contains 471 compounds, which have a history of use in phase I, phase II and phase III 
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human clinical trials. In a recent study of proteasomal activation, two small molecules 

from the NIH Clinical Collection (MK-866 and AM-404) have been discovered to 

promote proteasomal degradation of misfolded α-synuclein. The discovery of UPS 

activator is expected to advance our understanding of the regulatory mechanisms of UPS 

activity.  

5.2.3. Controlling protein levels to study protein function using the NanoDeg 

system 

The study presented in Chapter 4 shows the design of the NanoDeg system based 

on the GFP-specific nanobody and the ODC or CL1 degron. The nanobody domain and 

the degron domain could be customized to target different proteins and degradation 

mechanisms. Currently, many technologies have been developed to engineer nanobodies 

with the desired affinity and specificity [184-186]. The ability of nanobody to recognize 

hidden epitopes, conformational epitopes, and conformational intermediates would allow 

the production of nanobodies that recognize target proteins that are currently difficult to 

study, such as phosphorylated protein, ubiquitinated intermediates, and misfolded 

conformations. A variety of inducible degrons are also currently available to enable 

orthogonal control of degradation through different methods, ranging from small 

molecules [72, 74, 80, 81] to optogenetic tools [75, 77]. 

The use of NanoDeg system to enhance the dynamics and temporal resolution of a 

stimulus-dependent output points to the potential use of the NanoDeg as a novel tool for 

the synthetic biology community.  
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Appendix 

Appendix Table 1 Cloning primers used for the construction of the Deg-On system. 

Primer Name Sequence 
TO-GFP.f 5’ - GCG CGC GGT ACC ACA TGG TGA GCA AGG GCG AG - 3’ 

TO-GFP.r 5’ - GCG CGC GAA TTC TTA CTT GTA CAG CTC GTC CAT GCC GAG - 
3’ 

xbaI_del.f 5’ - CTG GCG GCC GCT CGA GAC TAG AGG GCC CGC GGT TC - 3’ 
xbaI_del.r 5’ - GAA CCG CGG GCC CTC TAG TCT CGA GCG GCC GCC AG - 3’ 

pstI_add.f 5’ - CGA CAA GGT GAG GAA CTA AAC CTG CAG ATG GCC AAG CCT 
TTG TCT CAA G - 3’ 

pstI_add.r 5’ - CTT GAG ACA AAG GCT TGG CCA TCT GCA GGT TTA GTT CCT 
CAC CTT GTC G - 3’ 

eqFP650.f 5’ - TGA AGC TGC AGG CCA CCA TGG GAG AGG ATA GCG AGC TGA 
TC - 3’ 

eqFP650.r 5’ - GAA GTG CTT AGC TGT GCC CCA GTT TGC TAG GCA GGT C - 3’ 

tTA.f 5’ - GAT ATG TCT AGA TTA GAT AAA AGT AAA GTG ATT AAC AGC 
GCA TTA G - 3’ 

tTA.r 5’ - GTC ACA TGA ATT CTT AAC CAC CGT ACT CGT CAA TTC C - 3’ 
TRE.f 5’ - TAC CAG ACT AGT CTA GGC CCT TTC GTC TTC ACT CGA G - 3’ 
TRE.r 5’ - TGG AAG GAC TTG AGG GAC TCG AAG G - 3’ 

CL1_S1.f 5’ - TGA GCC ACT TCG TGA TCC ACC TGT AAA GCA GAA CTT GTT 
TAT TGC AG - 3’ 

CL1_S2.f 5’ - TGC AAG AAC TGG TTT AGC AGC CTG AGC CAC TTC GTG ATC 
CAC CTG - 3’ 

CL1_S3.f 5’ - TAT TGT GAA TTC AGA TCT TAT GGT GGA GGA GCC TGC AAG 
AAC TGG TTT AGC AGC CTG - 3’ 

CL1.r 5’ - CCG AGG AGA GGG TTA GGG ATA GGC TTA CCT TC - 3’ 
ODC.f 5’ - GCG GAT CCC GGG AAT TCA GAT CTT ATG GAG GAG G - 3’ 
ODC.r 5’ - GGC CGC CAG TGT GAT GGA TTC GAC CAG - 3’ 

PA28.f 5’ - AAT AGA GGT ACC GCC ACC ATG GCC TCG TTG CTG AAG GTG 
GAT C - 3’ 

PA28.r 5’ - CGG CCT CGA ATT CCT AGG CAT AGT CAG GCA CGT CAT AAG 
G - 3’ 

Seq_TetR_C 5’ - CAG AGC CAG CCT TCT TAT TCG - 3’ 
Seq_SV40 5’ - TGG GCT CTA TGG CTT CTG AGG - 3’ 

Seq_TetR_upstream 5’ - GGT CAT CAT CCT GCC TTT CTC TTT ATG G - 3’ 
Seq_TRE_upstream 5’ - TTG CGC TGC TTC GCG ATG TAC G - 3’ 
ODC_Assemble.1 5'-GGG AAT TCA GAT CTT ATG GAG GAG GCA ACC CCG AC-3' 

ODC_Assemble.2 5'-GGC ATC CTG TTC CTC TAC TTC GGG TGG GAA GTC GGG GTT 
GCC TCC-3' 

ODC_Assemble.3 5'-GAA GTA GAG GAA CAG GAT GCC AGC ACC CTG CCT GTG TCT 
TGT GCC TG-3' 

ODC_Assemble.4 5'-GCT CTG TGG CGT TTC ATC CCA CTC TCC CAG GCA CAA GAC 
ACA GGC A-3' 
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ODC_Assemble.5 5'-GGA TGA AAC GCC ACA GAG CAG CCT GTG CTT CGG CTA GTA 
TTA ATG TGT-3' 

ODC_Assemble.6 5'-TAA GCT GCA ATA AAC AAG TTC TGC TCT ACA CAT TAA TAC 
TAG CCG AAG CAC-3' 

ODC_Assemble.7 5'-GCA GAA CTT GTT TAT TGC AGC TTA TAA TGG TTA CAA ATA 
AAG CAA TAG CAT CAC-3' 

ODC_Assemble.8 5'-GAA AAA AAT GCT TTA TTT GTG AAA TTT GTG ATG CTA TTG 
CTT TAT TTG TAA CCA TT-3' 

ODC_Assemble.9 5'-CAC AAA TTT CAC AAA TAA AGC ATT TTT TTC ACT GCA TTC 
TAG TTG TGG TTT GTC-3' 

ODC_Assemble.10 5'-CAG ACA TGA TAA GAT ACA TTG ATG AGT TTG GAC AAA CCA 
CAA CTA GAA TGC AG-3' 

ODC_Assemble.11 5'-AAA CTC ATC AAT GTA TCT TAT CAT GTC TGG TCG AAT CCA 
TCA CAC TGG CGG-3' 

ODC_Assemble.12 5'-TAA TAC GAC TCA CTA TAG AGC GGC CGC CAG TGT GAT GGA 
TTC-3' 

ODC_Flanking.f 5'-GGG AAT TCA GAT CTT ATG GAG GAG G-3' 
ODC_Flanking.r 5'-TAA TAC GAC TCA CTA TAG AGC GGC-3' 

eqFP650_Assemble.1 5'-GCC ACC ATG GGA GAG GAT AGC GAG CTG ATC TCC GAG AAC 
A-3' 

eqFP650_Assemble.2 5'-GGT GCC CTC CAT GTA CAG TTT CAT GTG CAT GTT CTC GGA 
GAT CAG CTC G-3' 

eqFP650_Assemble.3 5'-CTG TAC ATG GAG GGC ACC GTG AAC GGC CAC CAC TTC AAG 
TGC ACA TCC G-3' 

eqFP650_Assemble.4 5'-GGT GCC CTC GTA GGG CTT GCC TTC GCC CTC GGA TGT GCA 
CTT GAA GTG-3' 

eqFP650_Assemble.5 5'-AGC CCT ACG AGG GCA CCC AGA CCG CTA AGA TCA AGG TGG 
TCG AGG GC-3' 

eqFP650_Assemble.6 5'-CCA GGA TGT CGA AGG CGA AGG GGA GAG GGC CGC CCT CGA 
CCA CCT TGA-3' 

eqFP650_Assemble.7 5'-CTT CGC CTT CGA CAT CCT GGC TAC CAG CTT CAT GTA CGG 
CAG CAA AAC CT-3' 

eqFP650_Assemble.8 5'-TCG GGG ATG CCC TGG GTG TGG TTG ATA AAG GTT TTG CTG 
CCG TAC ATG-3' 

eqFP650_Assemble.9 5'-CCC AGG GCA TCC CCG ACT TCT TTA AGC AGT CCT TCC CTG 
AGG GCT TC-3' 

eqFP650_Assemble.10 5'-CGT CTT CGT ATG TGG TGA TCC TCT CCC ATG TGA AGC CCT 
CAG GGA AGG-3' 

eqFP650_Assemble.11 5'-GAT CAC CAC ATA CGA AGA CGG GGG CGT GCT GAC CGC TAC 
CCA GGA CAC-3' 

eqFP650_Assemble.12 5'-CGT TGT AGA TGA GGC AGC CGT TCT GGA GGC TGG TGT CCT 
GGG TAG CGG-3' 

eqFP650_Assemble.13 5'-GGC TGC CTC ATC TAC AAC GTC AAG ATC AAC GGG GTG AAC 
TTC CCA TCC-3' 

eqFP650_Assemble.14 5'-CCG AGT GTT TTC TTC TGC ATC ACA GGG CCG TTG GAT GGG 
AAG TTC ACC CC-3' 

eqFP650_Assemble.15 5'-GAT GCA GAA GAA AAC ACT CGG CTG GGA GGC CAG CAC CGA 
GAT GCT GTA CC-3' 
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eqFP650_Assemble.16 5'-ACT ATG GCC TCT CAG GCC GCT GTC AGC GGG GTA CAG CAT 
CTC GGT GCT-3' 

eqFP650_Assemble.17 5'-GGC CTG AGA GGC CAT AGT CAG ATG GCC CTG AAG CTC GTG 
GGC GGG G-3' 

eqFP650_Assemble.18 5'-CTG TAT GTG GTC TTG AGG GAG CAG TGC AGG TAG CCC CCG 
CCC ACG AGC-3' 

eqFP650_Assemble.19 5'-CTC CCT CAA GAC CAC ATA CAG ATC CAA GAA ACC CGC TAA 
GAA CCT CAA GA-3' 

eqFP650_Assemble.20 5'-CAG TTT CCT GTC CAC GAA GTA AAA GCC GGG CAT CTT GAG 
GTT CTT AGC GGG T-3' 

eqFP650_Assemble.21 5'-TTT TAC TTC GTG GAC AGG AAA CTG GAA AGA ATC AAG GAG 
GCC GAC AAA GAG A-3' 

eqFP650_Assemble.22 5'-CAC AGC CAT CTC GTG CTG CTC GAC GTA GGT CTC TTT GTC 
GGC CTC CTT G-3' 

eqFP650_Assemble.23 5'-CAG CAC GAG ATG GCT GTG GCC AGG TAC TGC GAC CTG CCT 
AGC AAA CTG-3' 

eqFP650_Assemble.24 5'-TAA TAC GAC TCA CTA TAT TAG CTG TGC CCC AGT TTG CTA 
GGC AGG TC-3' 

eqFP650_Flanking.f 5'-GCC ACC ATG GGA GAG GA-3' 
eqFP650_Flanking.r 5'-TAA TAC GAC TCA CTA TAT TAG CTG TGC-3' 
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Appendix Table 2 Transfection condition. 

Figure Plate Format Plasmid Amount of DNA 

Figure 3.2a,b,c 24-wella pTO_GFP 
pTetR 

43 ng 
257 ng 

Figure 3.2d 96-welld pTO_GFP 
pTetR 

8.6 ng 
51.4 ng 

Figure 3.3 6-wellb pTO_GFP 
pTetR 

171 ng 
1029 ng 

Figure 3.4 12-wellc pTO_GFP 
pTetR 

86 ng 
514 ng 

Figure 3.5 12-wellc pTO_GFP 
pTetR 

86 ng 
514 ng 

Figure 3.6 6-wellb pTO_GFP 
pTetR 

171 ng 
1029 ng 

Figure 3.7 12-wellc pTO_GFP 
pTetR 

86 ng 
514 ng 

Figure 3.12 96-welld 
pTO_GFP 

ptTA 
pTRE 

8.6 ng 
25.7-0.26 ng 

25.7-51.17 ng 

Figure 3.13 24-wella 
pTO_GFP 

ptTA 
pTRE 

43 ng 
43 ng 

214 ng 

Figure 3.14 96-welld 
pTO_GFP 

ptTA 
pTRE 

8.6 ng 
8.6 ng 
428 ng 

Figure 3.15 6-wellb 
pTO_GFP 

ptTA 
pTRE 

171 ng 
171 ng 
858 ng 

Figure 3.16 12-wellc 
pTO_GFP 

ptTA 
pTRE 

86 ng 
86 ng 

428 ng 

Figure 3.17 24-wella 

pTO_GFP 
pTetR 

pTO_GFP 
ptTA 

pTO_GFP 
ptTA 
pTRE 

 

43 ng 
257 ng 
43 ng 

257 ng 
43 ng 
43 ng 

214 ng 

Figure 3.18 12-wellc 
pTO_GFP 

ptTA 
pTRE 

86 ng 
86 ng 

428 ng 

Figure 3.19 6-wellb 
pTO_GFP 

ptTA 
pTRE 

171 ng 
171 ng 
858 ng 

Figure 3.20 12-wellc 
pTO_GFP 

ptTA 
pTRE 

86 ng 
86 ng 

428 ng 
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Figure 3.21 12-wellc 
pTO_GFP 

ptTA 
pTRE 

86 ng 
86 ng 

428 ng 

Figure 3.22 12-wellc 

pTO_GFP 
ptTA 
pTRE 

pPA28 or pcDNA3.1 
ptTA- 

pTO_GFP-CL1 
pPA28 or pcDNA3.1 

pTO_GFP 
ptTA- 

pPA28 or pcDNA3.1 

43 ng 
43 ng 

214 ng 
300 ng 
257 ng 
43 ng 

300 ng 
43 ng 

257 ng 
300 ng 

Figure 3.24b 12-wellc pPA28 or pcDNA3.1 
ptTA- 

300 ng 
300 ng 

a Number of cells seeded per well: 50,000. Surface area per well: 1.9 cm2. 
b Number of cells seeded per well: 200,000. Surface area per well: 9.6 cm2 
c Number of cells seeded per well: 100,000. Surface area per well: 3.9 cm2 
d Number of cells seeded per well: 8,000. Surface area per well: 0.34 cm2 
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Appendix Table 3 Quantitative RT PCR primers used for the validation of Deg-On system. 

Gene Sequence 
Resources 

Primer 
Name Sequence 

EmGFP 
pcDNA 6.2/C-
EmGFP-DEST 

(Invitrogen) 

GFP.f 5'- CAG CAC GAC TTC TTC AAG TCC -3' 

GFP.r 5'- CAC CTT GAT GCC GTT CTT CTG -3' 

TetR pcDNA 6/TR 
(Invitrogen) 

TetR.f 5’-GCC CAG AAG CTA GGT GTA GAG-3’ 
TetR.r 5’-TCT GTA GGC CGT GTA CCT AAA TG-3’ 

eqFP650 HQ148301 eqFP650.f 5'-CCG ACT TCT TTA AGC AGT CC-3' 
eqFP650.r 5'-GGT TCT TAG CGG GTT TCT TG-3' 

GAPDH NM_002046 GAPDH.f 5'-GTC GGA GTC AAC GGA TT-3' 
GAPDH.r 5'-AAG CTT CCC GTT CTC AG-3' 
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Appendix Table 4 Primers used for the NanoDeg system. 

Primer Name Sequence (5' to 3') Description 

pcDNA3.1+_For GTCCGAGGGCAAAGGAATAGTGAGCGGGA
CTCTGGGGTTC For amplifying plasmid backbone 

from pcDNA3.1+/neomycin 
(Invitrogen) to generate pvhh- 

pcDNA3.1+_Rev ACTGACGGGCACCGGAGCCAATTCCCAAG
AATTAATTCGCGTTAAATTTTTGTTAAATC 

EF1a_For TTAACGCGAATTAATTCTTGGGAATTGGCT
CCGGTGCCCGTCAGTG 

For amplifying EF1a promoter 
from EF.CMV.RFP (Addgene 
Plasmid #17619) to generate 
pvhh- EF1a_Rev TGGCGACGGATCCTTCCGCCATAAGCTTCT

TACCTGTGTTCTGG 

iRFP_For CCAGAACACAGGTAAGAAGCTTATGGCGG
AAGGATCCGTCGC 

For three steps of primer 
extension PCR to amplify iRFP 
encoding gene from piRFP (a 
generouse gift from Dr. Joff 
Silberg) to generate pvhh- 

iRFP-2A_Rev1 CCTCTCCACTGCCTGTACACGTAGAATCGA
GACCGAGGAGAGG 

iRFP-2A_Rev2 GCATGTTAGCAGACTTCCTCTGCCCTCTCC
ACTGCCTGTACACGTAG 

iRFP-2A_Rev3 ATTCTCCTCGACGTCACCGCATGTTAGCAG
ACTTCCTCTGCCCTC 

Hygro_For1 GTCGAGGAGAATCCTGGCCCAACCATGGAT
AGATCCGGAAAGCCTG 

For three steps of primer 
extension PCR to amplify the 
hygromycin-resistance gene from 
pIREShyg-PA-GFP-alpha Tubulin 
(Addgeme plasmid#12296) to 
generate pvhh- 

Hygro_For2 GAAGTCTGCTAACATGCGGTGACGTCGAG
GAGAATCCTGGCCCAAC 

Hygro_For3 CAGTGGAGAGGGCAGAGGAAGTCTGCTAA
CATGCGGTGAC 

Hygro_Rev1 CCAGAGTCCCGCTCACTATTCCTTTGCCCT
CGGACG 

Hygro_Rev2 GCTTGGTCGGTCATTTCGAACCCCAGAGTC
CCGCTCAC 

HA-VHH_For1 
CTTACGATGTGCCTGACTACGCGACTAGTG
GCGGAGATCAAGTCCAACTGGTGGAGTCT

G 
For three steps of primer 
extension PCR to amplify the 
VHH gene tagged with HA from 
pcDNA3_NSlmb-vhhGFP4 (a 
generous gift of Dr. Matthew P. 
DeLisa) to generate pvhh 

HA-VHH_For2 ATTCTAAGGATCCACCGGTCGCCACCATGT
ACCCTTACGATGTGCCTGACTACGC 

HA-VHH_For3 AACATATGGTACCGAGCTCGGATCCACCGG
TCGCCACCATGTACC 

HA-VHH_Rev1 AACCTTCAGAATTCCCGGGTTATAGCTTAG
CTCCGCTGGAGACGGTGACCTGG 

HA-VHH_Rev2 ACTTAGAAGCGGCCGCCACTGTGCTGGATA
TCTGCAGAATTCCCGGGTTATAGCTTAG 

ODC_For CTCGTAGAGCTAAGCTAGGAGGAGGCAAC
CCCGACTTCC 

For amplifying ODC sequence 
from pTetR-ODC (Zhao, Nat. 
Commun. 2014) to generate ODC_Rev ATCAACAGCGGCCGCCACTGTGCTGCTAC
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ACATTAATACTAGCCGAAG pvhh-ODC 

CL1_For TAGTTCGCTAAGCTAGGTGGAGGAGCCTG
CAAG 

For amplifying CL1 sequence 
from pTetR-CL1 (Zhao, Nat. 
Commun. 2014) to generate 
pvhh-CL1 CL1_Rev TTATAATGCGGCCGCCACTTACAGGTGGAT

CACGAAGTGGCTC 

MluI_ EF1a _For TACAATTACGCGTTGGGAATTGGCTCCGGT
GCCCGTC 

For amplifying EF1a promoter 
from EF.CMV.RFP (Addgene 
Plasmid #17619) to generate 
pEF1a_vhh-ODC and 
pEF1a_vhh-CL1 

KpnI_ EF1a _Rev ATTCTAGGTACCAAGCTTCTTACCTGTGTTC
TGGCGGCAAACCC 

MluI_SV40_For TGATGGTACGCGTTCTGTGGAATGTGTGTC
AGTTAGG 

For amplifying SV40 promoter 
from pcDNA3.1+/neomycin 
(Invitrogen) to generate 
pSV40_vhh-ODC and 
pSV40_vhh-CL1 

KpnI_SV40_Rev CTACAAGGTACCATCCTCATCCTGTCTCTTG
ATCAGATCC 

ODC(C20A) CACCCTGCCTGTGTCTGCTGCCTGGGAGA
GTGGGATG 

This primer and its reverse 
complement primer were used for 
mutagenesis PCR to generate 
plasmids encoding VHHODC 
harboring C20A mutation 

ODC(T15A) GGAACAGGATGCCAGCGCACTGCCTGTGT
CTTGTGC 

This primer and the reverse 
complement primer was used for 
mutagenesis PCR to generate 
plasmids encoding VHHODC 
harboring T15A mutation 

ODC(S24A) GTGTCTTGTGCCTGGGAGGCTGGGATGAA
ACGCCACAG 

This primer and the reverse 
complement primer was used for 
mutagenesis PCR to generate 
plasmids encoding VHHODC 
harboring S24A mutation 

ODC(D12A) CGAAGTAGAGGAACAGGCTGCCAGCACCC
TGCCTG 

This primer and the reverse 
complement primer was used for 
mutagenesis PCR to generate 
plasmids encoding VHHODC 
harboring D12A mutation 

CL1(W5AF6A) CCTGCAAGAACGCTGCCAGCAGCCTGAGC
CACTTCGTG 

This primer and the reverse 
complement primer was used for 
mutagenesis PCR to generate 
plasmids encoding VHHCL1 
harboring W5AF6A mutation 

CL1(H11A) GGTTTAGCAGCCTGAGCGCCTTCGTGATCC
ACCTG 

This primer and the reverse 
complement primer was used for 
mutagenesis PCR to generate 
plasmids encoding VHHCL1 
harboring H11A mutation 

CL1(H15A) CTGAGCCACTTCGTGATCGCCCTGTAAGTG
GCGGCCGCTCG 

This primer and the reverse 
complement primer was used for 
mutagenesis PCR to generate 
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plasmids encoding VHHCL1 
harboring H15A mutation 

NheI_PA-GFP_For TTATTATTGCTAGCGCCACCATGGTGAGCA
AGGGCGAGGAGCTGTTC 

For amplifying PA-GFP encoding 
gene from pIREShyg-PA-GFP-
alpha Tubulin (Addgeme 
plasmid#12296) to construct 
pIREShyg-PA-GFP 

BamHI_PA-
GFP_Rev 

GCTCGATGGATCCTTACTTGTACAGCTCGT
CCATGCCGAGAGTG 

NcoI_VHH_For GACGTCCCATGGACTACCCTTACGATGTGC
CTG For amplifying VHH encoding 

gene from pvhh to construct pET-
22b/vhh XhoI_VHH_Rev GTTGATCTCGAGTAGCTTAGCTCCGCTGGA

GACG 

XhoI_ODC_Rev CTGAGCCTCGAGACCTCCACCCACATTAAT
ACTAGCCGAAGCAC 

For amplifying VHHODC encoding 
gene to construct pET-22b/vhh-
ODC 

GFP-ODC_For ATGGACGAGCTGTACAAGGGTGGAGGCAA
CCCCGACTTCCCAC For amplifying ODC sequence 

from pvhh-ODC to generate 
pTO_GFP-ODC GFP-ODC_Rev GTGCTGGATATCTGCAGAATTCTTACACATT

AATACTAGCCGAAGCACAGGCTGCTCTG 

TO_GFP_For CAGAGCAGCCTGTGCTTCGGCTAGTATTAA
TGTGTAAGAATTCTGCAGATATCCAGCAC 

For amplifying plasmid backbone 
from pTO_GFP (Zhao, Nat. 
Commun. 2014) to generate 
pTO_GFP-ODC TO_GFP_Rev AAGTCGGGGTTGCCTCCACCCTTGTACAGC

TCGTCCATGCCGAG 

RT_GFP_For CAGCACGACTTCTTCAAGTCC For qRT-PCR (as listed in 
Appendix Table 3) 

RT_GFP_Rev CACCTTGATGCCGTTCTTCTG For qRT-PCR (as listed in 
Appendix Table 3) 

RT_VHH_For CAGTGAACCGCTATTCCATGC For qRT-PCR 
RT_VHH_Rev ATACTCGAAGCCCACGTTCAC For qRT-PCR 
RT_iRFP_For GATCACTGTCGGCTTCACGATG For qRT-PCR 
RT_iRFP_Rev GCGAAGCGATAGATCATCACCC For qRT-PCR 

RT_GAPDH_For GTCGGAGTCAACGGATT For qRT-PCR (as listed in 
Appendix Table 3) 

RT_GAPDH_Rev AAGCTTCCCGTTCTCAG For qRT-PCR (as listed in 
Appendix Table 3) 

 
	


