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ABSTRACT 

 With the explosion of protein tools as popular platforms for discovery and 

therapeutics, we see greater need for regulator systems that work congruently within 

these frameworks, especially safe and effective tools that can be implemented in humans. 

To this end, we endeavor to create orthogonal, precise and flexible protein modulators 

that can be easily employed to control protein tools with little need to iterate design for 

novel contexts. Hepatitis C NS3 protease is employed as a stabilizable linker between 

protein domains, enabling control over protein localization with FDA approved anti-viral 

drugs. The power of this tool is demonstrated by controlling gene expression through the 

controlled tether and release of a transcription factor. Inteins have already been employed 

to modulate proteins in synthetic contexts, however we observe that natural systems lack 

the avenues of control necessary to make them indispensable. We employ existing 

protein tools to construct a system of modular protein association, as well as drug and 

light inducible schema that reveal gaps in our knowledge of how to repurpose inteins in 

vivo. Despite this, we use inteins in the construction of a novel cargo delivery platform 

based on the fusogenic properties of the viral envelope glycoprotein from Vesicular 

stomatitis virus (VSV-G). We confirm reduced tropism of cargo delivery based on an 
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intein lock-and-key mechanism that has implications for both biosafety as well as 

targeted delivery in vivo of natively folded proteins to target cells.  
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Chapter 1: The need for accessible protein systems 

1.1 Protein tools for discovery and therapeutics  

 Genetically incorporated protein tools are powerful systems for both studying the 

fundamental principles of how life works and for engineering novel activity in synthetic 

structures. Protein-based systems have recently emerged as a new and exciting field of 

tools for treating [1,2] and even potentially curing diseases [3-5], dramatically improving 

quality of life for many patients. These include monoclonal antibodies, which have been 

used extensively during the Covid-19 pandemic [6-8], and chimeric antigen receptors 

(CARs) used to treat cancer [9,10]. These protein-based therapies are the product of 

increasing knowledge of protein structure [11-13], dynamics [14,15], and activity [16-

18], and showcase the potential of protein manipulation for therapeutics.  

The tools required for synthetic protein manipulation took off in the late 1970s 

with the elucidation of the lac operon, a system of protein regulation which had been 

identified the decade earlier [19], and its implementation synthetically [20-22]. The lac 

operon allows for control of gene expression through mechanisms accessible by 

researchers; the input or depletion of lactose in the system. Controlled gene regulation, 

along with the plasmids to carry genes [23] and successful recombinant gene expression 

[24], demonstrated the flexibility of living systems and their ability to express and utilize 

recombinant proteins. Protein expression systems and control over expression were used 

in both discovery platforms, to elucidate properties of unknown proteins [25,26], as well 

as for therapeutics, i.e., with the expression of recombinant insulin to treat diabetes [27].  

In the present day, there are plentiful recombinant protein platforms, as regulating 
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bodies do not require approval for privately funded recombinant [28]. This makes 

recombinant protein research a popular platform for discovery and a powerful language 

for constructing new tools. This has led to more than 390 FDA approved recombinant 

proteins for diagnostics and therapies [1].  

Proteins enjoy particular success as therapeutic molecules due to their 

biocompatibility with native systems. The most basic pharmacological purpose is 

replacing deficient systems with a more active analog, as with insulin [27] as well as 

pancreatic enzyme for pancreatitis [29], growth hormone for deficient children [30], and 

even lactase for the common lactose intolerance found in adults [31]. While these 

proteins may be active in their native conformation, and even may be recoverable from 

natives sources, such as pig pancreatic enzyme replacement therapy [29,32], recombinant 

protein production allows for added changes to the structure that may improve the 

therapeutic efficacy. Proteins generally have a short half-life in the human body due to 

natural proteases and processes, and recombinant changes allow for a longer active time 

and decrease the dosage rate necessary [33,34]. In addition to replacing deficient 

proteins, protein therapeutics can augment existing pathways, provide novel activity, 

interfere with destructive molecules or organisms, or deliver other compounds [35]. Our 

growing knowledge of protein structure and function allows us to better tailor these 

proteins to the specific function of interest, such as with tenecteplase, an engineered form 

of tissue plasminogen activator that has greater specificity than native for plasminogen 

and therefore more efficiently targets potentially life-threatening blood clots [36,37].  

Despite our growing understanding of protein structure and function, there are still 



 
	

	

3	

existing challenges to the implementation of proteins as therapies, which can be 

addressed early in protein tool development. 

 

1.2: The need for precise and orthogonal systems 

Proteins have significantly different properties from established therapeutics. 

Traditional therapies have focused on small molecules, from penicillin and other 

antibiotics [38] to modern day newly approved cancer therapeutics [39,40]. Even with all 

the advances in therapeutic platforms during the Covid-19 pandemic, Pfizer’s small 

molecule drug cocktail of nirmatrelvir and ritonovir was heralded as a significant advance 

in fighting Sars-Cov-2 [41,42]. The “small” aspect of small molecule drugs is so 

important that it was even published in Lipinski’s Rule of Five, stating that therapeutic 

drugs should be no more than 500 daltons (Da) in size for best pharmacokinetics in the 

human body, based on a study of the most effective therapeutics [43]. This has influenced 

the therapeutics that have made it to market [44]. Proteins are very large when compared 

to small molecule drugs, and so have different adsorption, distribution, metabolism, and 

excretion (ADME). A single amino acid is, on average, 110 Da, so to be within the rule 

of five, a protein could only be four amino acids long. Insulin is a small protein at only 51 

amino acids long, and yet is still 10 times the Rule of Five’s ideal molecular weight at 5.8 

kDa [45]. This complicates therapeutic delivery in patients and even now there are efforts 

to make insulin products with important differences in adsorption and bioavailability to 

better treat the needs of individuals [46].  

Additionally, beyond the importance of size in bioavailability and diffusion, 
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proteins have more moving pieces than small molecule drugs and this leads to additional 

complications when administered as a therapeutic. Proteins are defined by their structure 

but are synthesized as an amino acid strand that can take on many conformations, of 

which only a small subset have desirable activity [47,12]. Small molecule drugs are 

chosen for their stability, and in the case of instability there are established strategies to 

improve upon it [44,48]. Protein therapeutics cannot take advantage of these established 

guidelines, so new strategies must be devised to get bioactive proteins from production, 

through transport within the medical system and within the body to the target [34,49,50].  

Even when proteins are successfully delivered to the target tissue, there can still 

be complications due to their extensive biocompatibility. A platform that has garnered 

particular interest is the CRISPR/Cas9 system [51]. The protein Cas9 can be used in a 

therapeutic context as a gene editor for genetically inherited diseases [52,53]. Despite the 

theoretical specificity of Cas9 and other base editors to target the exact sequence of 

interest, they have become known for off-target DNA cleavage [54-57]. When 

CRISPR/Cas9 is implemented in a laboratory context, this can be problematic, however 

in a therapeutic context it is potentially deadly. This has held back advances in medicine 

using these tools, as scientists have first searched for methods for reducing these off-

target effects [57]. In the meantime, 10 million Americans suffer from rare diseases 

which might be treatable via in vivo gene editing [52]. In order for this protein tool to 

become a lifesaving technology, the precision of implementation must be improved.  

Cas9 is not the only potential protein therapeutic with this complication. Off-

target activity is a problem for many recombinant protein systems, including 
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recombinases [58], protein binding elements [59], and receptors [60]. Regulators of 

protein activity have been employed to increase the specificity of protein therapeutic 

elements, for example the Cas9 protein has been split such that it can only be brought 

together by the small molecule activator rapamycin [61,62]. This temporal control, where 

the Cas9 is only active at the point in time when the target has been treated with the 

activator, restricts the off-target activity as determined by deep sequencing [61]. 

However, this system had to employ multiple inhibition strategies as the simply split 

protein continued to spontaneously assemble, and more recent work has made 

improvements to the system [62].  

In addition to the limitations in regulatory capability of current strategies for 

controlling protein activity, many systems have off-target effects as well. This includes 

the popular regulator rapamycin, as it was first used as a therapeutic itself. Rapamycin is 

a small molecule drug that binds protein domains FRB and FKBP in the mTor pathway, 

which is an important regulator of metabolism and cell growth in humans as well as other 

organisms [63]. The protein binding domains FRB and FKBP are often recombinantly 

added to proteins that would not otherwise spontaneously associate in order to bring them 

within interacting distance [64,65]. This system allows temporal control over the 

association between two proteins by addition or depletion of the small molecule, which 

makes it a powerful regulator. However, despite its utility and popularity in the 

laboratory, the use of rapamycin as the activator is a problem in therapeutic contexts,  

since the small molecule exerts control over metabolism and cell growth, affecting the 

condition of the patient [63]. Multiple other popular regulators come from therapeutics, 
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like doxycycline for tet-On and tet-off systems [66], and 4-hydroxytamoxifen for altering 

estrogen receptor domain binding [67]. All of these tools were employed in mammalian 

systems due to their known safety and efficacy from therapeutic uses, however, their 

affinity for off-target elements within a mammalian cell means that they are inappropriate 

for sensitive applications [67]. This problem has been addressed throughout the years by 

the development of rapamycin analogs and mutational screening for FKBP and FRB 

domains that preferentially bind to them, but there is considerable development time 

required [59,68,69].  

In this work, we propose strategies to improve the precision of protein tools using 

protein regulators that are orthogonal to mammalian biology. We endeavor to employ 

systems that can be encoded along with the protein tools that only interact with 

mammalian systems with the single, target activity. We specifically look for protein 

components that have few-to-no natural interactions with mammalian systems, especially 

looking to other protein sources such as other species and synthetic sources. While 

protein therapies show a lot of promise, they also require more precise regulation than 

traditional medicines and we focus on regulatory tools that can be implemented in a 

therapeutic context without extraneous interactions. 

 

1.3: The need for plug-and-play design elements 

Development in the field of biotechnology has taken off in recent years, 

especially considering the influx of funding due to the Sars-Cov-2 pandemic. The NIH, 

for example, was awarded 3 billion more dollars in 2020 for use on Covid-19 related 
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research than normal budget increases, a 7% increase over the expected budget [70]. The 

private sector funds a lot of final stage development in biotechnology, and venture capital 

funding saw an increase from 60 billion dollars in funding in 2019 to 120 billion dollars 

in 2021 for biotechnology development [71,72]. Not only has the increase in funding 

increased the resources available, but the expanding knowledge base has shortened the 

time necessary to take a new tool from technology from therapeutic; for example the 

Moderna Sars-Cov-2 vaccine was developed January 2020 and given an emergency 

release for use in humans December 2020 [73]. It is now fully FDA approved in January 

2022, a two-year development time from initial work to FDA approval, an unprecedented 

speed when compared to other modern vaccines which have a 4-to-20-year development 

time [74]. As the speed of biotechnological research has increased and many 

development processes are available to us, we come upon one of the main limiting 

factors: the need to iterate development and testing for implementation of techniques in 

novel systems [75].  

In many cases, domain analysis and recombination of a given protein therapeutic 

can be conducted to enable it to be used in different contexts. As an example, antibodies 

are most easily produced by human or mouse hybridomas, an intensive process in need of 

a highly skilled researcher [76]. In order to meet the increased production demand upon 

using antibodies as a therapeutic, production can be shifted to bacteria, virus, or yeast, 

and each of these systems require extensive changes to the antibody structure for 

successful production [77-79]. In other cases, directed evolution can be harnessed to 

produce a needed protein with specific activity [80-82]. Even the best of these systems 
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takes time and expertise to implement, and many directed evolution schemes are complex 

or lead to cheaters rather than useful outputs [83,84]. It is especially difficult to use 

known systems and tools in unknown systems, such as when functionalizing a new 

organism [85].  

The ideal protein tool would be consistent in a wide variety of contexts and need 

very little alteration for employment in the regulation of a novel protein. We venture to 

create systems that are applicable to as wide a variety of protein contexts as possible, 

with little need to test elements for each application. This decreases development time 

and increases ease of use, making this an important design criterion for broad 

applicability within the scientific community. 

 

1.4: Orthogonal control of protein regulation 

 In Chapter 2, we look at strategies for precise and orthogonal control of protein 

regulation using the Hepatitis C virus NS3/4A protease (NS3). We seek orthogonality via 

the use of a protease and inhibitor pair that act independently of mammalian systems; the 

protease is an internal viral activator and the small molecule drug inhibitor can be one of 

many FDA approved treatments for Hepatitis C [86,87]. While the drug is already a 

therapeutic and therefore has bioactivity, it retains orthogonality because its target is the 

Hepatitis C protein rather than a mammalian target like rapamycin. Glecaprevir, one of 

the more recent FDA approved inhibitors, is considered safe in children as young as 12 

years old and is only contraindicated in individuals with existing liver disease. Most 

people who take it have none to mild side effects of headache and fatigue [88]. We 
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employ this orthogonal pair as a stabilized protein connector.  

Hepatitis C NS3 is a cis-acting protease, which allows it to cleave itself from a 

contiguous strand of amino acids [86]. When this domain is placed between two protein 

domains, it becomes a drug dependent linker, and the connection can be destroyed by 

removal of the protease inhibitor and subsequent activation of the protease. We place this 

between an orthogonal transcription factor with control over a gene of interest and a 

membrane-bound protein domain to create a “drug-off” system. When the drug is added, 

the gene turns off. These components are modular, and each domain is self-sufficient, 

creating a plug-and-play system where any transcription factor could be employed, as 

well as multiple membrane binding domains; we test a variety. Through this design 

scheme, we endeavor to produce a gene regulation system that can be used safely and 

effectively in humans, such as in regulation of a gene in engineered CAR-T cells, and 

does not require iterative testing to be employed in novel contexts. 

 

1.5: Autonomous protein elements in control schemes 

In Chapter 3, we describe our work of employing small active peptides called 

inteins as autonomous protein regulators. Inteins are single-use protein elements that 

catalyze the excision of a domain out of a strand of amino acids and splice the adjacent 

domains together [89]. This conjugation can either be within a single protein or spliced 

between two separate proteins via split inteins [90]. In the native context, inteins often 

have intervening sequences that act as gene regulators or cytokines, however these can 

easily be removed, leaving only splicing activity [91]. Additionally, while inteins have 
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been found in all domains of life, the inteins found in unrelated species have undetectable 

cross-reactivity, allowing inteins from yeast and bacteria to be used orthogonally in 

mammalian contexts [92].  

We employ these splicing elements as control systems for protein activity. First, 

we use the Gp-41-1 split intein to circularize a protein as a regulator of protein stability 

and therefore activity. We additionally endeavor to use this in conjunction with a 

degradation tag and a cleavable element, thereby mediating stability via an active 

protease. Secondly, we endeavor to create inteins with inducible activity. We approach 

this problem using both the Hepatitis C protease control scheme and a light-sensitive 

protein cleaving domain. With the protease control scheme, we placed the cleaving 

domain between the active splicing machinery and associating domains that allow the 

inteins to splice such that when the protease has cleaved, the inteins are unable to 

associate in the proper configuration and are inactive. This is a small-molecule drug 

sensitive splicer. For the light sensitive control scheme, we place the photocleavable 

protein domain between an active intein and a caging domain. Without light, the intein is 

caged and inactivated but with the light cleaving the intein free from the cage, the intein 

is able to activate and splice. A key design element in all of these systems is modularity. 

We constructed systems where the protein domains external to the intein can be swapped 

freely to allow for plug-and-play control over protein stability and activity. 
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1.6: A small peptide lock system for protein delivery 

In Chapter 4, we describe a system of protein delivery using inteins as a 

biological lock. Extracellular vesicles (EVs) have emerged as a promising delivery 

platform for therapeutic proteins due to the ability of mammalian cells to construct and 

secrete them, enabling packaging of proteins in their native context [93]. Particularly 

popular are EVs created by the expression of viral capsid proteins due to their production 

efficiency and uniformity [94]. Viral EVs have the powerful capability to mediate fusion 

with the membrane of their target cell, avoiding many complicating cellular processes 

which impede the delivery of the therapeutic. We propose the addition of a genetically 

integrated biological lock that can be expressed in the target cells to allow for delivery of 

a protein specifically to the tissue of interest.  

We use one half of a split intein as an intervening sequence between a protein 

cargo and a membrane binder. Upon entry of the viral EV to the target cell, the other half 

of the intein expressed by that cell will initiate splicing, leading to targeted release of the 

protein cargo from the membrane. This biological lock is orthogonal to normal 

mammalian biology given the use of non-mammalian inteins [92]. Additionally, it is 

modular, allowing the use of any free-floating protein for delivery to a target tissue, and 

we propose any protein associated cargo such as Cas9, which contains a protein 

component and a nucleic acid component.  

This system is flexible and allows for the targeted delivery of cargo to any tissue 

that can be induced to produce the intein release protein. This plug-and-play system takes 

advantage of the autonomous splicing activity of inteins for targeted release of a cargo. 
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We endeavor to display the power of protein engineering and synthetic biology to 

construct powerful and flexible tools that can be employed in many contexts including 

therapeutics. 
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Chapter 2: Chemogenetic control of protein localization and gene expression with 

antiviral drugs 

Chapter 2 is adapted from the following manuscript: 
EP Tague, HL Dotson, SN Tunney, DC Sloas, JT Ngo. Chemogenetic control of gene 
expression and cell signaling with antiviral drugs. Nature Methods (2018). 
	
	
2.1: Background and Motivation 

 A goal of synthetic biology is to program new functions into cells in ways that 

can be precisely manipulated for applications in medicine and basic research. Toward this 

end, researchers have recombined modular domains from natural signaling proteins and 

genetic control elements to produce new biological ‘parts’ for cellular engineering [95]. 

Among the parts that have been especially valuable in synthetic biology are a set of 

ligand-binding proteins that can be used to engineer drug sensitivity into protein systems, 

such as the rapamycin system taken from the mammalian mTor pathway [63]. These 

tools have been used to render numerous cellular processes subject to drug control, 

including transcription [96], cell signaling [97,98], and genome-editing [99,100]. 

However, as the goals and capabilities in synthetic biology continue to expand, there 

remains a need for new inducible platforms. Particularly, there is demand for new 

inducers few existing interactions with the biological context of the technology. 

We set out to devise a new, modular platform that could be not only combined 

with the extant methods, but also generalized to many different systems. Given recent 

interest in the development of drug-controllable cell-based therapies, we were especially 

interested in designing a strategy that allowed precise gating of synthetic gene circuits 

and signaling pathways by safe and well-characterized small molecules [101]. Seeking to 
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create an orthogonal system, we targeted inducer compounds that are typically absent 

from the environment, particularly those with binding preference for nonhuman proteins. 

To identify such inducers, we turned our attention to antiviral drugs, especially those that 

have been tested (or approved) for clinical use in humans. 

It is a particular focus in the production of antiviral drugs to target the viral 

proteins rather than the human system surrounding it, which is in contrast to, for 

example, anti-cancer drugs, which focus on activating and directing the immune system 

[102, 103]. This approach is successful due to the significantly different biology between 

virus and host. Viral genomes are, by necessity, very small in order to be easily 

constructed by the host machinery and packaged safely within the capsid [104]. A 

sequence shortening measure employed by many viruses is their own protease, which 

acts to cleave apart separate proteins within the viral polyprotein [105]. This is in contrast 

to mammalian genetics systems, where each separate protein has their own regulating 

promoter region and terminator [106]. Inhibitors for these viral proteases therefore target 

a system completely orthogonal to mammalian biology and therefore attractive for 

repurposing as a protein tool.  

Here we describe our use of the hepatitis C virus (HCV) NS3 protease domain 

and its various inhibitors as a protein–ligand pair that can be applied to install drug 

sensitivity into both intracellular and cell-surface proteins. In its natural context, NS3 is a 

serine cis-protease that excises itself from the HCV polyprotein by cleaving recognition 

sites that flank it at either end [107]. Because it is essential for HCV replication, 

numerous inhibitors targeting the viral protease have been developed. In previous work, 
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cis-cleavage by NS3 was used to conditionally link proteins to imaging tags and 

degradation sequences, and NS3 trans-proteolysis has been applied to control the activity 

of T7 RNA polymerase [108-111]. Given its successful application in these non-natural 

contexts, we asked whether the viral protease could be used to design drug-sensitive 

systems and gain control over complex cellular processes such as protein localization and 

transcription. 

 

2.2: A “Turn-on” system as the basis of design 

NS3 was used to create drug-sensitive transcription factors (TFs), using the 

protease as a ligand-inducible connection (LInC) to control the association between 

modular DNA-binding (DB) and transcriptional-activation (TA) domains. The protease 

was inserted between minimal DB and TA sequences sourced from the yeast TF Gal4, 

thus generating Gal4DB-NS3-Gal4TA (Figure 1a). In this configuration, the viral protease 

formed a self-immolating connection, excising itself from the fusion construct and, in 

doing so, separating the DB and TA elements. In the presence of an NS3 inhibitor, self-

excision of the protease is blocked, resulting in the preservation of full-length TF capable 

of activating the expression of targeted genes. 

To determine whether Gal4DB-NS3-Gal4TA the protein was expressed in a 

mammalian cell line containing a stably integrated Gal4-dependent reporter construct 

(UAS H2B-Citrine). Immunoblotting showed that, although full-length Gal4DB-NS3-

GalTA copies were not detected in drug-untreated cells, formation of the intact TF was 

rapidly induced after exposure to NS3 inhibitor (Figure 1b). In addition to preserving 
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newly made Gal4DB-NS3-Gal4TA copies, drug treatment also induced expression of the 

H2B-Citrine reporter protein in a dose-dependent manner (Figure 1c). This was analyzed 

by flow cytometry with gating for live HEK293FT cells and a transient transfection 

marker (Figure 1d). This system was tested with various inhibitors and multiple 

compounds capable of activating robust transcriptional responses were identified, 

including BILN-2061, asunaprevir, danoprevir, and grazoprevir, some of which are FDA 

approved (Figure 2a) [112]. Together, these results indicate that the LInC strategy can be 

used to precisely regulate the association of TF elements to achieve inducible control 

over gene expression. 

In addition, TFs with activity against alternative promoters were tested, including 

one in which the reverse tetracycline repressor (rTetR) was used as the DB element 

(rTetR-NS3-VP64-p65). In transfected cells, rTetR-NS3-VP64-p65 exhibited ‘AND’ gate 

activity, requiring both doxycycline and an NS3 inhibitor to activate transcription from 

the tetO-containing TRE promoter (Figure 2b,c). To complement the ‘turn-on’ systems 

described above, we designed a strategy in which NS3 inhibitors could be applied to 

‘turn-off’ gene expression. 
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Figure 1: A “Turn-on” drug inducible TF system 
a) Design of the drug-inducible turn-on TFs. b) Western blot showing accumulation of full 
length Gal4DB-NS3-Gal4TA (anti-HA; Santa Cruz Biotechnology, sc-7392; 60.6 kDa) in 
response to BILN-2061, and corresponding H2B-Citrine expression (anti-H2B, Cell Signalling 
12364; 46.5 kDa). Endogenous histone H2B (13.8 kDa) served as a loading control. c) H2B-
Citrine fluorescence as determined by flow cytometry in HEK293FT cells carrying reporter 
DNA (UAS H2B-Citrine) and transiently expressing TFs with the indicated TA domains. Cells 
were treated with denoted concentrations of BILN-2061. d) In this chapter, all live cells were 
gated using FSC and SSC as represented by the area enclosed within the black line. Non-
transfected cells were used to determine the top 1% of fluorescence, and this positive 
transfection gate was then applied to all transfected cell populations. Geometric mean of 
reporter fluorescence was then measured from positively transfected cells.  
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Figure 2: Drug sensitivity and AND-gating of the “Turn-on” drug inducible TF 
a) Activation of a UAS H2B-Citrine reporter gene in a Cho-K1 reporter line constitutively 
expressing Gal4DB-NS3-Gal4TA in response to treatment with various NS3 inhibitors. Drug 
induced expression of H2B-Citrine reporter protein was quantified by flow cytometry. We note 
that the NS3 sequence used in the LInC module contains the T54A mutation, which confers 
resistance against telaprevire and boceprevir. Geometric means are displayed as mean ± s.d., as 
determined by three biologically independent samples. b) Schematic of AND gate behavior of 
rTetR-NS3-VP64-p65; the presence of both doxycycline (to induce rTetR binding to tetO 
sequences) and an NS3 inhibitor (BILN-2061) are required to activate transcription from the 
TRE promoter. c) BFP expression levels in Cho-K1 cells co-transfected with construct and BFP 
reporter. Cells were treated with drug for 24 hours prior to flow cytometry. Background 
activation was assessed through comparison with cells transfected with reporter DNA only.  
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2.3: Construction of a “Turn-off” System 

2.3.1 Structure and Activity 

In this approach, we used NS3 to conditionally tether an intact Gal4 (Gal4min) 

unit to a membrane-targeting domain, with the expectation that protease inhibition could 

be used to precisely control the amount of soluble versus membrane-bound TF. 

Using a type I transmembrane protein as a targeting element, we generated a 

fusion construct containing NS3 and minimal Gal4 containing just the DNA binding 

domain and the transcriptional activator elements (Gal4min) as a C-terminal cytosolic 

domain (TMD-NS3-Gal4min) (Figure 3a). Fluorescence imaging of cells expressing a 

dual-tagged version of the protein (BFP-TMD-NS3-Gal4min-mCherry) showed that 

Gal4min was released from its BFP-fused transmembrane domain in drug-untreated cells, 

resulting in a liberated TF unit that localized predominantly to the nucleus (Figure 3b). 

However, in cells in which NS3 activity had been inhibited, the TF remained attached to 

its targeting element and thus was trafficked to the endoplasmic reticulum and plasma 

membrane. A version in which an N-terminal myristoylation and palmitoylation substrate 

was used as the targeting sequence (myr-palm-NS3-Gal4min) exhibited similar behavior, 

becoming occluded from the nucleus in drug-treated cells (Figure 3c). This was also true 

when the targeting domain of mitochondrial import receptor Tom20 was used to direct 

the construct to be displayed on the mitochondria (Figure 3d).  

Given that TFs localize to the nucleus to bind their DNA targets, we anticipated 

that the LiNC bound TF would facilitate target gene expression in a manner that could be 

downregulated through NS3 inhibition. We confirmed inhibitable genetic control of these 
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constructs using flow cytometry for the activation of a UAS driven citrine reporter 

(Figure 3e). This dynamic control of protein activity through control of domain 

localization was inspired by the activity of the cell signaling protein Notch.  

The protein Notch is an important cell-cell communication receptor that is 

implicated in a number of developmental and essential processes in mammalian biology 

[113]. When it is activated, it unfolds to reveal a protease cut site, allowing a cytosolic 

TF to float free and make its way into the nucleus of the cell to regulate gene expression 

[114]. We anticipated that we could create a facsimile of this activity in a drug dependent 

way by using a drug stabilized linker. This creates a “turn-off” system whereby the 

addition of drug turns off the gene regulation via the localization of the TF, which is 

bound to the outer membrane and therefore cannot move into the nucleus to interact with 

genetic promoter regions.  
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	  Figure 3: Construction of a “Turn-off” TF system 
a) General design of the “Turn-off” TFs containing a generic membrane-localizing 
element (green). b) Fluorescence images of HEK293A cells transiently expressing BFP-
TMD-NS3-Gal4-mCherry. BFP is N-terminal to the TMD; mCherry is between the DB 
and TA of Gal4. Scale bar: 10 uM. c) Immunostained HeLa cells showing drug-induced 
membrane targeting of Gal4min via myrpalm-NS3-Gal4min. 3 uM BILN-2061 was used. 
Gal4 was stained with Santa Cruz sc-577 (polyclonal rabbit anti-Gal4) and goat anti-
rabbit CF647 (Sigma Aldrich; SAB4600184). Scale bar: 25 uM. d) Immunostained 
HeLa cells showing drug-induced mitochondrial targeting of Gal4min via Tom20-NS3-
Gal4min. Reagents used are same as previous.  e) The drug-induced downregulation of 
the UAS H2B-Citrine construct via TMD-NS3-Gal4min, myr-palm-NS3-Gal4min, and 
Tom20-NS3-Gal4min was monitored in transfected HEK 293FT reporter cells treated 
with grazoprevir at the indicated concentrations. Geometric means are displayed as 
mean ± s.d., as determined by three biologically independent samples.   
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 2.3.2: Methods 

Standard Gibson and restriction cloning procedures were used in the generation of 

all DNA constructs. The citrine reporter plasmid was a gift from Michael Elowitz 

(Caltech) and the mTagBFP sequence was a gift from Wilson Wong (Boston University). 

The MP sequence and Tom20 sequences were taken from native sequences and 

humanized using IDT’s expression optimization tools, then synthesized as a gene 

fragment (Integrated DNA Technology). MP sequence: ATGGGCTGCATCAAGAG 

CAAGCGCAAGGACAACCTGAACGACGACGGCGTGGACATGAAG. Tom20 

sequence: ATGGGCTGCATCAAGAGCAAGCGCAAGGACAACCTGAACGACG 

ACGGCGTGGACATGAAG. Plasmid cloning accuracy was confirmed using sanger 

sequencing (Quitara Biosciences). Asunaprevir and MK-5172 (grazoprevir) were from 

MedChemExpress. BILN-2061 was a gift from Roger Tsien and Stephen Adams 

(University of California, San Diego). Concentrated NS3 inhibitor stocks were dissolved 

in DMSO at concentrations between 3 and 10 mM and diluted into cell culture media at 

the indicated working concentrations (and no more than 1%). We compare selectivity and 

cytotoxicity of existing NS3 inhibitors in Table 1.  

All mammalian cell lines were cultured using standard techniques at 37 ºC with 

5% CO2. HEK293FT cells (ThermoFisher) were cultured in DMEM with 10% FBS and 

supplemented with nonessential amino acids (Life Technologies), Glutamax (Life 

Technologies), and G418 (500 µg/ml; Invivogen). HEK293A and HeLa cells were 

obtained from ATCC and were cultured in DMEM containing 10% FBS and 

supplemented with Glutamax and penicillin–streptomycin. DNA transfections were 
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carried out with Lipofectamine 3000 reagent (ThermoFisher) according to the 

manufacturer’s instructions.  

Stable cell lines were generated by transfecting with linearized DNA encoding the 

engineered protein of interest and an antibiotic resistance gene for mammalian selection. 

Transfections were performed on plates grown to nearly confluent. 48 h post transfection, 

cells were split and selected via antibiotics. After the elimination of nontransfected 

control cells (typically 1–2 weeks post addition of antibiotic), surviving cells were 

transferred to a 96 well plate using a limited dilution procedure to isolate single clones 

[115].  

Cell lysates used in immunoblotting analyses were prepared by lysis of cells in 1 

X LDS-PAGE loading buffer (ThermoFisher) after the removal of cell culture media. For 

drug removal studies, this was performed directly after removal of media in order to 

denature proteins efficiently, preventing undesired NS3 cis-cleavage in cell lysates. The 

cell lysates were clarified through sonication followed by centrifugation. The lysates 

were subsequently analyzed by standard immunoblotting procedures and probed using 

the antibodies listed following at the indicated dilutions. Detection of labeled antigens 

was via chemiluminescence via the SuperSignal West Pico PLUS Chemiluminescent 

Substrate (Pierce).  

Primary antibodies used: rabbit anti-histone H2B (Cell Signalling; 12364; 1:1000 

dilution for western blotting) mouse anti-HA-HRP (Santa Cruz Biotechnology; sc-7392; 

1:1000 dilution for blotting), rabbit anti-GAPDH (Sigma-Aldrich; G9545; 1:3000 

dilution for western blotting) and polyclonal rabbit anti-Gal4 (Santa Cruz Biotechnology; 
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sc-577; diluted 1:500 for western blotting, 1:200 for immunostaining). The following 

secondary antibodies were used: goat anti-rabbit CF647 conjugate (Sigma-Aldrich; 

SAB4600184; 1:300 dilution), anti-mouse HRP conjugate (Cell Signalling; 7076; 1:3000 

dilution), and anti-rabbit HRP conjugate (BioRad; 170-6515; 1:3000 dilution).  

Immunofluorescence staining was performed with cells rinsed with PBS before 

fixation with formaldehyde (4% v/v diluted into PBS from fresh vials containing 16% 

solutions (ThermoFisher)). Cells were fixed for 10 minutes at room temperature and then 

rinsed with PBS (3X) to remove residual fixative. When necessary, cells were 

permeabilized with Triton-X 100 (0.2% v/v in PBS) for 10 minutes and subsequently 

rinsed with PBS. Cells were blocked with BSA solution (5% v/v in PBS) for 

approximately 30 minutes at room temperature (RT) before being stained with primary 

antibody solution (diluted in PBS) at the dilutions indicated above for 1 h at RT. Cells 

were stained with secondary antibody solution (in PBS at the dilutions indicated above) 

for 1 hour at RT before imaging.  

Images were taken by epifluorescence microscopy in imaging compatible vessels 

containing glass coverslip bottoms (MaTek) or optically clear plastic bottoms (ibidi). 

These vessels were coated with bovine plasma fibronectin (Product #F1141, Sigma-

Aldrich) and/or treated for cell adherence by the manufacturer (poly-D-Lysine by 

MatTek or ibiTreat by ibidi). During imaging. Cells were maintained in PBS, standard 

culture media, or FluoroBrite DMEM (ThermoFisher). For time-lapse images, cells were 

imaged in culture media supplemented with 30 mM HEPES diluted from 1 M stock (pH 

7.2-7.5; ThermoFisher) and maintained at 37 ºC in a heated imaging chamber throughout 
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the duration of the time-lapse. Images were acquired with ZEN imaging software (Zeiss). 

Image files were processed with the ImageJ-based image analysis package Fiji. The 

images were contrasted uniformly across experiments.  

Cells analyzed by flow cytometry were gated for living cells by scatter detection. 

The geometric mean measured reporter fluorescence levels were reported in arbitrary 

fluorescence units (AFU). Reporter activation analyses were carried out with stable single 

clones or cells transiently transfected with DNA encoding the analyzed TF (as indicated 

in the figure captions). For analyses carried out with transiently expressing cells, plasmid 

DNA encoding a constitutively expressed fluorescent protein marker was co-delivered at 

the time of transfection and used to identify positively transfected cell populations. 

Transfected cells were gated to the top 1% of marker fluorescence of nontransfected 

control cells under the same condition. Transient expression experiments carried out with 

the turn-on TFs were gated via detection of an mCherry marker that was expressed via an 

IRES sequence on the TF-encoding plasmid. Transfected cells were incubated for 24–

48 h after transfection in either the presence or the absence of the indicated NS3 

inhibitors before being analyzed with an Attune NxT flow cytometer (ThermoFisher).  

All flow cytometry data was collected using three biologically independent 

samples. For fluorescence imaging analyses and immunoblotting, 3 or more images per 

condition were recorded and representative images or blots were displayed. These 

methods and reagents are applicable to all following experimental data unless stated 

otherwise.  
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Table 1: Table of NS3 Inhibitors. CC50 is the reported drug concentrations at which 50% 
cytotoxicity was observed.  

Inhibitor CC50 
(µM) 

Cells Tested CC50 Method Selectivity 

Asunaprevir 
(BMS-
650032) 

11-38 
[116] 

MT-2, HEK293, 
HuH-7, HepG2, 
and MRC5 cell 
lines 

MTS assay for 
MT-2 cell line; 
mitochondrial 
activity assay 
(resazurin) for 
all other lines 

“IC50 > 50 mM for PPE, human 
chymotrypsin, human cathepsin B; IC50 > 
5 mM human cathepsin A; IC50 > 30 mM 
trypsin, thrombin, factor VIIa, factor Xa, 
factor Xia, kallikrein.” [116] 

BILN-2061 
(Ciluprevir) 

33 
[117] 

HuH-7 cell lines MTT assay “The inhibition of BILN 2061 was highly 
specific to the NS3 protease as 
demonstrated by the lack of significant 
activity (half-maximal inhibitory 
concentration (IC50) > 30 µM) against 
human leukocyte elastase and human liver 
cathepsin B… A mean 50% cytotoxic 
concentration (CC50) of 33 µM was 
observed for BILN 2061, resulting in an 
apparent selectivity index of 10,000 in 
Huh-7 cells when compared with the EC50 
value obtained for inhibition of subgenomic 
HCV RNA replication.” [117] 

Danoprevir 
(ITMN-191) 

75-340 
[118] 

HuH-7 cell line 
and primary 
cultures of 
human 
hepatocytes, 
microvascular 
endothelial cells, 
human skeletal 
muscle 
myoblasts, 
human cardiac 
fibroblasts, 
human articular 
chondrocytes, 
human lung 
fibroblasts, and 
renal proximal 
tubule epithelial 
cells 

ATP detection “In contrast to the highly potent inhibition 
of NS3/4A by ITMN-191, none of a panel 
of 53 proteases was inhibited more than 
50% by a 10 μM screening concentration, 
indicating an IC50 higher than 10 μM 
against every protease in the panel (Table 
2). Ciluprevir inhibited eight proteases and 
telaprevir inhibited nine proteases in the 
same panel at levels between 50% and 
100%, which indicated that their IC50s 
against these proteases were 10 μM or less 
... Neither ITMN-191 nor telaprevir showed 
appreciable activity against a broad panel 
of ion channels, receptors, and transporters, 
while ciluprevir inhibited human 
[potassium channel] ERG ... From these 
data, the specificity index of ITMN-191, 
defined as the ratio of IC50s against 
nontarget enzymes (>10 μM) to its IC50 
against full-length genotype 1b NS3/4A 
reference protein (K2040) (0.29 nM) ... was 
more than 35,000-fold.” [118] 

Grazoprevir 
(MK-5172) 

>50 
[119] 

HB1 and JFH 
replicon lines 
derived from the 
HUH-7 cell line 

MTS assay “Grazoprevir (GZR, MK-5172) exhibited 
>25,000-fold selectivity with respect to 
HCV protease (GT1, 4 and 6) versus 
human serine protease inhibition, as 
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evaluated with elastase and trypsin 
(IC50>100 mM) and chymotrypsin 
(IC50~1.5 μM). In addition, GZR exhibited 
similarly high selectivity with respect to 
enzyme and receptor binding of unintended 
targets with binding activity (IC50 <10 
μM) only observed to matrix 
metalloproteinase-1 & 12 (IC50 ~1.5 & 6.9 
μM), lipoxygenase 5-LO (IC50 ~2.8 μM), 
prostanoid FP (IC50 ~6.5 μM) and hERG 
(IC50 ~3.3 μM). Clinical significance of 
this unintended binding/activity of EBR 
and/or GZR appears unlikely.” [120] 

Glecaprevir 
(ABT-493) 

>59 
[121] 

HUH-7, HepG2, 
and MT-4 
human lymphoid 
T cell line 

MTT assay “When glecaprevir was tested against six 
human serine proteases (chymase, 
chymotrypsin type II, chymotrypsin type 
VII, elastase, kallikrein, and urokinase) and 
one human cysteine protease (cathepsin B), 
no inhibition was observed at 
concentrations up to 200,000 nM. These 
results indicate that glecaprevir 
demonstrates a high level of selectivity for 
the HCV NS3/4A protease over the human 
proteases tested.” [121] 
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2.3.3: Reversibility 

We recognize that the reversibility of this system is complex. We cannot reverse 

cleavage of a protein tether or draw the TF back to the membrane with this system. Given 

a system at equilibrium without drug, we found that exposure to NS3 inhibitors led to the 

accumulation of membrane-tethered Gal4min (Figure 4a, b), as well as the gradual 

depletion of previously cleaved TF copies (Figure 4c), suggesting that, while we cannot 

reverse cleavage of the protein, we can reverse the activity of the targeted gene. We 

found that the depletion rate of the freed domain could be accelerated through the 

addition of a small peptide degron on the TF domain called a PEST (rich in proline, 

glutamic acid, serine and threonine), which we analyzed via western blot (Figure 4d). 

The PEST domain used was derived from the C-terminal region of mouse ornithine 

decarboxylase, which has previously been used to generate a “destabilized” version of 

GFP with a reduced half-life of 2 hours [122,123]. We see that the intensity of the full 

construct bands grew over time, indicating accumulation of the intact proteins following 

NS3 inhibition. Bands corresponding to cleaved Gal4min and Gal4min-PEST were also 

observed, the intensities of which diminished over time. The half-life of the Gal4min-

PEST was attenuated relative to that of Gal4min from a half-life of between 4 and 8 

hours to a half-life of less than 2 hours.  

Live-cell imaging showed that the effect of downregulation and depletion of free 

TF could be reversed after inhibitor withdrawal (Figure 5a). We anticipated that this 

would be a rapid reversal as the depletion of inhibitor was expected to lead to the 

inhibitor unbinding from the protease, which would activate to cleave and release the TF. 
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We observed different speeds of reversal with removal of different inhibitors 

corresponding to the affinity of interaction with the protease (Figure 5b). We see faster 

production of reporter from the removal of danoprevir than grazoprevir. This is 

somewhat unexpected considering danoprevir’s known slow dissociation rate of 2.1 x 10-

5 per second, in contrast to the hundred-fold faster dissociation rates of other NS3 

inhibitors [124]. However, there is a seven-fold difference in affinity between the two 

drugs; danoprevir has a Ki of 1.0 nM, while grazoprevir has a Ki of 0.14 nM [125]. From 

this information, we can hypothesize that the greater contribution to this increase in 

signal is production of new non-inhibited NS3 proteins that are less likely to become 

inhibited when in low concentrations of danoprevir as the drug gets depleted from the 

system. Together, these results indicate that TFs can be conditionally linked to 

localization signals to permit precise control over their subcellular distributions, leading 

to control over their activities, and this control scheme is reversible. 
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Figure 4: Reversibility of the “Turn-off” TF 
Western blotting using an antibody against the Gal4 DB domain (Santa Cruz sc-577, polyclonal 
rabbit) was used to confirm the drug-induced preservation of intact version of (a) TMD-NS3-
Gal4min (96.3 kDa) and (b) myr-palm-NS3-Gal4min (62.9 kDa) in cells treated with BILN-2061 
(3 uM). In the absence of drug, bands corresponding to cleaved Gal4min (29.2 kDa) domains 
were observed. DNA encoding the TF construct were transfected into HEK 293FT cells 
containing a stably integrated Gal4-dependent reporter gene (UAS H2B-Citrine). H2B-Citrine 
(45.5 kDa) was detected via an anti-H2B antibody (anti-H2B, Cell Signalling 12364) and 
expression of the reporter was observed only in the lysates of drug-untreated cells. Lysates from 
cells expressing either Gal4-VP64 TF (23.3 kDa) or a proteolytically inactivated mutant of 
TMD-NS3-Gal4min via a S139A were used as controls. HEK 293FT cells transfected with DNA 
encoding (c) TMD-NS3-Gal4min or (d) TMD-NS3-Gal4min-PEST were grown without inhibitor 
until treatment with 3 uM grazoprevir at the indicated times prior to lysis in SDS PAGE loading 
buffer and western blot. Gapdh was used as a loading control (rabbit anti-Gapdh; Sigma Aldrich 
G9545).  
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Figure 5: Live-cell imaging of “Turn-off” system reversal 
Time lapse fluorescent imaging of HEK 293FT reporter cells (UAS H2B-mCherry) 
transiently transfected with DNA encoding TMD-NS3-Gal4min. Cells were treated with 
either (a) grazoprevir or (b) danoprevir at 3 uM immediately at the time of transfection. 
Live cell imaging was initiated at 24 hours post transfection (t=0), at which point cells 
were either maintained in drug, or released from NS3 inhibition by exchange into drug-
free media. Transfected cells that were not exposed to NS3 inhibitors were used as a 
control. It can be seen that danoprevir removal triggers a faster release of TF by measure 
of fluorescence. Scale bar is 100 uM.  

 
a)  

 
b)  
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2.4 Combined “Turn-off” and “Turn-on” system in a single cell 

Recognizing that natural gene expression often involves the synchronized control 

of multiple target genes, we next combined the ‘turn-on’ and ‘turn-off’ systems to create 

a platform for simultaneous regulation of distinct promoters by a single drug (Figure 6a). 

In cells co-expressing both rTetR-NS3-VP64-p65 and TMD-NS3-Gal4min, we observed 

coinciding and inverse regulation of TRE- and UAS-controlled reporter constructs 

(Figure 6b). We see that not only can we regulate one gene individually, but the system 

is robust to regulating multiple genes in tandem. Notably, ‘leaky’ activation by each TF 

appeared to be low, comparable to that of control cells containing mismatched reporter–

TF pairs as examined by flow cytometry (Figure 6c). Taken together, these results 

indicate that multiple TFs can be controlled via LInC to achieve concurrent and opposing 

transcriptional changes in response to NS3 inhibition. For these analyses which combine 

rTetR-NS3-VP64-p65 and TMD-NS3-Gal4min, 125,000 HEK293FT cells were 

transfected with 25 ng of DNA with DNA mixtures containing a 3:3:2:2 molar ratio of 

rTetR-NS3-VP64-p65 to TMD-NS3-Gal4 to TRE mTagBFP to UAS H2B-Citrine (as 

approximated by DNA size). 
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Figure 6: Co-expression of TMD-NS3-Gal4min and rTetR-NS3-VP64-p65 
a) Schematic of co-expressed “Turn-on” and “Turn-off” systems. b) Fluorescence imaging of 
HEK 293FT reporter cells transiently transfected with TMD-NS3-Gal4min and rTetR-NS3-VP64-
p65 as well as UAS-H2B-Citrine and TRE-BFP. Images taken 24 hours after addition of BILN-
2061. 200ng/mL of dox was applied to all samples to turn rTetR on. c) Fluorescence emission 
from HEK293FT cells transiently transfected with the two constructs and two reporters from (b). 
Cells were treated with 100 ng/mL doxycycline and denoted concentrations of BILN-2061. 
Negative controls correspond to background activation of each reporter in cells containing 
mismatched TF. Values represent geometric mean fluorescence ± s.d.; n = 3 biologically 
independent samples based on geometric mean fluorescence determined by flow cytometry.  
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2.5 Discussion 

The applications described above show that the LInC strategy can be used to 

engineer drug sensitivity to control both gene activity and protein localization through the 

use of the destabilized protein as a dissolvable linker. We have demonstrated that this 

strategy is modular with respect to membrane linker. This strategy is applicable to any 

gene with an appropriately TF-binding dependent promoter and we additionally 

anticipate that the tethering scheme can work with any protein, a strategy that will be 

employed in further chapters.  

A significant advantage of the method is the availability of highly selective NS3 

inhibitors, of which some are FDA approved and this continues to be an area of active 

development [126, 127]. Finally, in addition to its potential applications in basic biology 

investigations, the LInC approach may also serve as a powerful strategy for regulating 

therapeutic cells in vivo with safe and clinically approved drugs.  

Other groups have additionally made important advancements with NS3 as a gene 

activator [128], circuit control element [129], part of a protein dimerizer system [125], 

and dynamic controller of protein display [130] indicating that this continues to be an 

active area of research. NS3 has joined FRB/FKBP and TEV protease as a modular and 

easy to implement protein engineering domain, and this has expanded the invention space 

for designing protein-based modulators and control systems [131,132].  
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Chapter 3: Inteins as a mechanism of dynamic control of protein function in 

mammalian cells 

3.1 Inteins in their native context and synthetic applications 

Inteins are small peptide splicing elements, following the naming conventions of 

introns and exons, which mediate the change in coding sequence from DNA to RNA 

[133]. However, where introns change the coding sequence, inteins mediate the final 

form of a protein by post translational sequence changes via excision and splicing of 

amino acid chains. They have been labeled “selfish” gene elements after the pattern of 

transposons and may have originated as parasitic gene elements, yet many have been 

selected for host advantage and make useful contributions to host fitness [134].  

Inteins were discovered in 1987 by a group comparing the sequence of 

Neurospora vacuolar ATPase to plant ATPases; they found an exonuclease domain that 

was not conserved among other known ATPases [135]. These exonuclease domains were 

matched with yeast ATPase sequences and found to be removed upon translation, 

forming two protein components when run on an SDS-PAGE gel [136,137]. This protein 

contained the first of many single chain inteins to be discovered. Single chain inteins 

have all components encoded in a single amino acid chain that processes itself into two 

proteins: the intein concatenates the extein domains with a native peptide bond, and the 

inner piece, the intein itself, often has other protein components included, such as kinase 

activities or domains that regulate transcription (Figure 7a) [91]. Inteins also exist as 

split inteins, where the two protein extein components are translated as two different 

protein chains and get concatenated post translationally (Figure 7b). These two naturally 
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occurring types of inteins have found their niche in biotechnological applications. Single 

chain inteins can regulate the equimolar production of two proteins for metabolic 

processes with sensitive kinetics or for accurate quantification of protein production 

[138,139]. Split inteins have been used to overcome the size constraints of gene delivery 

mechanisms by splitting up large therapeutic proteins, as well as driving multiplexed 

gene expression by allowing resistance genes to be split among multiple gene expression 

cassettes [140-144]. 

Inteins are viewed as powerful biological tools due to their autonomy; they 

require neither cofactors nor external enzymes and have naturalized themselves to a 

variety of biological environments, including varied temperature and pH [145-147]. 

Intein splicing is based on neutrophilic attack by the C-terminal residue against a linear 

ester intermediate formed by a neutrophilic N-terminal residue adjacent to the target 

splice site [148]. The key residues are the neutrophilic N and C terminus of the inteins, 

usually cysteine but sometimes serine or threonine, and this reaction is stabilized by 

surrounding intein and extein residues [134]. Functionally, this means that many inteins 

will require a specific amino acid sequence similar to their native context in order to 

splice, however a number of inteins have been found that are promiscuous in splicing 

activity, either by nature or design [149-151]. This enables nigh scarless splicing, with 

only a residual cysteine or serine residue at the splice site [152,153].  

All of these factors draw our interest in light of making protein tools that are 

orthogonal, fast, precise, and are easy to implement in varied contexts. Inteins are 

naturally orthogonal to each other, to the point that even inteins within the same family 
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can be unable to splice each other [154]. There is a large body of fast and precise inteins 

to draw from, many of which are derived from archaea, synthetic, and even cryptic 

sources, making them prime targets to be employed in therapeutics and technologies 

[155]. They have been employed safely in mammalian systems [141,156,157]. Intein 

autonomy makes them low-impact and simple to add into a system, and in varied 

contexts the small extein sequences can be added or scarless inteins can be used to create 

a system whereby our protein tool can be concatenated to novel proteins with very little 

sequence change. This makes inteins plug-and-play protein design friendly, and we make 

use of these factors in the construction of dynamic protein tools. 
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Figure 7: Single chain and split inteins 
Generalized intein activity in both (a) single chain conformation and (b) naturally split. 
A native peptide bond is formed with no necessary co-factors or ATP.   
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3.2: Control of protein activity and degradation using an intein-circularization 

scheme 

3.2.1: Background and Motivation 

Control of protein degradation has emerged as a powerful and sensitive strategy 

for control of protein activity. Tools for regulating DNA and RNA expression of proteins 

are important and valuable, but ultimately the phenotype of a cell is defined by the active 

proteins in the system. Proteins that are constructed and then degraded do not have a 

significant impact on the cellular environment. A native example of this is PINK1 in the 

mitochondria, which is continually constructed and degraded; it is only when this process 

breaks down that the PINK1 kinase is active and signals the destruction of the 

mitochondria [158]. A number of protein regulation strategies have been developed to 

take advantage of this. A common design strategy is to add a small peptide degron tag or 

otherwise target a protein of interest for destruction rapidly upon synthesis in a dynamic 

manner.  

One example is the commercialized Shield-1 system discovered by the Wandless 

lab [159]. A destabilized version of FKBP12 protein targets itself and any attached 

protein components to be rapidly degraded. Shield-1 is a small molecule, membrane 

permeable drug that stabilizes the FKBP12 domain, thereby preserving the attached 

protein. Systems of this sort are fast and reversible through the continuous production and 

degradation of protein. Proteins are stabilized immediately upon interaction of the small 

molecule drug with the tag, driving up concentration of protein at the time of drug 

introduction. Another common degradation platform is through the N-end rule.  
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Mammalian cells regulate protein lifespan through the amino acid residues at the N 

terminus, which are acylated and ubiquitinated [160]. Steric shielding of the N terminal 

residues in a dynamic manner such as with the Cog-1 and Cog-X shield protein described 

by the Varshavsky lab is another method of controlling which proteins are targeted by 

endogenous systems for degradation [161].  

We wished to take advantage of the tight control found in rapid protein clearance 

in conjunction with the uncommon stability of circularized proteins. Circularized proteins 

exist in nature, especially in bacteria and plants, for proteins that need particular stability 

like bacteriocins, which are biological attacks amongst bacteria, and plant self-defense 

peptides [162,163]. They have also been a popular platform for developing stable 

peptides for library development and, more recently, bioactive peptides for therapies due 

to their stability at high temperatures and resistance to proteolytic degradation [164,165].  

Inteins are a common strategy for creating cyclized peptides, as the splicing 

machinery of a split intein lends itself well to the formation of a bond between the N-

terminus and C-terminus of a protein. The SICLOPPS (split intein circular ligation of 

peptides and proteins) method takes advantage of split inteins to construct stable libraries 

of peptides that can be used in a number of manners, including screening for peptide 

inhibitors of enzymatic reactions [166].  In an effort to control the numbers of peptides 

for protection of their producer cells and the quality of the peptides produced, the 

Tavassoli group added a C-terminal degron to their constructs [152]. This targeted their 

proteins for degradation until the split intein was able to splice the protein into a cyclized 

peptide, effectively getting rid of any proteins missing active splicing components and 
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increasing the overall quality of the preserved peptides. This system was also found to 

have a significant reductive effect on toxicity, making it an important addition to the 

library production scheme.  

Here we sought to make a similar system where a degron would be under intein 

control. However, in this case we wished to use intein cyclization to occlude the degron 

such that the protein would be transiently stable, allowing the degron to first delineate 

protein quality, and secondly drive protein clearance upon input of a signal. This would 

create a switch-like system whereby the target protein would be persistent within the cell 

until a signal leads to swift clearance through degradation. 

3.2.2: Design Strategy 

We chose a fluorescent protein as the target protein in our system for ease of 

identification and quantification. Our design process followed the SICLOPPS method in 

placing the intein halves at each terminus of the protein but we decided to use the split 

intein gp41-1, due to it being, at the time, one of the fastest known naturally split inteins 

[69]. This intein was first identified in a metagenomic sample of ocean water, as a 

component of the gp41 helicase gene of an unknown source [167]. Gp41-1 is a small 

intein, 9.8 kDa for the N terminus intein half (Ntein) and 4.9 kDa for the C terminus 

component (Ctein), and this taken in conjunction with its fast splicing rate, has made it a 

target for researchers trying to determine the essential components of an active intein 

[168]. It has been used as the template for taking only the necessary structures from 

naturally single-chain inteins and converting them into split inteins [169]. The structure 

of this protein construct can be seen in Figure 8a.  
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We first wished to confirm gp41-1 activity in mammalian cells. We concatenated 

the halves of a minimal Gal4 transcription factor (TF) to each half of the intein, 

separating the activating domain of the TF from the DNA binding domain of the TF 

(Figure 8b). In conditions where the intein is active, the halves should electrostatically 

attract each other and mediate a splicing reaction between their exteins forming an active 

TF with both a DNA binding domain and an activating domain. We used a UAS driven 

fluorescent reporter, H2B-Citrine, as a measure of active TF reconjugation and measured 

by flow cytometry intein activity together with activating domains of different strength 

(Figure 8c). The TF has activity based on the strength of the activating domain when 

both halves are expressed, and this activity can be turned off when a non-splicing C1A 

mutation is made to the Ntein [92].  

To make a splicing dependent degron, we placed a ubiquitin-independent degron 

between the C-terminus of the protein and the C-terminal Ntein (Figure 8d). We use 

mouse ornithine decarboxylase C-terminus (residues 422-461), also called a PEST 

domain (proline, glutamic acid, serine, and threonine rich polypeptide region), as our 

degron [122]. This PEST tag has also been successfully implemented with GFP to make 

the two-hour half-life GFP for studies of transient phenomena, and has been shown to be 

ubiquitin independent in action [170-173]. Ubiquitin independent proteosome 

degradation occurs when two design constraints are met: a) specific association with the 

proteosome and 2) a destabilized domain [174,175]. The mouse ornithine PEST meets 

these conditions, however interestingly, split inteins are also destabilized prior to 

association with their partner and therefore should contribute to the degradation scheme 
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[176]. We hypothesized that the steric constraints caused by cyclization would decrease 

the disorder of the PEST such that as a cyclized protein it would no longer be degraded, 

creating a semi-stable protein only when successful splicing could occur.  

Additionally, we placed a cut site for the well characterized protease from tobacco 

etch virus (TEV-P) between the GFP and the C-terminal Ntein [177]. TEV-P is popular 

for synthetic applications due to the specificity of the protease target, and is commonly 

employed to remove purification tags or otherwise process recombinant proteins [178-

180]. We anticipated that protease cleavage would convert the stable GFP to an 

unstabilized phenotype.  

3.2.3: Additional Methods 

	 Please see Section 2.3.2 for basic methods used in these assays. Gp41-1 sequence 

was published in Wang, et al, 2018 [181], humanized using IDT mammalian optimization 

protocol (Integrated DNA Technologies), and synthesized as a long gene fragment 

(Integrated DNA Technologies). The final sequence was Ntein: 

TGTCTGGACCTGAAGACTCAGGTCCAGACACCTCAGGGAATGAAGGAGATTT 

CCAATATACAAGTAGGAGACTTGGTGTTGAGCAACACTGGCTATAACGAAGT

TCTCAACGTATTTCCCAAATCAAAGAAAAAGTCCTATAAAATTACACTTGAA

GACGGCAAGGAAATAATATGCTCCGAGGAGCACTTGTTCCCAACCCAAACTG

GTGAGATGAACATTAGTGGTGGGTTGAAGGAGGGAATGTGTTTGTATGTCAA

AGAG and Ctein: ATGATGCTGAAGAAGA 

TTCTGAAAATAGAAGAGCTGGATGAACGGGAGCTGATCGACATCGAGGTCTC

AGGGAACCACCTGTTCTACGCGAACGATATACTTACGCACAACTCA. For best 
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splicing the contextual SSDV amino acids were added directly after the active serine on 

the Ctein. Cloning was performed using standard Gibson cloning methods. The TEV 

protease was a gift from Xiaokun Shu (Addgene plasmid #64276) and the protease cutsite 

used was ENLYFQG [182,177]. The citrine reporter and Gal4 as well as VP64 and p65 

domains were the same as reported in Chapter 2, and were a gift from Michael Elowitz 

(Caltech). The alpha-helix transmembrane domain was also the same used in Chapter 2.  

HEK293FT cells (ThermoFisher) were transiently transfected using 

Lipofectamine 3000 reagent (ThermoFisher) at a ratio of 50 ng total DNA per 500,000 

cells unless reported otherwise. Cells were plated 125,000 cells per 96 well. Cells were 

transfected in suspension, plated and incubated for 24 hours before analysis.  

Primary antibodies used: anti-GFP rabbit polyclonal (Sigma Aldrich G1544, 

1:200 for immunofluorescence, 1:3000 dilution for western blot) and anti-Gapdh mouse 

(ThermoFisher MA5-15738, 1:3000 dilution). Secondary antibodies used: goat anti-rabbit 

AlexFluor 647 (Sigma Aldrich SAB4600184, 1:200 dilution), anti-rabbit HRP (BioRad 

170-6515, 1:3000 dilution), and anti-mouse HRP conjugate (Cell Signalling; 7076; 

1:3000 dilution).  

Fluorescence images were taken in FluoroBrite DMEM (ThermoFisher) with cells 

seeded 120,000 cells per well of 8-well optically clear plastic plates with ibiTreat (ibidi). 

Images were taken using a GFP or Cy5 filter cube, as appropriate. The image files were 

processed using ImageJ image analysis package Fiji and were contrasted uniformly 

across experiments.  
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Figure 8: Gp41-1 intein structure and synthetic context 
a) Gp41-1 protein structure. The Ntein is depicted in green and the Ctein is depicted in 
blue, with the active site marked in red. b) Schematic for our intein testing platform; 
successful splicing will result in a full Gal4min which can drive a reporter gene. c) 
HEK239FT cells were transiently transfected with DNA for Nteins and Cteins with 
varying splicing ability and TA strength along with a UAS driven H2B-Citrine reporter. 
Reporter output was measured by flow cytometry and reported in geometric mean 
fluorescence ± s.d.. d) Schematic for a cyclizable GFP with a degron and protease cut site.  
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3.2.4: Results 

We expressed our cyclizable, PEST-tagged GFP in HEK293FT cells along with 

GFP, GFP-PEST (also known as d2GFP, established to have a 2 hour half-life), and a 

splicing incompetent GFP-PEST control with a C1A mutation in the Ntein. By 

fluorescence microscopy, we see a bright signal from GFP and a dimmer signal from 

d2GFP due to the high turnover rate as expected (Figure 9a). While we had previously 

seen the C1A mutation lead to an inactive TF, we find that the cleavage activity 

preserved by this mutation allows the protein to recover the longevity of stable GFP [92]. 

However, where we expected the cyclized form to be stable, we instead saw a lack of 

fluorescence.  

We immunostained these cells for GFP to determine if the GFP-based construct 

was being produced (Figure 9b). We saw a very strong signal from these cells, indicating 

that GFP was being produced and retained for the cyclized GFP at a rate much higher 

than the other GFP constructs. Western blot indicated the expected weights for GFP, 

d2GFP, and cyclized GFP with C1A, however there was a series of bands for cyclized 

GFP corresponding to 1x, 2x, 3x, up to 7x and possibly up to 10x the weight of the cyclic 

product (which would include the linker and the PEST domain but not the inteins) 

(Figure 10a). The band strength of the blot indicates that the molecules are more likely to 

splice with another protein than remain a singlet cyclized protein. We wondered if this 

was driven by the overproduction of product by the HEK293FT cells, which could be 

ameliorated by reducing the amount of plasmid transfected into the producer cells and we 

would expect to see the band weights change as more cells were producing the construct 
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via a single transfected plasmid over cells transfected with two or more. We titrated the 

DNA used for transfection, but saw no change in band wight (Figure 10a). In contrast, 

when we expressed TEV-P along with the construct, we were able to recover singlet GFP 

and this was retained at a higher rate than the mutated C1A construct with GFP-

equivalent stability (Figure 10b).  

We tested whether this band pattern of polymerization was due to the 

concentration of construct at the production site and attempted to alter the environment of 

production by tagging the protein with a transmembrane tether that would be released 

upon splicing. This would target the ribosomes to the endoplasmic reticulum before full 

translation of the protein and these proteins would be actively trafficked to the plasma 

membrane, away from the production site, upon completion. However, this did not 

change the band pattern (Figure 10c). 
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Figure 9: Expression of intein-GFP construct in HEK293FT cells 
a) Fluorescence images of transiently transfected HEK293FT cells expressing GFP, 
PEST tagged d2GFP, the cyclizable construct with a C1A mutation, and the 
circularizable construct with active inteins. b) Transiently transfected cells with the 
above constructs and a non-transfected control were fixed in paraformaldehyde and 
immunostained for GFP using a rabbit polyclonal antibody (Sigma Aldrich G1544) and a 
goat anti-rabbit-AlexaFluor 647 conjugated secondary (Sigma Aldrich SAB4600184) 
along with an examination of retained fluorescence. It can be seen that while the 
cyclizable GFP does not fluoresce, it is still well expressed.  

 
a)  

 
b)  



 
	

	

49	

	  

TEV 
-      + 

N
T 

G
FP

 

d2
G

FP
 

C1
A 

30
 n

g 

15
 n

g 

6 
ng

 

3 
ng

 

1 
ng

 

Figure 10: Western blots of cyclizable GFP  
a) HEK293FT cells were transfected with 20 ng of control constructs (GFP, d2GFP, and 
C1A mutated cyclizable GFP) as well as cells transiently transfected with titrated 
cyclizable GFP DNA. A polyclonal rabbit anti-GFP (Sigma Aldrich G1544) was used to 
identify GFP, expected at 26.8 kDa, d2GFP at 31.3 kDa, and non-splicing C1A GFP 
with the cleaved Ctein at 42.1 kDa. Singlet cyclized GFP is expected at 32.3 kDa, but 
bands are also seen at ~65 kDa, 95 kDa, and 130 kDa, corresponding to 2x, 3x, and 4x. 
Higher weight bands corresponding to greater polymerization are evident. Gapdh was 
evaluated as a loading control using a mouse anti-Gapdh antibody (Thermo Fisher MA5-
15738). b) HEK293FT cells expressing the cyclizable GFP with and without TEV 
protease show enrichment at the 32.3 kDa band. c) Cyclized GFP with an added TMD 
was transiently transfected into HEK 293FT cells, but this did not significantly change 
the band pattern of the polymerization reaction.  

 
a)  

 
b)  

 
c)  



 
	

	

50	

3.2.5: Unanswered Questions 

We find it striking that a fast-splicing intein placed at nearby termini of a stable 

protein would be more likely to splice with an adjacent protein. This may indicate a 

significant amount of time during the GFP maturation process that the termini are 

sterically constrained away from each other, or at least an amount of time longer than the 

time required for the intein to associate and splice with another protein. This could be 

tested by altering the cargo protein and or the intein to compare resulting band patterns.  

It would be of interest to produce this construct in a cell free system where the 

concentration of protein produced can be carefully titrated. This would help determine 

the concentrations necessary to push the reaction to longer polymers or shorter triads and 

diads and could give functional data about the environment within the producer cell if the 

distribution can be replicated artificially. It is also possible that this band pattern is due to 

the physical aspects of the system including time the inteins are sterically constrained 

from each other with respect to the association and splicing time. The splicing time is 

known, and this could help elucidate the intermediate stages of GFP maturation.  

We find that this project has opened up more questions than answers about the use 

of inteins in synthetic contexts. We would be very interested to see advances in the realm 

of studying transient protein dynamics to elucidate the cause of the interactions here.  
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3.3 Engineering inteins with inducible activity 

3.3.1 Background and motivation 

Inteins are already utilized as powerful tools in synthetic contexts, however tools 

are more effective the more precise control the user has over them. While there have been 

efforts to improve the splicing speed and efficiency of known split inteins [148,150], 

there are also advantages to having inteins that only splice in specific contexts. This 

system would be very similar to controlled dimerization; a platform that has enabled drug 

sensitive control of gene expression [96,183], light controlled enzymatic activity 

[184,185], and other powerful processes. However, since inteins are autonomous splicing 

units, they also confer unique switch-like behavior, which we anticipate can make the 

system more sensitive to signals. Additionally, the intein domains are removed from the 

protein product, making the system much more flexible and plug-and-play friendly. 

There is much less need to go through the lengthy and costly iterative design process to 

determine best split sites [186,187]. Engineers have worked hard to develop systems with 

control schemes that are easy to implement in laboratory or therapeutic settings and 

confer precise spatial and temporal control. We suggest that implementing this design 

process on inteins would result in invaluable protein tools.  

Inteins have evolved environmental sensitivity in a variety of contexts, not just 

pH and temperature as previously mentioned but also cases of DNA damage and high 

reactive oxygen species [188-190]. In the native context, these splicing elements often act 

as sensors for environmental stressors [189-191] despite their origin as selfish genetic 

elements [134]. It has been suggested that these could be synthetically implemented as 



 
	

	

52	

environmental sensors as well, such as for reactive oxygen species [192]. However, 

changing the environmental context in the case of an experiment or a therapy as a 

measure of control over the activity of a protein isn’t always simple or possible, and 

increasing concentration of reactive oxygen species or DNA damage is clearly not 

orthogonal to their host. Indeed, neither is changing temperature or pH. To this end, it is 

necessary to engineer novel function into inteins in order to produce the desired tools.  

3.3.2 Small-molecule drug induced intein splicing 

3.3.2.1 Drug inducible inteins 
	

Small molecule drug systems are popular in both discovery and therapeutic 

platforms for their ease of use, temporal control, and built-in gradation of signal by 

control of dosage. A small molecule drug driven splicing tool would be very valuable for 

control of protein activity. A separated, inactive protein could be turned on by a drug-

driven splicing reaction at the time drug is added and an intein-based split system could 

be used to inactivate proteins without the lengthy library screening and testing necessary 

to find small molecule or peptide inhibitors [193,194]. It’s also advantageous over small 

molecule protein heterodimers like rapamycin and gibberellin that require fusion 

proteins, as splicing removes the associated machinery, leaving a small to 

inconsequential scar [195,196]. Implementation of heterodimerizes within new proteins 

requires lengthy rounds of testing and checking, but this can be reduced with intein 

splicing [186,197]. Of note, the other difference when using inteins is that splicing is 

irreversible. This can be an advantage when switch-like behavior is desirable, as well as a 

disadvantage, when temporal sensitivity to drug removal is required. We suggest that this 
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can be additionally addressed and tuned via the use of degrons [198]. 

A few labs have taken approaches to this problem. The first small molecule 

induced intein splicing system was by HD Mootz in the Muir lab, who artificially split a 

single-chain intein from yeast, Sce Vma intein [199]. Since this intein was adapted to a 

constrained length between the Ntein and Ctein, it did not have the extensive charged 

association domains commonly found in naturally split inteins, which made the splicing 

slow unless it was artificially brought into proximity with the other half [176]. Mootz et 

al used FKBP and FRB rapamycin induced dimerizers. This system was successfully 

employed in HEK293 mammalian cells and in flies, suggesting general applicability of 

the method [200,201].  

The second approach, by D Buskirk in David Liu’s lab, uses an estrogen receptor 

to fix the two sides of the intein conjugation machinery of a single chain intein in an open 

configuration until it binds 4-hydroxytamoxifen, an estrogen analog [202]. Upon binding, 

the protein changes configuration to allow the intein domains to associate and splice. This 

system uses steric separation of protein domains to inactivate the associated protein 

extein. Since it employs an estrogen receptor, it is not orthogonal to mammalian systems, 

so while the first round of engineering in yeast yielded good results, this had to be 

revisited to adapt it to mammalian systems [203].  

Neither of these systems received much employment in the scientific community, 

despite being established more than fifteen years ago and having development work 

suggesting broad applicability to a number of biological contexts. This suggests that there 

are still needs not addressed by these modifications. 
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3.3.2.2 Design 
	

We wished to employ our NS3 HCV protease and drug inhibitor system to create 

a drug inducible intein. Working off of the structure of the Mootz, et al construct, we first 

developed a testable prototype that would function as an AND-gate [199]. It would 

require both rapamycin and NS3 inhibitor in order to splice by using the proximity 

dependent intein, VMA, and employing NS3 protease domains as the linker between the 

intein and the FKBP and FRB association domains (Figure 11). We intended to switch 

the FKBP and FRB domains for constitutive protein association domains once the 

technology was confirmed to work under the previously established framework.  

We acknowledged that an AND gate reduces the anticipated number of spliced 

proteins, so we employed the splicing machinery within a Cre recombinase. Cre 

recombinase targets loxP sites and only two active molecules within a single cell are 

required to mediate genetic changes, making it a sensitive system for testing intein 

splicing [204]. We used a selected pool of cells expressing a DsRed to GFP Cre stoplight 

cassette, which contains loxP sites that excise the sequence for the DsRed and a 

terminator, allowing the cell to produce GFP [205]. We used a previously published 

intein recombination site in Cre, at amino acid 232 [206]. However, despite confirming 

activity of the Cre recombinase via intein splicing at that site using other inteins, we 

could never recover VMA activity, including when reducing the structure to that of 

Mootz et al, 2002. These results indicated that the VMA intein was not very suitable for 

use in mammalian cells, and this was corroborated by a 2019 paper from the lab that 

failed to see activity from the VMA-rapamycin system [207].  
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Figure 11: Drug inducible intein  
Schematic for the use of a LiNC in the creation of a drug inducible intein. This 
inducible intein requires induction from both a NS3 inhibitor to stabilize the VMA 
intein connection to the dimerizers and rapamycin to bring FKBP and FRB together.  
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3.3.2.3 Outlook on drug-inducible splicing 
	

The established methods for drug inducible splicing clearly don’t fit the 

engineering needs of the scientific community. One technology utilizes the estrogen 

receptor as a scaffold, and this has endogenous interactions in mammalian systems. The 

other technology utilizes an intein with irreproducible splicing activity.  

The 2019 paper from the Muir lab describes the construction of a new proximity-

induced intein system based on the well-established Npu intein, and show that it can be 

brought together with rapamycin, making a drug inducible intein system. However, the 

proximity-induced activity is via a caging mechanism, where the cages have a loose 

electrostatic attraction that blocks the naturally split intein from finding its pair, but will 

bind the pair when closely associated as with rapamycin dimerization [208]. This 

structure is unsuitable for the protease drug-inhibited cleavage system due to size and 

association constraints, and these factors may limit the usefulness to the scientific 

community as well. There remains a need for an easily implemented small molecule 

sensitive splicing system.  

We hypothesize that one can be constructed in the future using one of many small 

molecule drug hybridizers using the schema published by Mootz et al., in 2002 [199]. 

The need, in this case, is for a structured proximity induced intein that is active in the 

target system, such as mammalian systems. We additionally hypothesize that this can be 

constructed using either directed evolution for splicing activity only in the presence of the 

small molecule dimerizer in systems such as the eVOLVR [82], or using rational protein 

editing to reduce spontaneous intein association, either by reduction of the intein 
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association domain or by altering the electrostatic attraction such that it does not 

spontaneously associate. The first strategy retains the drawback of non-mammalian 

contexts used for directed evolution. There would remain a need to corroborate proximity 

splicing in mammalian cells. The second strategy is labor intensive, but would be 

facilitated by the decreasing cost of gene construction, reducing the time needed in house 

to test a library of rationally designed constructs. Despite advancement in cloning 

technology, it is still a lengthy and sometimes obtuse prospect to edit protein structure in 

a traceless manner. Both of these strategies would require careful editing to retain enough 

association to allow the intein components to align for splicing but not so much that the 

intein has background splicing activity in the absence of a dimerizer, and this specific 

titration would be difficult to measure in alternate biological systems. We hope that 

future endeavors will design with orthogonality and plug-and-play implementation in 

mind.  

3.3.3 Light activated inteins 

3.3.3.1 Motivation 
	

Light activated systems are particularly useful in laboratory contexts where the 

targets can be made easily accessible to light due to the precise temporal control, same as 

drug inducible systems, with the added advantage of spatial control. With the use of 

advanced optics, single cells can be targeted [208]. These systems have found fewer 

purposes in therapeutics for the obvious reason that humans are large, opaque structures, 

yet some have still been approved for skin related diseases such as cancer [209] as well as 

for treating light accessible areas like the airways [210]. There remain therapeutic 
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systems where light-inducible activity is welcome, and so a need for orthogonal 

development.  

There have been a few approaches to a light-induced intein splicing system. The 

earliest dates to 1995, where the Noren lab probed plant-derived intein activity by 

inserting a non-canonical photo-caged amino acid at the active serine site, thereby 

proving that it was necessary for the splicing activity [211]. This approach was repeated 

by a number of labs with inteins in vitro and in vivo using non-canonical amino acid 

incorporation tools [212-215]. Other strategies have included one from the Muir lab, 

using photodimerizers from Arabidopsis thaliana in conjunction with the proximity 

induced VMA intein [216]. Additionally, Light, Oxygen, Voltage (LOV) domains have 

been employed as steric hindrance to splicing in the absence of light, however these did 

not generate splicing with a great dynamic range, the second reporting a dynamic range 

of ~2.5x [217,218]. There remains space for an effective, easily implemented light-

controlled intein system.  

3.3.3.2 Design 
	

For the construction of our light-inducible intein, we wished to use the 

photocleavable protein PhoCl [219]. PhoCl was engineered from a photoconvertible 

green to red protein to spontaneously dissociate. The chromophore still converts, 

however during this process the chromophore is released from the beta-barrel and the 

protein domain conjugated to it detaches from the complex, forming a light destabilizing 

linker. We wished to place this dissociation domain in between an intein and a caging 

peptide that blocks the sites essential for intein pair capture. This strategy is based on 
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Intein Zymogens by Gramespacher, et al., which employ these cages as a tool for 

identifying viral protease activity by proteolytic cleavage that thereby allows for a 

splicing dependent signal [220]. This paper reported that the efficiently splicing gp41-1 

intein was a poor choice for this system, as it was more likely to escape the cage and 

splice non-specifically, so we chose a slightly less efficient intein from the same source 

called gp41-8 [92]. We tested this system using a minimal Gal4 TF to determine splicing 

activity (Figure 12a).  

	
3.3.3.3 Results 
	

We expressed our PhoCl-conjugated caged-inteins in HEK293FT mammalian 

cells to test the dynamics of the system. First, we wished to see if we could see the photo 

conversion under a fluorescence microscope. Under the 545 nm lamp for imaging red 

fluorophores, we first saw no signal (Figure 12b). We observe a strong signal under the 

470 nm lamp as expected for unconverted PhoCl and after returning to the 545 nm light, 

we see signal for converted peptides from the light used to visualize the unconverted 

protein. We use this process for photoconversion moving forward.  

We expressed our PhoCl inteins together with each other and with uncaged gp41-

8 inteins in series in HEK293FT cells with a co-transfected mTurqoise2 UAS-driven 

reporter; we designated PhoCl inteins as Cag-Ctein or Cag-Ntein and uncaged inteins as 

Un-Ctein and Un-Ntein (Figure 12c) [221]. Half of these samples were hit with uncaging 

light for five minutes; PhoCl was observed to uncage at 500s so we expected this would 

be sufficient for our samples [219]. At best, we observe a dynamic range of 1.36 with a 

caged Ntein and uncaged Ctein, which falls short of our target of 2.5. 
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Figure 12: A light inducible intein 
a) Schematic for the use of a light-activated cleavable peptide in the creation of a light-
inducible intein. Inteins are caged until photocleavage releases the inhibiting domain. 
b) Fluorescence images of a sample of cells before, during, and after photo-cleavage, 
visible through the formation of a red fluorescent molecule before the photocleaved 
domains diffuse away from each other. c) HEk293FT cells were transiently transfected 
with a normal intein or photocaged intein half along with a UAS driven BFP reporter 
24 hours prior to exposure to 470 nm light. The cells were analyzed by flow cytometry 
24 hours post activation and compared to a reporter only control and constitutively 
expressed Gal4-VP64. BFP fluorescence is reported in geometric mean fluorescence ± 
s.d.. 
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3.3.3.4 Discussion 
	

We were able to see some light activated splicing dependence in our PhoCl caged 

intein construct, however it is clear that more development of the system would be 

necessary to fully control it via light. We saw very little activity using both caged inteins, 

even when activated via light. When the PhoCl-caged inteins were expressed with a non-

caged intein, activity was recovered, however the greater portion of this activity was light 

independent. The greatest dynamic range between un-activated and light activated inteins 

was seen in the case of caged Ntein and uncaged Ctein, however we observed a dynamic 

range of 1.36, which falls short of the previously published work which established a 

dynamic range of 2.5 [218].  

We were not able to reach our goal of a greater dynamic range than the leading 

photoactivated intein competitor. An important area of exploration would be 

improvement of the tools used for photoactivation, including stronger and more specific 

light activators and dark rooms to reduce background light activation. The unactivated 

samples were protected from light as much as possible but needed to be worked with in 

communal spaces and grown in a communal incubator. However, a system this difficult 

to implement does appear to have drawbacks for use in a laboratory setting, let alone 

expansion into therapeutics, so it is possible that more success might be found using a 

system with a further-UV shifted excitation peak such that ambient light contamination 

would not have as strong of an effect.  

It would be of interest to determine if the dynamic range could be improved by 

directed evolution or a library of mutants screened for distinct caged and uncaged 
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phenotypes, similar to the process used to elucidate PhoCl. We acknowledge that more 

work needs to be done to make this a useful tool for downstream biotechnological 

applications. 

	

3.3.4 Additional Methods 

 The VMA intein was reported in Mootz, et al 2002 [199]. We humanized the 

sequence using IDT expression optimization software and had it synthesized as a long 

gene fragment in sequence with NS3 and cutsites (Integrated DNA Technologies). These 

were cloned using standard Gibson cloning techniques into pcDNA3 backbone in 

conjunction with Cre recombinase (a gift from Connie Cepko, Addgene plasmid #13775) 

and FRB and FKBP domains (a gift from Peter Varnai, Addgene plasmid #40897) 

[222,223]. HEK293FT cells with a clonally integrated Cre recombinase stoplight using 

the clone production methods reported in Chapter 2 (a gift from Niels Geijsen, Addgene 

plasmid #62732) were transfected with 25 ng of Ctein and 25 ng of Ntein plasmid.  

 PhoCl was a gift from Robert Campbell (Addgene plasmid #87693) and the caged 

gp41-8 sequence was pulled from Gramespacher et al. 2017 [224,220]. The gp41-8 

sequence was optimized for human expression using IDT’s expression optimization tools 

(Integrated DNA Technologies) and constructed as a gene fragment by Twist (Twist 

Bioscience). The reporter plasmid was constructed in house and the mTurqoise2 

sequence (BFP reporter) was a gift from Dorus Gadella (Addgene #36204) [225].  

 PhoCl constructs and controls were transiently transfected using Lipofectamine 

3000 reagent (ThermoFisher) at a ratio of 50 ng DNA per 500,000 cells. This was broken 
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down into 15 ng of each half of the TF and 20 ng of UAS reporter. 15 ng of control Gal4-

VP64 was used to approximate the amount of expected full TF produced from each half. 

PhoCl constructs were activated 24 hours after transfection, and 24 hours after analyzed 

using fluorescence imaging or flow cytometry. Activation was performed using a 470/30 

excitation filter on a Zeiss Axio Observer with a X-Cite 120 lamp (Lumen Dynamics) for 

5 minutes. Non-activated controls were kept on a different plate to protect from light.  

 Cells analyzed by flow cytometry were gated for living cells by scatter detection. 

Additionally, they were transfected with a constitutive mCherry transfection marker (total 

breakdown 10 ng mCherry, 10 ng UAS-mTurq2, 15 ng Gal4-DBD, and 15 ng VP64-TA) 

which was an mCherry tagged H2B gifted by Robert Benezera (Addgene plasmid 

#20972) [226]. Cells were gated to the top 1% red fluorescence of untransfected cells, 

collected those expressing both mCherry and red fluorescing PhoCl during uncaging. The 

geometric mean measured reporter fluorescence levels were reported in arbitrary 

fluorescence units (AFU). All flow cytometry data was collected using three biologically 

independent samples and the error bars represent the standard deviation.  

	

3.3.5 Closing remarks 

	
We tested multiple systems for enabling spatial and temporal control over intein 

splicing. Despite working with published constructs, we were not able to implement drug 

activated splicing with the VMA intein, and this intein was found and corroborated to be 

inactive in modern mammalian cellular systems [207]. We hypothesize that the limiting 

factor in the production of a small-molecule drug-induced intein splicing system is the 
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engineering of a small proximity-induced intein. We saw a trend toward light activated 

splicing with our PhoCl caged, light sensitive intein constructs, despite not seeing very 

much activity when both constructs were light dependently caged. However, the best 

reported dynamic range of 1.36 does not encourage use of this system over previously 

reported systems with a reported dynamic range of 2.5 [218]. 

We remain interested in the developmental space for inducible intein constructs. 

Inteins are fairly new tools in the protein engineering space. They were only discovered 

in 1988 [135], giving them a little more than 30 years of development time, whereas 

rapamycin was discovered in 1972 [227]. They were hindered at the outset by inefficient 

splicing and slow splicing rates [137,145]. However, despite this, these autonomous 

protein editing domains were recognized as powerful protein tools and implemented 

synthetically to remove selection domains from isolated proteins [228]. This drove 

interest in the protein elements, which in turn drove research into native systems and 

protein engineering of existing domains. We hope to see continued engineering of these 

systems moving forward.  

There are existing naturally inducible protein splicing domains. These are 

inducible via conditions that are not useful for therapeutics, but we look forward to 

seeing them implemented as environmental sensors [190,192]. Additionally, these may 

be an area of interest for engineering drug or light inducible activity, and further research 

into these protein elements may reveal more strategies to test. From the active patent 

space [228], we see that inteins remain an area of active interest and development, and 

anticipate what tools may come out of the field soon. 	  
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Chapter 4: Intein-gated delivery of natively-folded proteins via extracellular vesicles 

4.1: Background and motivation 

Extracellular vesicles (EVs) have emerged as promising novel therapeutic cargo 

carriers and powerful biotechnological tools. EVs are endogenous cellular systems for 

inter-cellular transport and communication. They were originally thought to be a method 

of excreting waste or extraneous components from a cell, by packaging these unwanted 

elements in lipid envelopes and expelling them into the extracellular space [229]. It has 

since been confirmed that these small lipid capsules can be taken up by other cells, 

allowing cells to exchange signalling molecules as well as membrane components and 

even nucleic acids [230]. This makes EVs an invaluable tool for transporting synthetic 

cellular components into target cells for therapy and engineering.  

EVs have been tested for application to a number of therapeutic contexts. They 

are of interest due to their cell-similar membrane composition which makes them less 

targeted by the immune system and longer lasting in the circulatory system than synthetic 

lipid nanoparticles like liposomes [231]. EVs have been used to deliver small molecule 

drugs, encapsulated during vesicle construction via modified cells or after production by 

diffusion [232]. They have also been key delivery candidates for endogenously folded 

proteins including membrane proteins. Since EVs are formed from endogenous lipid 

bilayers, membrane proteins can be natively constructed and then extruded onto the EV 

with no loss of conformation due to dissociation with the bilayer. Therapeutic delivery of 

membrane proteins has some existing challenges but it has successfully delivered 

targeted therapeutic membrane proteins such as membrane-bound TNF-related apoptosis 
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inducing ligands (TRAIL) to tumors in vivo [233]. These tools can also be used to deliver 

therapeutic nucleic acids, such as EGFR siRNAs to inhibit tumor growth [234].  

EVs are also of interest for bioengineering. Many biological engineering tools like base 

editors and recombinases are protein constructs, which are easily constructed and 

encapsulated in EVs. The advantage of EVs as delivery mechanisms for these protein 

constructs over more traditional mechanisms like electroporation, transfection, or viral 

transduction is the direct, transient application of the protein. Traditional mechanisms 

induce production of the therapeutic protein via addition of a DNA template. This means 

that the cell produces the protein on its own, potentially producing vast quantities. Direct 

protein delivery limits the amount of protein in the cell, and this reduces off-target 

effects, cell load, and immune response [235]. EVs have been used to deliver 

recombinases, Cas-9 ribonucleoproteins, and other base editors in cellular engineering 

contexts with reduced off-target effects [236, 237, 238].  

Endogenous EVs are a powerful tool for therapeutics and engineering, however 

they also have some persisting challenges. Most methods for collecting endogenous EVs 

collect a heterogenous population including both microvesicles, formed from pinching 

off the plasma membrane, and exosomes, formed within endosomes and then released 

into the extracellular space, and there are difficulties in isolation of desirable populations 

and scale up [239]. A strategy that addresses this is EV production via viral envelope 

proteins (VEPs). A number of VEPs have vesicle forming properties, so when expressed 

by the producing cell can induce production of a high quantity of more homogenous EVs 

[235, 240, 241]. In particular, the VEP vesicular stomatitis virus glycoprotein (VSV-G) 
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has been of interest due to its familiarity as an engineering tool. It is used in the 

construction of lentivirus to expand the tropism of the HIV gene insertion complex due to 

the way it targets the low density lipid receptor (LDL-R) and family, a conserved family 

of receptors in multicellular organisms [242, 243].  

The use of VSV-G as a vesicle inducing protein also has other advantages, due to 

its fusogenic properties. VSV-G mediates viral infection not only by targeting receptors, 

but by causing the fusion of the viral envelope with the target cell’s plasma membrane 

through conformation changes [244]. Non-fusogenic EVs can be impeded from 

delivering their payload due to endosomal entrapment, where they are endocytosed and 

the endosome is directly fused to a lysosome instead of allowing the vesicle to fuse with 

the membrane and release their cargo. VSV-G on the surface of EVs mediates vesicle 

uptake by direct fusion, making it a more robust system for getting payloads into target 

cells [245].  

VSV-G mediated EVs (VEVs) address a lot of challenges faced when engineering 

EVs to deliver synthetic cargos, including inducing a greater production of more 

homogenous EVs for ease of isolation and characterization, and evading endosomal 

entrapment to improve delivery of the cargo to the target. However, the broad tropism 

afforded by VEVs is a new challenge to overcome when there is a desire to target certain 

cells or tissues. There are many methods for doing this, including using other fusogenic 

receptors with different targeting moieties, or cargos that would only activate in target 

cells. We focused on a robust method that could be implemented with a variety of cargos 

and cell targets with minimal changes. This would make it fast and easy to implement in 
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a variety of contexts. To do this, we developed a system using inteins as a membrane 

tether and biological lock for the cargo protein. 

 

4.2 Inteins as a translation-dependent membrane tether 

We first defined the intein lock system to be implemented in cargo-carrying 

VEVs. Taking inspiration from the NS3 tethered-cargo system we first replaced the NS3 

with an intein to confirm whether this system could, in a translationally dependent way, 

release a cargo (Figure 13a). We chose the Gp41-1intein pair for its efficiency and fast 

splicing [246]. In this system, we acknowledge that there are two possible configurations: 

the Ntein could be the linker or lock, mediating splicing between the Ctein-key and 

extein and the membrane tether, or the Ctein could be the linker, mediating splicing 

between the cargo and the Ntein-key and extein (Figure 13b).  

We tested both configurations using the transcription factor (TF) Gal4 as the 

cargo and GFP as the extein stabilizer for the non-membrane-bound intein halves. These 

protein constructs were transiently transfected into a HEK293FT clonal line with an 

integrated UAS driven H2B-mCherry reporter. There is a clear difference in free TF 

between the systems transfected with the stable singular component versus with the intein 

key to release the cargo. This is visible via the fluorescent reporter in the nucleus by 

fluorescence microscopy as well as when evaluated by flow cytometry (Figure 14a, b). 

This system was also tested with other membrane tethers, including a myristoylation-

palmitoylation (MP) tag and the signalling sequence from Tom20, which directs the 

protein construct to be tethered to the mitochondrial membrane (Figure 14c, d).  
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Of note, we observed some leakiness in the cases where only the membrane 

bound cargo was transfected. This is especially evident with a Cre recombinase cargo. 

Cre recombinase is a gene editor originating from bacteriophage P1 that mediates DNA 

splicing at loxP sites, and only two free recombinases need to make it into the nucleus to 

make a genetic change. The Cre cargo was tested by transient transfection into a Cre 

stoplight reporter cell line; these cells express a red fluorescent reporter with a terminator 

which is between two loxP sites, and when excised, allows a green fluorescent reporter to 

be expressed (Figure 15a) [247]. The cells were transfected with both the Ntein lock and 

the Ctein lock and evaluated by fluorescence microscopy (Figure 15b). The cells 

expressing the Cre cargo construct in isolation display significant GFP production, 

indicating that there is some small amount of background release of cargo; we expect this 

is due to degradation of the construct or overburdening of the myristoylation system and 

could be reduced by decreasing the amount of construct produced. Transient transfection 

leads to heightened production of a construct over an integrated gene due to single cells 

picking up multiple copies of the gene, which can be avoided by transfecting with 

decreased concentrations of DNA. As a proof of concept, we transfected varied amounts 

of cargo construct DNA and found that not only were we able to greatly reduce 

background, a greater dynamic range was found with both TF and Cre cargo systems 

(Figure 15c, d).   

 

We have shown that inteins work as a dynamic biological lock and key 

mechanism. These directly transfected systems display some background cargo release, 
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however we have shown that this is reduced when protein production is reduced. We 

hypothesized that the low protein concentration delivered via EVs will similarly address 

this leakiness.  

	   
a)  

 
b)  

Figure 13: An intein based dynamic membrane tether 
a)  Generalized design of the cargo tethered system employed in chapter 2; a cargo is 
concatenated to a generic plasma membrane tether via a dynamic linker, in this case, an 
intein. b) The possible configurations of an intein linker include a Ntein connection 
where the splicing forms a peptide bond between the Ctein extein and the membrane 
linker, releasing the cargo along with the associated Ntein; and a Ctein connection 
where the splicing occurs between the Ntein extein and the cargo, releasing it from the 
membrane but tagging it with an associated protein domain.  
 



 
	

	

71	

Figure 14: Evaluation of key-dependent cargo release from a membrane tether 
a) Fluorescence images of a UAS driven H2B-mCherry reporter clonal line of 
HEK293FT with transiently transfected 20 ng of no DNA, constitutively expressed 
Gal4, and a Ctein and Ntein connected TF cargo, with and without the respective intein 
key. Brightfield images confirm consistent cell density and BFP was used as a 
transfection control. We observe some leakage in the case where the cargo cassette is 
expressed without the key. b) Cells treated in the same manner as in (a) were analyzed 
by flow cytometry with gating for live cells and BFP transfection control. The remaining 
population was gated for mCherry positive cells by the top 1% of WT cells and the 
percentages of cells that fall into this category are reported. We use the same process 
with the MP bound cassette (c) and Tom20 bound cassette (d).  
 

c) 

a) 

b) 

d) 
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a) 

c) 

b) 

d) 

Figure 15: Implementation of the intein-membrane tether to deliver Cre recombinase. 
a) Schematic for Cre stoplight recombination. b) Fluorescence images of a Cre stoplight 
reporter line of HEK293FT with transiently transfected intein tethered Cre cassettes, imaged 48 
hours post transfection. These are compared to a naïve and constitutively expressed Cre control. 
c) A UAS driven H2B-mCherry reporter transfected with various concentrations of TMD-
Ntein-Gal4min recovers near nontransfected levels of background. d) Cre stoplight cells 
transfected with various concentrations of TMD-Ntein-Cre shows reduced recombination 
background.  
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4.3 Reduced tropism of intein-locked VEVs 

4.3.1 Design strategy  

We next wished to develop a robust lock-and-key mechanism for delivery with 

VEVs (Figure 16a). We used a MP tag as a membrane linker for the system, since the 

myristoylation residue in particular has been found to be a robust membrane tether for 

efficient incorporation of proteins into EVs [248, 249]. We compared MP tagged 

construct with TMD for incorporation into VEVs by western blot and confirmed that 

using MP led to an enrichment of cargo in the isolated VEVs (Figure 16b). We 

employed the Ntein of gp41-1 as the lock, as it consistently displayed greater dynamic 

range and less leakiness in all previous tests over a Ctein lock. The cargo is a placeholder 

for any protein that is inactive at the plasma membrane but can become active once freed. 

In the ensuing studies, this will be modeled by Cre recombinase and tested in Cre 

stoplight reporter cell lines. When this construct comes into contact with the other half of 

the intein, the gp41-1 Ctein key, the intein will drive the formation of a peptide bond 

between the stabilizing components adjacent to the Ctein (we use BFP as a stabilizer and 

fluorescent tag) and the membrane tether, releasing the cargo into the cytoplasm of the 

cell (Figure 16c).  

The full membrane tether-Ntein-cargo complex will be expressed by the producer 

cells in conjunction with VSV-G and incorporated into the VEVs (Figure 16d). The 

Ctein-key is induced in target cells, and induction of this complex confers susceptibility 

to the VEV cargo. We developed a pool isolated by selection via puromycin of 

HEK293FT Cre stoplight reporter cells that also clonally expressed the Ctein-BFP key. 
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Pool expression of the BFP tagged construct was confirmed by flow cytometry (Figure 

16e). These engineered VEVs have limited tropism due not by limiting fusogenic targets 

but via restricted release of the cargo from the membrane (Figure 16f).  

To produce large amounts of Cre-charged VEVs, we transiently transfected 

HEK293FT cells with both VSV-G and the MP-Ntein-Cre construct. The resulting media 

was collected and concentrated by centrifugation. We used western blot of both the 

producer cells and the concentrated media to confirm production and isolation of VEVs 

(Figure 16g). We further confirmed that each of the components was necessary for VEV 

production by performing the collection protocol on HEK293FT producer cells 

transfected with VSV-G and MP-Ntein-Cre in isolation. While some groups had found 

that a myristoylation sequence effectively targets proteins to endogenous exosomes, we 

found no evidence of Cre export in the VSV-G-negative control [239, 248].  

	  



 
	

	

75	

 

	  

Myr-palm  
Tether 

N-term 

Ntein 

Cre 
Recombinase 

C-term 

Anti-Cre 

Anti-VSV-G-tag 

Anti-Gapdh 

C    M     C    M 
MP       TMD 

Figure 16: An intein lock for VEVs 
a)  Schematic of MP-Ntein-Cargo system for integration into VEVs. b) Comparison of 
Cre integration into VEVs by MP and TMD tethers. Cells were transfected with 
constitutively expressed VSV-G and cargo cassette. 24 hours post transfection, the 
media was exchanged for OPTI-MEM, a synthetic, reduced serum media and the cells 
were allowed to express VEVs into this media for 48 hours. The media was collected 
and filtered through a 0.45 uM syringe filter and spun at 8000xg overnight at 4ºC. The 
pellet was resuspended at a ratio of 30 uL for 2mL original media and stored at -80ºC. 
This process was used for all subsequent collections of EVs for analysis or testing. 10 
ul of cell lysate and 3 ul of resuspended media pellet were run on the gel for western 
blotting. The blot was probed with rabbit anti-Cre (EMD Millipore 69050-3), rabbit 
anti-VSV-G-tag (abcam, ab183497), and rat anti-Gapdh-HRP (BioLegend 607904). 
These antibodies and this order of antibodies is used throughout this chapter. c) Intein 
key activity to release the cargo. d) Cargo incorporation into VEVs.  
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Figure 16: An intein lock for VEVs, cont. 
e) Gating for Cre stoplight reporter line and Cre stoplight + Ctein-BFP line. GFP 
positive cells were determined by gating for the top 0.1% fluorescence in the GFP 
channel of NT cells. f) Depiction of locking mechanism. Of note, the construct will still 
be delivered to all cells that can be infected via VSV-G, however only cells with the 
intein key will be able to “unlock” the cargo from the membrane such that it can be 
activated within the cell. g) Confirmation of components necessary for collecting 
bioactive Cre recombinase. Both the MP-Ntein-Cre cassette and VSV-G are required to 
get a signal from Cre stoplight reporters.  
 

 
e)  

 
f)  

 
g)  
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4.3.2 Activity 

The activity of the intein locked VEVs was tested in a co-culture of Cre stoplight 

reporter cells with and without the Ctein-BFP-key (Figure 17a). These are compared to a 

non-treated sample of cells, which display no recombination via GFP fluorescence, and a 

sample treated with Cre Gesicles from Tarkarabio. Takara’s Cre Gesicles are VEVs 

loaded with recombinase by a chemical dimerizer that drives increased concentration at 

the membrane, which functions as a positive control. Only the Ntein-locked VEVs 

display significantly more recombination in the Ctein+ cells than the Ctein- cells. 

Separate cultures of Ctein+ and Ctein- cells were treated with VEVs to find that the 

Ntein-lock has a background release of Cre recombinase in 0.5% of cells ± 0.15% with a 

dynamic range of 36x (Figure 17b).  

To confirm that the recombinase activity seen is due to intein-key release, we 

developed a set of low splicing variations. The first variation was a direct conjugate of 

the MP tag and Cre, which has no splicing capabilities. We confirmed by western blot 

that this is still incorporated into the VEVs (Figure 17c). When Ctein+ and Ctein- cells 

are treated with these, there is a small amount of background splicing due to inefficient 

degradation of the cargo, but this effect is insensitive to Ctein production (Figure 17d). 

The second contains a C1A mutation of the Ntein, which had been found by Carvajal-

Vallejos et al. to be inhibitive of splicing activity by driving a cleavage of the ctein-extein 

bond but leaving the Ntein fragment intact [246]. It was also employed to stabilize a full 

intein fusion by Beyer et al. for determining the crystal structure [250]. However, we 

found it to trigger a small amount of Ctein dependent release of cargo, indicating that 
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while the full splicing of the exteins may not occur, there was still some release of cargo 

from the membrane tether. The Nostoc punctiforme DnaE intein, among others, is also 

not completely inhibited by a C1A mutation, and this is ameliorated by mutating another 

residue at the active site (N137A) [251]. Mutating the analogous residue in gp41-1 would 

require mutating the Ctein, so we instead elected to mutate other residues at the active 

site, leading to a set of mutations that were able to inhibit intein dependent cargo release: 

C1A, L2G, D3A. These variations in splicing activity leading to variations in cargo 

delivery indicate that cargo delivery is intein splicing mediated except in the rare case of 

degradation escape by the cargo (Figure 17d).  
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Figure 17: Reduced tropism with the Ntein lock. 
a) Cre stoplight reporter with and without Ctein-BFP are displayed with blue fluorescence along 
the x-axis and green fluorescence along the y-axis. NT samples of both lines display similar 
green fluorescence, and similar sensitivity to a commercial preparation of Cre recombinase 
carrying VEVs (Takara 631449). Only the cells expressing Ctein-BFP are able to switch with 
the addition of our preparation of intein-locked VEVs. b) % of stoplight reporter cells GFP 
positive with no VEV, commercial VEV, and intein-locked VEV. c) Blot to confirm the 
packaging of Cre recombinase into VEVs using MP-Cre. d) Activity of slow splicing mutants.  
 

a) 

b) c) 

d) 
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4.3.3 Quantification 

 We wished to quantify the Cre recombinase carried by our fusogenic vesicles. To 

this end, we obtained a stock Cre recombinase solution from New England Biolabs (NEB 

M0298L), however the sample was measured according to editing activity rather than the 

concentration of Cre. To adjust for this, the concentration of Cre was compared to the 

standardized 0.3 mg/ml BSA added to the sample. A known amount of sample (diluted 

1:2 from 5 ul to 0.4 ul) was run per well on an SDS-Page gel in loading buffer (Figure 

18a). The gel was stained with GelCode Blue reagent (ThermoFisher 24590; stained for 1 

hr, washed in DI H2O for 2 hours) to evaluate protein concentrations. The pixel intensity 

of the bands for each of the BSA and two bands for Cre recombinase was evaluated by 

ImageJ’s Gel submenu. These values were related to the known concentration of BSA by 

the following formula: 𝑥 =
!.#$%
&' ∗"#$%&'

()*')+,*-
 where x is the intensity multiplier that was then 

used to determine the concentrations of the two Cre recombinase bands at each volume 

measure. The resulting concentrations were 0.26 mg/uL for the top band and 0.38 mg/mL 

for the bottom, for a total of 0.64 mg/uL Cre recombinase in the NEB sample.  

 A small amount of this sample was run alongside western blots as a loading 

control since a standardized amount of antibody should bind to each Cre molecule 

regardless of molecular weight or conjugated protein components. We use this to 

evaluate the concentration of Cre recombinase in both a standardized sample of Takara 

gesicles as well as our VEVs using both the MP and TMD samples (Figure 18b). We 

obtain a concentration of 0.011 mg/mL Cre recombinase for our MP gesicles, or about 

1:30 of the concentration of Cre recombinase from NEB, and for the TMD we obtain a 
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value of about 0.0013 mg/mL Cre recombinase, meaning that only about a tenth of the 

Cre recombinase is concentrated from the media for this system.  
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BSA 66.4 kDa 

Cre recombinase 
(Two bands) 

5ul  ……………………………... 0.4ul 

TMD 

MP 

NEB 

Figure 18: Quantification of encapsulated Cre recombinase 
a) GelCode Blue stained SDS-Page gel of NEB Cre recombinase sample. The sample 
was titrated in 1:2 fractions and mixed with LDS loading buffer to run on the gel. The 
starting amount was 5 uL with a known 0.3 mg/mL concentration of BSA (66.4 kDa), 
and Cre recombinase was expected to run at about 38 kDa (though this will change 
depending on the purification methods used, and we see that there are two bands for the 
protein in this gel). b) A western blot stained with anti-Cre rabbit (EMD Millipore 
69050-3) picks up both Cre recombinase bands from NEB (0.5 uL). These were 
compared to the bands from the media fractions (M) of the MP and TMD using ImageJ 
gel analysis software to estimate the amount of Cre contained in 3 uL of VEVs.  

C     M    C       M     NEB      

a) b) 
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4.4 NS3 protease as an alternative cargo release mechanism 

In Chapter 1, we described a membrane tether system where a cargo was liberated 

by cis-protease cleavage. Functionally, it operates in a very similar way to the intein-lock 

system, where the cargo is collected at the membrane until a trigger (the removal of the 

protease inhibitor) allows the cargo to be released from the plasma membrane and make 

its way to the inner components of the cell. We therefore assumed that this could be 

delivered by EVs in a similar manner to the intein-locked cargo. The VEVs could be 

produced in inhibitor-rich media, allowing the cargo to be collected at the membrane of 

the cell for packaging into VEVs. The inhibiting drug would be diluted during the 

resuspension step after collecting and spinning down the VEVs, and further diluted into 

the media of the target sample. This would allow the cis-protease to activate, cleaving the 

cargo free into the lumen of the vesicle such that it would be released upon fusion of the 

VEV with the membrane of a target cell. This system does not target the VEVs or cargos 

to particular cells in a sample the way the intein-lock does, however it also does not 

require the target cells to contain a translated component to release the cargo, making it 

less specific but more flexible.  

We generated NS3 VEVs with and without 5 𝞵M of the NS3 inhibitor 

grazoprevir. The VEVs were western blotted to determine loading of Cre recombinase in 

relation to MP-Cre as determined above (Figure 19a). We tested these on Cre reporter 

cells at 1X and 10X the usual concentration of VEV solution due to the expected low 

concentration of Cre recombinase (Figure 19b). While this strategy delivers recombinase 

irrespective of expression of Ctein, it only encapsulates a fraction of the Cre recombinase 
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as compared to the Ntein version and has only a fraction of the activity. 

	  

Figure 19: Using anti-viral drugs to load VEVs 
a) Western blot of cell fractions and media fractions from HEK293FT cells transfected 
with VSV-G and MP-Cre, MP-NS3-Cre, and MP-NS3-Cre with 5 uM grazoprevir. We 
do not see a significant fraction of Cre recombinase in the NS3 mediated cargo loading 
system. b) Analysis of Cre stoplight reporter cells treated with these VEV fractions for 
48 hours show significant Cre activity, though 10X the concentration of the cell fraction 
is required to reach the activity of the MP-Ntein-Cre system. This activity is not 
dependent on expression of Ctien-BFP, as we expect. No activity was seen in the case 
of VEVs prepped without NS3 inhibitor.  
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4.5 Methods for construction and validation of VEVs 

 We used second generation lentiviral components in the construction of our VEV 

system. This included fusogenic VSV-G, a gift from Bob Weinberg (Addgene #8454) 

[252]. Packaging plasmid psPAX2 was a gift from Didier Trono (Addgene #12260). The 

sequence of gp41-1 was reported in section 3.2.3., the Cre recombinase used was 

reported in section 3.3.4, the membrane binding domains and minimal Gal4 were 

reported in Chapter 2 and standard Gibson cloning processes were used in the 

construction of the membrane linked constructs. All constructs were confirmed via sanger 

sequencing (Eton Bioscience). A clonal line of HEK293FT expressing UAS driven H2B-

mCherry was produced using the methods described in Chapter 2, and the plasmid was 

produced in house from sequences from Michael Elowitz (Caltech). Additionally, the Cre 

stoplight clonal line reported in Chapter 3.3.4 had a constitutive Ctein(gp41-1)-BFP 

clonally integrated using the same methods for VEV experiments.  

 Production of VEVs was performed in low passage HEK293FT cells without any 

other integrated reporters or constructs (ThermoFisher). Cells were transiently transfected 

with 800 ng VSV-G plasmid and 550 ng Cre construct per million cells, 24 hours 

incubated on bovine plasma fibronectin (Product #F1141, Sigma-Aldrich) and confluent 

in a 6 well plate. Cells were incubated for 24 hours in transfection mixture before 

removal and refresh of media using OptiMEM (Gibco). 48 hours post media refresh, the 

media was collected and concentrated overnight by centrifugation at 8,000 x g and 4°C in 

a temperature-controlled microcentrifuge (Thermo Scientific). The supernatant was 

removed by dumping and the pellet (not always visible) was eluted in 60 uL OptiMEM. 
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See Takara Bioscience gesicle production manual for additional details [253]. Multiple 

isolations were collected and mixed to create a consistent concentration of VEVs for 

downstream applications. This was stored at -80°C unless used the same day. This 

solution was used at 1 uL per 96 well unless reported otherwise. These were compared to 

a commercial prep of VEVs Cre Recombinase Gesicles (Takara 631449). 

 For experiments where intein constructs were transiently expressed in HEK293T 

cells, 20 ng of each construct was used per 120,000 cells transfected unless reported 

otherwise. 30,000 cells were plated per 96 well. Additionally, 10 ng of a Lifeact-BFP 

transcription marker was co-transfected, a gift from Michael Davidson (Addgene plasmid 

#54602) [254]. These cells were transfected in suspension, plated and incubated for 24 h 

prior to analysis via imaging or flow cytometry. In the case of Cre recombinase 

expression, the cells were incubated for 48 h prior to analysis to allow for recombination 

and expression of GFP.  

 Images were taken by epifluorescence microscopy in optically clear plastic 

bottomed 8-wells (ibidi). Fluorescence images were contrasted uniformly across each 

experiment and analyzed with the Image-J based image analysis package Fiji.  

 Flow cytometry was carried out on an Attune NxT (ThermoFisher). Cells were 

gated for live cells via scatter. Additionally, cells were gated for transfection using the 

top 1% BFP signal of non-transfected cells. UAS driven H2B-mCherry were gated for 

expression of mCherry via the top 1% of non-transfected clonal reporters, and the 

percentage falling into this category of BFP producing live cells were reported. Cre 

stoplight reporter cells were analyzed for GFP production and the geometric mean AFU 
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was reported or gated for GFP production via the top 1% of naïve cells and the percent 

active was reported. 

 Primary antibodies used: anti-VSV-G-tag (abcam, ab183497, diluted 1:10,000), 

anti-Cre (EMD Milipore 69050-3, diluted 1:3000), and rat anti-Gapdh HRP conjugate 

(BioLegend 607904). Western blots were performed in this order with stripping via 

Restore PLUS Western Blot Stripping Buffer (ThermoFisher) between stains, and distinct 

signals and bands were recovered with every stain. The following secondary antibody 

was used: anti-rabbit HRP conjugate (BioRad; 170-6515; 1:3000 dilution). GelCode Blue 

stain was used to detect protein concentration (ThermoFisher).  

	
4.6 Discussion 

In this chapter, we have demonstrated an intein-based mechanism for restricting 

tropism of VEVs, an otherwise widely trophic tool for delivering cargo to cellular 

systems. We first demonstrated inteins as a robust system for translationally limiting 

release of diverse cargo proteins from a variety of membrane tethers. We further showed 

that the use of the MP tethering moiety allowed these cargos to be packaged into VEVs, 

were deliverable to specified targets in a heterogeneous population of cells, and the cargo 

release was dependent on intein activity. We found that the Cre recombinase cargo was 

packaged into VEVs at a concentration of 11ng/𝞵L, which was a fraction of the 

packaging efficiency of commercial Cre recombinase carrying fusogenic vesicles from 

Takarabio. We also demonstrate that the NS3 protease based LInC system can be 

employed as a drug dependent cargo release mechanism.   

We have shown that this system is modular in the cargo and fusogenic envelope 
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protein components. We expect that the flexibility of this system extends beyond the 

packaging of proteins to include ribonucleoproteins such as Cas9 and even nucleic acids 

through the use of protein sequences such as HUH tags which form a DNA-protein 

covalent bond [255]. We anticipate that new cargos would not require extensive testing to 

achieve targeted delivery as no change to the delivery mechanism would be required for 

different cargos or different targets. This makes this system truly plug-and-play for 

implementation in a variety of contexts.  

We hypothesize that it would be efficiently incorporated by a number of micro-

vesicle forming viral envelope proteins, and therefore incorporated in many virus-like 

particles (VLPs). We expect this flexibility due to the consistent and significant 

expression of MP conjugated constructs at the plasma membrane, the site of viral genesis 

for many viruses. In addition to increasing the flexibility of this system, the ability to use 

it with different VLPs would allow the implementation of an AND gate, through 

restrictive tropism both of the viral entry and the key intein expression. This could be 

invaluable if the application requires precise delivery of the cargo protein.  

The Liu group recently released an alternate method for restricting the tropism of 

VEVs using an engineered VSV-G that retains some fusogenic activity, however it is no 

longer able to mediate the plasma membrane targeting on its own [256]. They employ 

other receptors and targeting moieties instead, and show that the VEV is still able to 

deliver cargo but only in the targeted cell types. This additional strategy for restricting 

VEV entry shows how essential targeting can be in the delivery of therapeutic proteins. 

Their strategy is valuable because it requires no change to the native context. However, it 



 
	

	

89	

does not allow for targeting of specifically engineered cells out of all the cells in a native 

environment. Fortunately, this is an alternate type of VEV that our intein-lock system can 

be employed in, allowing researchers to take advantage of both targeting mechanisms 

while still retaining the powerful fusogenic activity of VSV-G.  

Not only is this system modular, it retains orthogonality in mammalian contexts. 

There is little concern for endogenous overlap with the intein release mechanism. While 

the gp41-1 intein was found in a metagenomic sample of ocean water, the sequence is 

unique and has not been mapped to any known genome [257]. It has been found to be 

orthogonal to a body of known split inteins, suggesting that endogenous inteins or similar 

structures would not be cross-reactive [258]. This suggests that the system would be 

suitable for use in therapeutic protein delivery as well as in the laboratory. 

Since there is such a body of small and efficient peptide splicers, it follows that a 

number of orthogonal VEVs could be developed and delivered at the same time, 

triggering release only in the target cells expressing the correct intein key. This would 

allow for multiplexed cargo delivery using a single VEV containing multiple locked 

cargos, and we hope to see others develop this technology further.  

The main drawback of the system is the requirement of expression of a 

recombinant protein for release of the cargo in the target cell. This makes it difficult to 

employ in traditional therapeutic contexts, where the endogenous cells would not be 

expressing the necessary Ctein key. However this system is appropriate and powerful in 

that it can target specifically engineered cells, even when there are endogenous cells that 

are extremely similar. This would allow it to target CAR-T cells used in cancer therapy, 
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or cells that have been delivered therapeutic proteins in an earlier VLP via introduction of 

the intein key at that time [9,259]. 

In conclusion, we have developed a flexible and novel control system for delivery 

with EVs. The strength of the system is in its modularity. The cargo protein is extremely 

modular, allowing the user to charge VEVs with any protein or protein-conjugated 

structure desired. Exchanging fusogenic envelope proteins allows for changes in 

targeting. Changing the lock-and-key inteins allows for multiplexed delivery. We hope 

that the plug-and-play nature, as well as the robust and specific cargo delivery will make 

this a useful biological tool delivery system for a wide variety of contexts. 
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5. Conclusions and Future Perspectives 

 In this work, we have demonstrated the use of HCV protease NS3, light sensitive 

domain PhoCl, and small inteins gp41-1 and gp41-8 as protein modulation tools through 

their governance of protein excision and splicing. Protease NS3 was used to confer drug 

quenchable activity to a TF, and thereby install drug regulated gene expression in 

mammalian cells. Intein activity was used to change the association dynamics of GFP and 

indicates an area for further study, as well as being tested in drug inducible systems using 

NS3 and rapamycin as well as light inducible systems using PhoCl. Finally, gp41-1 intein 

was used as a biological lock and key mechanism for the orthogonal release of proteins 

from viral capsid packages called VEVs. Throughout this work, we have focused on the 

use of protein domains orthogonal to mammalian biology such that these systems could 

be trivially implemented in therapeutics. We have also focused on autonomous protein 

domains that can be used in a plug-and-play manner to decrease the need for downstream 

development time. There are many indications that these strategies will form the basis for 

next generation protein engineering development.  

 NS3 HCV protease is a powerful tool to confer drug dependent activities to 

protein systems. This is highlighted by the recent work producing a protein dimerizer 

system using NS3 as a docking protein for multiple inhibitory drugs, including 

danaprevir and grazoprevir [125]. This group then evolved protein binding elements 

specific for NS3 bound to these specific inhibitory drugs, and this system is independent 

of NS3 activity, in fact they use a catalytically dead S139A mutation. Other systems have 

focused on the protease activity of NS3, such as with CHOMP, a system of multi-protein 
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control using a series of proteases and protease inhibitors to confer complex system 

regulation [129]. The key factor that enables all of these developments is the body of 

varied inhibitor compounds available for NS3, and the numbers continue to grow [260]. 

This allows researchers the choice in compound, such that if a particular drug is 

unsuitable for their application, another one can be chosen. This flexibility is likely to 

give rise to multiple implemented protein-based technologies where NS3 confers drug 

inducible activity in the near future.  

 Inteins are powerful tools for controlling protein structure, and through structure, 

function. This was clearly illustrated in the gp41-1 circularization scheme where intein 

splicing-dependent polymerization destroyed GFP fluorescence despite significant 

expression. This brings up new questions about the dynamics of translation, GFP 

maturation, and intein splicing activity, that would be exciting to explore in the future 

using tools such as cell-free systems [261]. We also tested inteins in drug inducible as 

well as light inducible schemes, and while these systems were not very robust, it explores 

the experimental space available for the creation of inducible protein splicing systems. 

Existing reactive inteins from native sources may be able to be repurposed to detect 

ecological conditions such as pH, temperature, and concentration of reactive oxygen 

species due to their existing features and significant autonomy [190]. Additionally, there 

seems to be a need for a proximity induced splicing intein that is active in mammalian 

systems. We believe that once this need is filled, production of drug induced, light 

induced, and other induction systems for protein splicing would be inconsequential. We 

hope to see successful efforts on this endeavor in the future.  
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 Finally, we employed inteins as a biological lock to release packaged proteins in a 

highly specific manner. This is complementary to the methods through which inteins 

have been employed in protein engineering the most; to splice and release target proteins 

after isolation in a traceless manner, removing all protein isolation tags [228]. In this case 

the inteins are also splicing and releasing proteins, and the target cell must produce the 

intein release mechanism in order to benefit from the packaged protein. By similar 

principles, inteins are robust systems of regulation of protein release in unfamiliar 

contexts, and this context was found to be as easily taken advantage of in mammalian 

cells as in a test tube. This system can work with any VLPs, though it is most useful in a 

broadly trophic platform like VSV-G mediated fusogens. New advances in fusogenic 

VLPs have improved targeting by inactivating portions of the VSV-G complex, and we 

see advantages for using our platform in conjunction with this for specific targeting both 

via outer moieties and via inner release mechanism [256]. VLPs hold extraordinary 

promise for delivery of therapeutic proteins in a landscape where protein therapies are 

becoming more common [1]. We hope that this tool and others like it will assist in 

implementing VLPs in therapeutic contexts.  

  This work focuses on orthogonal and plug-and-play design elements, and finds 

these areas to be points of active development and research. This indicates that other 

researchers are working with these design features in mind. We hope that these tools can 

be effectively and efficiently implemented in therapeutic contexts in ways that improve 

the lives of patients.  
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