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Cancer is a complicated set of diseases marked by drastic changes in the 

cellular proteome.  To treat cancer, clinicians still strongly rely on chemotherapy, 

which kills mitotic cells indiscriminately, leaving formidable side effects in its wake.  

Recently, there has been a drive for “smart therapies” that can distinguish between 

healthy and cancerous cells. To head this call, several researches have sought to 

leverage proteomic differences to deploy a therapeutic protein, but most have focused 

on individual differences in expression levels of cell surface markers only.  Probing 

intracellular proteins or multiple proteins simultaneously still remains challenging.  

This dissertation attempts to alleviate these barriers by engineering an autonomous 

protein switch triggered by intracellular proteomic information.  To this end, we have 

developed a modular platform that enables the control of protein half-life based on the 

presence of a target protein.  Important stages in the development of this technology 

and their broader implications are investigated herein. 

First, foundational work was completed to determine that a prodrug converting 

enzyme, a commonly proposed option for a protein-based cancer therapy that 

enzymatically converts an innocuous prodrug into a cytotoxic drug, can be regulated 

via protein degradation.  Using Traceless Shielding, a method for inducing the rescue 

of a protein of interest (POI) via a small molecule, we explored the kinetics of initial 

protein degradation and rescue.  Next, we showed that cell viability was unaffected by 

the presence of the prodrug in the absence of the rescuing molecule.  Thus, protein 

degradation is a viable strategy for managing prodrug converting enzymes. 

ABSTRACT 
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With this important cornerstone laid, we sought a clever, facile method for 

translating cellular protein inputs into a POI rescue output.  This lead to the 

development of conditional protein rescue, in which a degron is genetically fused to a 

POI followed by a short, sensing domain.  In the absence of the sensing domain’s 

target, the degron is exposed and the POI is fated for degradation.  However, in the 

presence of the target, the degron is concealed and the protein is rescued.  The first 

versions of this platform used SpyTag as the sensing domain, which resulted in a 

dramatic increase in POI concentration upon the co-expression of SpyCatcher, which 

spontaneously forms an isopeptide bond with SpyTag.  We expanded upon this by 

using nanobodies—small, monomeric, and specific antigen-sensing domains—as the 

sensing domain.  Nanobodies varied POI concentration based on the presence of co-

expressed fluorescent proteins.  Nicely, CPR is adept at distinguishing between cancer 

cells and non-cancer cells in vitro. 

Finally, we further improve the capabilities of CPR by constructing Boolean 

AND gate architecture into the framework.  Fluorescent protein targets are initially 

employed to block N- and C-terminal degrons.  We show that both targets are 

necessary to raise the concentration of the POI.  We prove the therapeutic feasibility of 

this design by detecting a synthetic cancer-model system: HeLa cells constitutively 

expressing GFP from both HeLa cells and HEK293T cells.  This promising results 

shows that our design is an initial step at addressing some of the challenges impeding 

next-generation therapies. 

This technology shows that the power of engineered protein degradation to 

yield rapid, definite changes in the concentration of a POI can be effectively harnessed 

to detect multiple, intracellular cancer protein targets.  Paired with developments in 
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targeted delivery, it is now possible to offer a two-pronged cancer sensing device 

requiring both the overexpression of a cell surface receptor and multiple intracellular 

proteins to activate.  This should result in low background in off-target cells and an 

overall reduction of side effects.  Furthermore, multi-input CPR can be expanded to 

any system of interest, and it may be practical in the study of other biological systems 

as well. 

 

Chapter 1 is adapted and reproduced with permission from Elsevier. Source: 
 
Chen, R. P.*, Gaynor, A. S.* & Chen, W. Synthetic biology approaches for targeted 

protein degradation. Biotechnol. Adv. 37, 107446 (2019). 
 
*Authors contributed equally to this work
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INTRODUCTION 

1.1 Biological Differences Between Cancer and Non-cancer Cells 

At its simplest definition, cancer is defined as a collection of related diseases in 

which cells grow in an unregulated fashion and invade the surrounding tissue.1  

Healthy cells are regulated by a well-choreographed cascade of cell cycle checkpoints 

enforced by obligatory protein-protein interactions; only under the proper conditions is 

a healthy cell permitted to undergo mitosis.2–5  By contrast, cancer cells evade this 

tight regulation by undergoing genetic mutations that bequeath the cells with acquired 

capabilities advantageous to their uncontrolled growth.6,7  Recently, the fields of 

systems biology and bioinformatics have sought to characterize the numerous 

differences between cancer cells and healthy cells on genomic,8,9 transcriptomic,10 and 

proteomic levels.11,12  Based on the recent wealth of knowledge, scientists have begun 

to classify cancer into different subcategories, each with its own responses to 

treatment and clinical outcomes. 

Because each cancer subcategory has a different “Achilles’s heal,” a more 

personalized approach to medicine is appropriate.  Under this treatment approach, a 

“smart therapy” would be used to treat cancer based on the information it presents 

through its unique –omics profile.13,14  This would be a welcomed departure from the 

“one-size-fits-all” approach of chemotherapies and other small molecules, which often 

target healthy cell populations along with the cancer.  Currently, monoclonal 

antibodies, which bind to overexpressed surface markers on cancer cells, have 

Chapter 1 
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achieved success in the treatment of certain cancers.15  Other next-generation therapies 

are in development, including T-cell therapy,16 oncolytic viruses,17 and cancer 

vaccines.18,19  While these are certainly advancements in the field, they are still only 

capable of interpreting one cancer marker, meaning the overwhelming majority of 

cellular information is left unutilized.  We envision a platform in which multiple 

inputs can be processed simultaneously in a way that more accurately identifies cancer 

cells from their healthy counterparts.  In this way, healthy cells could be avoided 

altogether while delivering an efficacious treatment to the cancer, resulting in cancer 

medicine free from side effects. 

Towards this end, previous colleagues in this lab have developed synthetic 

protein switches powered by DNA strand displacement.  These switches can control 

protein proximity with Boolean logic, including the use of cancer-specific microRNAs 

(miRNAs) as device inputs.20  An alternative, parallel strategy is protein degradation 

to control the switch. To our knowledge, no strategy for executing cellular 

computations using endogenous proteins as inputs currently exists. However, the tools 

developed in synthetic biology, a field that specializes in the design of artificial 

biological systems,21,22 offer the ideal method to engineer this proposed approach.  

Herein, we describe a general method for regulating the intracellular concentration of 

a protein of interest (POI) via conditional protein rescue (CPR): engineered proteins 

are fated for degradation unless required to fulfil a desired function.  We further 

demonstrate that this strategy is applicable to differentiating between cancer and non-

cancer cells, providing a novel avenue for personalized medicine. 
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1.1.1 Cancer-Specific Delivery Based on Differences in Protein Expression 

Targeted delivery is one suggested way to introduce therapeutic proteins 

specifically to cancer cells.  In this approach, targeting ligands are conjugated to 

therapeutic proteins to improve protein stability and cellular uptake.23  For example, 

GE11 is a peptide known to have high affinity for the epidermal growth factor 

receptor (EGFR) overexpressed in inflammatory breast cancer (IBC) cells, amongst 

other cancer types.24  This peptide has been successfully conjugated onto a prodrug 

converting enzyme (PCE), resulting in uptake and cytotoxicity in IBC cells but not 

MCF10A, a normal breast epithelial cell line.25  While this approach is promising and 

specific, it fails to capitalize upon the abundance of proteomic information contained 

within the cell itself.  Thus, the platform described herein aims to improve upon this 

technology.  Furthermore, there is the potential for targeted delivery of the 

intracellular sensor such that more layers of information are accessible as device 

inputs (FIGURE 1.1). 
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1.1 Receptor and intracellular protein information can be used to avoid 
off-target effects.  In the healthy cell on the left, a lower concentration of 
cell surface receptors (blue) results in less recognition by the therapy 
carrier (green circle with triangular affinity probes), and therefore less 
uptake of the therapy (gold star).  However, with no ability to sense the 
intracellular environment, therapy is promiscuously deployed.  In the 
cancer cell on the right, the detection of both a high concentration of 
surface receptors and intracellular cancer markers yield a successful two-
pronged activation. 

1.2 Overview of Eukaryotic Proteasomal Protein Degradation 

One of the fastest mechanisms of altering protein concentration in a cell is 

through proteasomal degradation of undesired proteins.  As such, proteasomal 

degradation is an imperative process in maintaining cellular homeostasis and ensuring 

that the cell cycle is properly coordinated.26–28  Many key regulatory proteins have 

specific chaperones responsible for their controlled degradation.29–31  In general, 

degradation requires a means of trafficking the target protein to the 26S proteasome 

and an unstructured region to initiate its destruction.32 Two major mechanisms, 

ubiquitination-dependent or ubiquitination-independent pathways, are primarily 

responsible for proteasomal degradation.30,33 
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1.2.1 Ubiquitin-Dependent Protein Degradation Pathway 

Ubiquitination is a central mechanism of targeting proteins to the 

proteasome.34–36 Typically, multiple ubiquitin (Ub) units are attached to a lysine 

residue on the target protein via the sequential action of a three-enzyme cascade: a 

ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a 

ubiquitin ligase (E3)  (FIGURE 1.2), creating a polyubiquitin chain.36  This tagging 

process leads to recognition of the polyubiquitin chain by the 26S proteasome to 

degrade the target proteins to small peptides.37,38  

Generally, E3 ligase falls into two broad structural classes – either the 

monomeric homology to E6-AP C-terminus (HECT) domain or the larger really 

interesting new gene (RING) finger family.39,40 HECT domain proteins consist of two 

functionally distinct regions that enable transfer of an activated Ub from E2—bound 

to N-terminus of the HECT E3—to the POI.41,42 The RING finger E3 ligase family 

contains a canonical RING finger domain that is responsible for facilitating E2-

dependent ubiquitylation.43 The largest multi-subunit RING finger E3 ligases is the 

cullin (CUL) RING ligase (CRL),44,45 which contains the SKP1-cullin-F-box protein 

(SCF) complex. The F-box protein is responsible for substrate binding and is attached 

to one end of CUL via the adaptor protein, Skp1.46–49 To the other end of CUL, a 

RING finger E3 ligase binds to an ubiquitin-charged E2 to catalyze the transfer of 

ubiquitin to the target substrates. The ability to interchange F box proteins within the 

same cullin E3 framework allows for great flexibility in proteome management50 

This proximity-driven ubiquitylation strategy provides a simple framework to 

hijack the native E3 ligase machinery for non-natural POIs for targeted degradation.51–

53 This idea has inspired the development of bifunctional chemical linkers called 

proteolysis targeting Chimeras (PROTACs) containing distinct substrate-binding and 
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E3 ligase-binding groups for hijacking the native E3 ligase machinery.54–58 The 

conjugate molecule serves to assemble a ternary complex between the E3 ligase, target 

protein, and probe molecule, allowing the E3 ligase complex to ubiquitinate the non-

natural substrate and promote proteasome-dependent degradation. While these drug-

like PROTAC molecules allows targeted degradation of native proteins, it is often 

challenging to identify and synthesize the target-specific binding moiety.56  

Alternatively, purely protein-based strategies for targeted protein degradation based on 

proximity control have gained more attention due to the ease and flexibility of 

design.59 

A minor category of E3, the RING-between-RING (RBR) family, shares 

features of both HECT and RING E3s.  The name is derived from the presence of two 

RING domains (RING1 and RING2) that sandwich an in-between-ring (IBR) 

domain.50  The first RING domain serves to recruit E2 as might be expected,60 but the 

second RING domain contains a catalytic cysteine that complexes with Ub before 

being transferred to the target, similar to HECT E3s.61  While no synthetic biology has 

been attempted using the RBR E3 ligases, the hybrid properties of this system might 

allow for future, novel applications. 
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1.2 The ubiquitination enzyme cascade.  A) Ubiquitin activating enzyme 
(E1) forms a thioester bond with ubiquitin at the expense of ATP.  B) 
Ubiquitin conjugating enzyme (E2) accepts the activated ubiquitin from 
E1 in a transthioesterification reaction.  C) Ubiquitin ligase (E3) is 
responsible for both target recognition and the transfer of Ub from the 
active site of E2 to a lysine on the target or growing polyubiquitin chain.  
RING E3s catalyse the transfer of Ub directly without first accepting it 
(purple arrow).  Alternatively, HECT and RBR E3s first form a thioester 
with Ub before transferring it to the target (gold arrows). 

1.2.2 The N-end Rule Degrons 

The N-terminal amino acid residue of a protein plays a central role to its half-

life by acting as a N-degron62,63 that is recognized by a specialized E3 ligases, N-

recognins.64–68 Upon N-recognin binding, the target is polyubiquitinated at an internal 

lysine and targeted for degradation.35,69  The in vivo stability of a protein is directly 

correlated to the identity of its N-terminal residue and can vary from a half-life of less 
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than 1 h (Arg) to longer than 100 h (Val).70 This simple rule set provides a new 

strategy to engineer the half-life of POIs by artificially exposing the desired N-

terminal residue.62,71 

1.2.3 Ubiquitin-Independent Proteasomal Degradation 

Not all proteins targeted to the proteasome are first ubiquitinated.  The 

proteasomal degradation of ornithine decarboxylase (ODC), a well-folded protein, 

takes place without ubiquitination with the help of a C-terminal degradation tag (C-

degron).72  A second protein, antizyme 1 (AZ1), mediates the interaction between 

ODC and the 26S proteasome by exposing a stretch of amino acids at the C-terminus 

from which degradation begins.73,74  Because the initiation sequence is relatively short 

and well-characterized, this C-terminal portion of ODC has been used extensively as a 

reliable, facile C-degron tag for a wide of protein targets.75–78 

1.3 Engineered Protein Degradation Based on Stimuli Responsive Degrons 

A common strategy to modulate protein stability is to insert a conditional 

degron tag either to induce degradation or to rescue the target from degradation 

(FIGURE 1.3).  A wide range of external stimuli can be used to activate the desired 

phenotypes, making this a highly flexible and adaptable strategy for a wide array of 

POIs. 
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1.3 General scheme of controlled protein fate by a conditional degron.  
A) By default, the conditional degron (red circle with missing wedge) is 
stable (left), but upon addition of a small molecule cue (blue triangle), the 
degron becomes unstable and the target (grey rectangle) is degraded 
(right).  B) By default, the conditional degron is unstable and the target is 
degraded (left).  Upon addition of the small molecule, the degron is 
stabilized and the target is rescued from degradation. 

1.3.1 Small-Molecule Induced Protein Degradation 

Small molecules are frequently used to activate degron activities. The ligand-

induced degradation (LID) system, a mutant of the rapamycin-binding protein FKBP, 

was first identified as a cryptic inactive degron.79 Upon the addition of the synthetic 

small molecule Shield-1 (Shld1), a derivative of rapamycin that has no reported 

biological activity,80 the cryptic degron is displaced and exposed for interaction, 

thereby inducing degradation of the corresponding fusion POI. While the LID system 

is able to degrade proteins of interest rapidly when activated, the stable version still 

necessarily contains a bulky FKBP fusion protein, which might interfere with the 

biology activity of the POI.  To minimize this issue, small molecule-assisted shutoff 

(SMASh) was developed.81  In this configuration, the POI contains a C-terminal 

fusion to the following components in order: a specific viral protease cut site, the viral 

protease for that cut site, and a degron tag.  With no additional cues, the protease cuts 
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at its recognition site, releasing the target protein from the degron, and therefore the 

target is stable by default.  Unlike the LID system, the POI does not contain a bulky 

fusion after protease cleavage, and therefore it is more likely that native activity will 

remain unimpaired.  Upon the addition of a specific protease inhibitor, the degron is 

able to act upon the entire protein, including the target.  SMASh demonstrated a strong 

signal-to-noise ratio, and spacers can be configured to allow SMASh to function from 

either the N- or C-terminus, offering flexibility to the end-user. These strategies allow 

easy deactivation of cellular phenotypes by using a small molecule and have been 

successfully applied in mammalian cell culture, transgenic mice, plants, and virus 

studies.82,83  

1.3.2 Small-Molecule Induced Protein Rescue 

In contrast to induced degradation, induced protein recue has also been made 

possible using a small molecule. A degron tag that is inherently unstable is fused to a 

POI to induce degradation.  However, when bound to a highly specific small molecule 

ligand, stability is restored and the POI is rescued.  Emphasis has been placed on 

developing degrons whose ligands are inexpensive, active at low concentrations, 

commercially available, and cell membrane permeable.  One of the earliest examples 

was based on FKBP12.  Rescue of various proteins could be induced by Shld1. An 

orthogonal strategy involved a mutated E. coli dihydrofolate reductase (ecDHFR), 

which is rescued specifically by trimethoprim (TMP). It was demonstrated that two 

different proteins could be rescued on cue by introducing either Shld1 or TMP,84 

expanding the toolkit and protein space that could be studied. The ability to execute 

orthogonal and conditional protein rescue lends itself to the possibility to create 

synthetic logical circuits to modulate protein functions and cellular activities. 
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1.3.3 Small-Molecule Induced Rescue by Removable Degron 

To eliminate possible negative effects on protein activity caused by the degron 

fusion, technologies have been developed to cleave the degron tag once rescue is 

induced by the small molecule.  The first such technology termed split ubiquitin for 

rescue of function (SURF) innovated the use of a split ubiquitin domain, which 

induces endogenous cleavage by the de-ubiquitination enzyme (DUB) after 

reconstitution.85  The degron was an engineered FKBP12-rapamycin-binding protein 

(FRB) with point mutations that fated FRB and its fusions to degradation (FIGURE 

1.4).  Upon the addition of rapamycin, FRB is stabilized by its interaction with native 

FKBP, situated on a separate construct containing the second half of the split 

ubiquitin.  Simultaneously, the two split ubiquitins are forced into proximity, allowing 

the POI to be cleaved from the degron.  Different FRB mutants or native FRB fused to 

a separate degron could be used to offer varying kinetic properties. 

An improved version of SURF was developed by using a mutant FKBP called 

FKBP*, and the native FRB was used to reconstitute the split ubiquitin.  Both proteins 

were expressed under a single promoter using a viral “self-cleaving” 2A site.86,87 This 

Traceless Shielding (TShld) method offers improvements over its predecessor both in 

terms of dynamic range and ease of use.88  The same group placed TShld under a 

tetracycline inducible promotor, and showed that in this manner, they could 

completely eliminate any system background by adding a layer of transcriptional 

control as well.89  In Chapter 2, we used TShld to control the prodrug converting 

enzyme, yCD, and found HeLa cell viability was only affected in cells that received 

both the prodrug and activating molecule.  This demonstration shows the promise of 

engineered controlled degradation in therapeutic applications. 
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1.4 Split ubiquitin for rescue of function (SURF).  A) SURF is composed 
of a target protein fused to the C-terminus of ubiquitin (UbC), FRB, and 
a degron tag.  A second component is composed of the N terminus of 
ubiquitin (UbN) and FKBP.  B) The default state in the absence of 
rapamycin is the degron leads to the complete proteolysis of the 
component to which it is fused, including the target.  C) In the presence 
of rapamycin (black triangle), FRB and FKBP are drawn into proximity 
by binding to rapamycin.  Consequently, UbC and UbN are 
complimented, leading to the rescue and cleavage of the target protein 
from SURF. 

1.3.4 Protein Degradation by Revealing a Degron 

Light is a popular optogenetic tool used in the field of synthetic biology 

because it offers the unparalleled combination of spatial and temporal control.90–93 The 

light oxygen voltage (LOV2) domain is a light-sensitive protein that can reversibly 

interact with its C-terminus Jα-helix in the light (unbound) versus dark (bound) state.94  

By fusing an ODC degron to the C-terminus of the Jα-helix, researchers developed a 

degron tag that is hidden within the LOV2 domain in the dark state.  Upon the 

application of blue light, release of the hidden ODC degron tag led to degradation of a 
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POI fused to the N-terminus of LOV2.95 The use of light for conditional degradation is 

particularly attractive as it has no reported impact on cell physiology. However, 

delivering blue light in a developing embryo or a living animal is not trivial, and other 

alternative light-sensitive domains that are responsive to red or far red light96,97 may be 

repurposed to broaden the use of light-responsive degrons.   

Conditional degradation can also be achieved by using protease cleavage to 

reveal N-degrons. Protease cleavage sites are placed upstream of the N-end residue of 

a POI. Prior to cleavage the protein is stable, but upon cleavage a new N-end residue 

is exposed and degraded at a rate accordingly to the N-end rule (FIGURE 1.5). This 

concept was first explored by Taxis et al. in a system termed TEV protease induced 

protein inactivation (TIPI).98 They designed a TDegX component that is fused to the 

N-terminus of the target protein. The TDegX contains a TEV protease cut site in 

which cleavage exposed a new N-terminal “X” residue of an N-degron. The 

implementation of TIPI in yeast resulted in rapid TEV-dependent degradation of target 

proteins fused to TDegD and TDegF. Although this strategy requires the fusion of 

synthetic components to the POI, it is powerful in establishing a framework for 

creating conditional protein modules. Subsequent works have utilized this concept 

with orthogonal and split proteases to establish post-translational control of genetic 

circuits,99 and most recently programmable protein circuits capable of complex logic 

behavior.100 This concept of hiding a concealing and revealing a degron under 

different conditions will be pivotal in Chapter 3. 
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1.5 TEV protease induced protein inactivation (TIPI).  Protease-
dependent N-end degradation is achieved by using protease cleavage to 
create a newly exposed N-terminal residue that makes the target protein 
vulnerable to rapid degradation by the N-end rule. 

A more complex design using TEV has also been demonstrated.101 Site-

directed cleavage by the TEV protease deprotected two degrons fused to two separate 

POIs, resulting in degradation of both parts of the processed protein. In this design, 

both target proteins act as a steric shield, blocking the degrons from interacting with 

the proteasomal degradation machinery. The deprotection of two orthogonal degrons 

provides the feasibility to execute Boolean logic gates for conditional degradation.  

These developments represent crucial progress towards repurposing artificial degrons 

from tools for the study of protein effects to useful components in synthetic biology 

platforms, an idea that will be explored further in Chapter 4. 

 

1.4 Single-Domain Antibodies (Nanobodies) 

While previous work lays the foundation for determining protein half-life, a 

method for translating cellular protein information into a degradation or rescue output 

is still lacking.  Single-domain antibodies, commonly referred to as nanobodies, are 

the smallest known intact antigen-binding fragments discovered to date.102,103  Due to 
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their relatively small size (12-15 kDa), ease of folding, and monomeric structure, they 

have been successfully expressed recombinently in bacterial, yeast, and mammalian 

hosts.104,105  Nanobodies contain three complimentary determining regions (CDRs) 

involved in antigen binding, and advances in phage display technology have greatly 

expedited the discovery process of high-affinity, specific nanobodies against a new 

antigen.106,107  For all of these reasons, nanobodies are the ideal biological 

intermediaries to modulate between protein inputs and degradation or rescue outputs 

of a POI.  As time progresses, nanobodies against various cancer targets are expected 

to become more prevalent, and the adaptation of the technology described in this 

dissertation will thus become more facile. 

1.5 Dissertation Overview 

This dissertation describes a novel strategy for regulating proteins for cancer 

therapy by autonomous interpretation of cellular protein information.  Each chapter 

will discuss one advancement towards this overall goal. 

In Chapter 2, the simple concept of regulating the activity of a PCE through 

protein degradation will be explored.  Using TShld (described in Section 1.3.3 above) 

as a small-molecule inducible rescue model system, we show that kinetic rates of 

protein degradation can operate fast enough to outpace most enzymatic activity.  

Therefore, in the absence of the inducer but presence of the prodrug, cells remain 

viable.  Only in the presence of both the prodrug and inducer do cells experience 

cytotoxicity.  We coined this idea degradation dependent prodrug enzyme therapy 

(DDEPT).  Since any strategy involving protein degradation of a PCE would be 

untenable if prodrug conversion occurred faster than degradation, this work lays the 

foundation for the rest of the dissertation. 
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In Chapter 3, we explore a technology we call conditional protein rescue 

(CPR) in which a degron fused to a POI is concealed by a target protein, rescuing the 

POI.  CPR is the main driving force for translating cellular protein information into a 

therapeutic output.  We first show that CPR is successful using a covalent-bond 

forming model system.  By making strategic nanobody fusions, we also demonstrate 

the capability to detect GFP and use that as an input for both fluorescent proteins and 

PCE.  Thus, we achieve an expansion of DDEPT.  CPR can operate using both N- and 

C-terminal degron, and we show the capability to rescue a POI using cancer-specific 

proteins. 

In Chapter 4, we tackle the challenge of multi-input CPR.  Effective next-

generation cancer therapies will require the examination of multiple protein targets 

simultaneously.  Encouraged the success in both N- and C-terminal degrons, we 

combine both of these onto one POI to form a Boolean AND gate.  Multiple inputs 

and their rescue efficiencies are studied, and a model system is used to explore cancer 

subtype recognition.  We conclude that a relatively small addition to CPR allows for 

straightforward two-input recognition. 

Finally, Chapter 5 will offer an overarching conclusion and examination of the 

work studied in this dissertation.  The exciting future directions and therapeutic 

implications will be discussed, as well as future directions for additional research to 

expand upon the ideas and technologies addressed herein. 
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INDUCED PRODRUG ACTIVATION BY CONDITIONAL PROTEIN 
DEGRADATION 

Abstract 

Enzyme prodrug therapies hold potential as a targeted treatment option for cancer 

patients.  However, off-target effects can be detrimental to patient health and represent a 

safety concern.  This concern can be alleviated by including a failsafe mechanism that can 

abort the therapy in healthy cells.  This feature can be included in enzyme prodrug therapies 

by use of conditional degradation tags, which degrade the protein unless stabilized.  We call 

this process Degradation-Directed Enzyme Prodrug Therapy (DDEPT).  Herein, we use 

traceless shielding (TShld), a mechanism that degrades a protein of interest unless it is rescued 

by the addition of rapamycin, to test this concept.  We demonstrated that TShld rapidly 

yielded only native protein products within 1 h after rapamycin addition.  The rapid protection 

phenotype of TShld was further adapted to rescue yeast cytosine deaminase, a prodrug 

converting enzyme. As expected, cell viability was adversely affected only in the presence of 

both 5-fluorocytosine (5-FC) and rapamycin.  We believe that the DDEPT system can be 

easily combined with other targeting strategies to further increase the safety of prodrug 

therapies. 

 

Chapter 2 is adapted and reproduced with permission from Elsevier. Source: 

Gaynor, A. S. & Chen, W. Induced prodrug activation by conditional protein 
degradation. J. Biotechnol. 260, 62–66 (2017). 

Chapter 2 
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2.1 Introduction 

Enzyme prodrug therapies are an attractive alternative to conventional 

chemotherapies due to their potential to elicit a localized, targeted toxic effect at the 

tumor site.108,109  One example is use of yeast cytosine deaminase (yCD), which 

converts a non-toxic prodrug, 5-fluorocytosine (5-FC), to the clinically prevalent 

cytotoxic drug, 5-fluorouracil (5-FU), for the treatment of glioblastoma (Figure 

2.1).110,111  Proposed methods for introducing prodrug converting enzymes (PCEs) 

require the targeted delivery of the enzyme to the cancer, as any off-target activity 

would kill the benign cell upon addition of the prodrug.112–115  While many methods 

have tested successful for targeting tumors in vitro, none are completely free of risk 

and safety concerns.  Activation based on targeting extracellular cancer markers may 

lack the required specificity as these markers are presented at certain levels on healthy 

cells as well.116  More importantly, we lack any means of regulating the intracellular 

protein levels after delivery as there is no innate mechanism for clearing the PCE in an 

event of promiscuous delivery.  

 

 

 

2.1 Yeast cytosine deaminase (yCD) catalyzes the enzymatic deamination 
of 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU).  5-FC is innocuous 
to cells, while 5-FU is an extremely cytotoxic chemotherapeutic agent 
that indiscriminately kills cells.  Regulating yCD might allow selective 
cell killing. 
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One way to address this issue is to impose an additional layer of cell-

specificity by controlling intracellular enzyme levels in a process we coin 

“Degradation-Directed Enzyme Prodrug Therapy (DDEPT):  Healthy cells would 

quickly degrade the PCE and remain unscathed while cancerous cells, through a 

targeted activation mechanism, would preserve the PCE towards a therapeutic 

outcome.  DDEPT is most conveniently executed by simply grafting a conditional 

degradation domain (DD) to the PCE,79,81,84,85,117 which under normal circumstances is 

recognized and swiftly eliminated by the proteasome, but the DD can be stabilized by 

the introduction of a chemical cue. This approach is simple but leaves behind a DD-

PCE fusion protein, which may affect its endogenous biological activity. An improved 

technology termed Traceless Shielding (TShld) was recently reported to generate 

native proteins, in which a chemical cue is used to both shield the target proteins from 

degradation and trigger their release from the DD.88  Briefly, TShld consists of two 

separate constructs that function together to rescue the protein of interest.  On the first 

construct, the protein payload is flanked by a conditional DD, FKBP, which is 

stabilized by the small molecule rapamycin,80,118 and the C-terminus of ubiquitin 

(UbC, residues 35-76).  In the absence of rapamycin, FKBP destabilizes the complex 

containing the payload, resulting in its degradation.  In addition to stabilizing FKBP, 

rapamycin also induces complementation between FKBP and the second construct 

consisting of FRB, a domain from the mTOR protein, and the N-terminus of ubiquitin 

(UbN, residues 1-37), resulting in reconstitution of the split ubiquitin and separation of 

the protein of interest from the rest of the complex via ubiquitin hydrolases (Figure 

2.2).119,120  Intrigued by the dual capability of TShld to provide conditional PCE rescue 

in a native conformation, we demonstrated the principle of DDEPT using TShld for 
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the conditional rescue of yCD and controlled prodrug activation as an initial step 

towards a novel therapeutic direction.   

 

 

 

2.2 Schematic representation of mCherry TShld GFP protein product.  
The transcribed DNA includes the entirety of the protein under one 
promotor.  A T2A site between the proteins forces the synthesis of two 
separate proteins due to ribosome skipping at the Gly-Pro junction of the 
T2A peptide (left).  In the absence of rapamycin, FKBP is destabilized, 
targeting itself and its fusion partners, including GFP, towards 
degradation.  The first part of the construct, including mCherry, does not 
contain a degradation tag and is not subject to induced degradation (top 
right).  In the presence of rapamycin (black triangle containing the letter 
“R”), FKBP is stabilized and FRB is recruited to FKBP, promoting a 
close proximity between UbC and UbN.  GFP is cleaved from the 
construct, rescuing it from possible degradation.  Both mCherry and GFP 
can now be detected (bottom right). 
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2.2 Materials and Methods 

2.2.1 Plasmid Construction 

All constructs were prepared using standard molecular cloning techniques.  

pEntry TShld-GFP was a gift from Matthew Pratt (Addgene plasmid #53211).  TShld 

GFP was cloned into pcDNA3.1 (Invitrogen), and mCherry was cloned onto the N-

terminus.  For cell viability experiments, GFP TShld yCD was cloned as follows: yCD 

was substituted for GFP and GFP was substituted for mCherry as the global protein 

expression control. 

2.2.2 Cell Culture 

HeLa cells were maintained in T150 tissue culture flasks (Thermo Fisher) in 

Minimum Essential Media (MEM, Cellgro) supplemented with 10% fetal bovine 

serum (FBS, Corning) and 1% penicillin/streptomycin (HyClone) at 37°C and 5% 

CO2. 

2.2.3 Transfection 

Plasmid DNA was prepared using ZymoPURE™ Plasmid Midiprep Kit (Zymo 

Research) according to the manufacture’s protocol.  HeLa cells were seeded at roughly 

175,000 cells/well in 12-well plates (Corning) supplemented MEM as described 

above.  One day after seeding, transfection was achieved with Lipofectamine® 3000 

(Invitrogen) using 1 μg plasmid DNA per well and following the manufacture’s 

protocol.  Transfection occurred for a minimum of 12 hours. 

2.2.4 Endpoint Cell Culture Experiments 

Transfected cells were treated with the appropriate amount of rapamycin (LC 

Laboratories, >99% purity) and 5-FC (Sigma-Aldrich, >99% purity) to achieve the 
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desired final concentrations in a total volume of 1 mL for 24 hours.  Cells were 

washed twice in 1 mL pre-warmed imaging buffer (140 mM NaCl, 2.5 mM KCl, 1.8 

mM CaCl2, 1.0 mM MgCl2, 20 mM HEPES, pH 7.4).  Cells were then incubated in 

0.5 mL of pre-warmed imaging buffer throughout microscopy.  For viability studies, 1 

drop of NucRed® Dead 647 ReadyProbes® Reagent (Invitrogen) was added and 

allowed to incubate at room temperature for 2 minutes prior to imaging. 

2.2.5 Fluorescent Microscopy and Image Analysis 

All images were captured using an Observer Z.1 Inverted Microscope (Zeiss) 

with GFP, mCherry, or Cy5 filter cube sets (Chroma).  For image analysis, five 

images were captured in each well.  Image analysis was conducted using the 

“Measure” analysis in ImageJ with threshold set 10-255.  Error bars represent the 95% 

confidence interval. 

2.2.6 TShld Time Course Experiments 

HeLa cells were seeded in individual 35 mm tissue culture-treated culture 

dishes (Corning) and transfected as described above.  Transfected cells were treated 

with 500 nM rapamycin in a total of 1 mL of media.  Each hour, one plate was 

removed from the incubator, washed twice in 1 mL pre-warmed cell imaging buffer, 

and imaged in 0.5 mL of imaging buffer. 

2.2.7 Western Blotting 

Following imaging, cells were incubated in ice-cold lysis buffer (50 mM Tris, 

150 mM NaCl, 1% Triton X-100, pH 8.0) on ice for 20 minutes with protease inhibitor 

cocktail (Calbiochem).  Cells were then removed from the plate with a cell scrapper 

(Genemate), and the lysate was clarified in a pre-cooled centrifuge at 12,000 rpm for 
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10 minutes at 4°C.  Total protein concentrations were normalized through a Bradford 

assay (Bio-Rad) with a BSA standard. 15 μg of lysate was mixed with a 5x loading 

buffer and separated by 10% SDS-PAGE before being transferred to a nitrocellulose 

membrane (Bio-Rad). 

Western blots were blocked in TBST (20 mM Tris, 500 mM NaCl, 0.05% 

Tween-20, pH 8.0) containing 5% non-fat milk overnight at room temperature with 

gentle shaking.  Membranes were washed twice in TBST and incubated for 3 hours in 

anti-GFP (1:5000 dilution, Covance) or anti-mCherry (1:2000 dilution, Novus) in 

TBS.  The blots were then washed twice in TBST and incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibody (GenScript) for 2 hours in TBST.  

The blots were washed three times in TBST and developed using ECL reagents (GE) 

according to the manufactures protocol.  Band intensities were quantified using 

ImageJ gel analysis tools. 

2.3 Results and Discussion 

2.3.1 Appending a Global Protein Expression Marker to TShld 
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Quantification of mCherry intensity.  mCherry intensity remained 
relatively constant regardless of the concentration of rapamycin (n=5 for 
each concentration). 

Previous reports on the TShld system have clearly indicated the release of 

target proteins 48 h after rapamycin addition. However, it was unclear whether the 

initial protection was mainly due to DD stabilization or DD release. Since the two 

protein complexes are expressed under one promoter and are translated into two 

individual constructs using the T2A viral “self-cleaving” peptide,86,121 we first fused 

mCherry to the N-terminus of FRB-UbN to allow direct monitoring of total protein 

synthesis. Similar to other reports, GFP was fused to the C-terminus of FKBP-UbC to 

enable easy tracking of protein rescue in a rapamycin dosage-dependent manner.  

HeLa cells were transfected with the mCherry-TShld-GFP construct.  Cells were then 

cultured in a specified concentration of rapamycin ranging from 0-1000 nM in media 

for 24 h, and the abundance of mCherry and GFP was probed by both Western 

blotting and microscopy.  As expected, the levels of mCherry fluorescence were 
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unaffected by the rapamycin concentration in the media (Figure 2.3).  However, only 

a low level of GFP fluorescence was detected in the absence of rapamycin, which 

increased significantly in a dosage-responsive manner until 500 nM of rapamycin, at 

which point the maximum signal was observed (Figure 2.4A and Figure 2.5).  

Overall, a 11.2-fold difference in normalized GFP fluorescence was observed between 

0 and 1000 nM of rapamycin (Figure 2.4B). 
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2.4 mCherry serves as a marker for protein synthesis in the TShld 
system and can be used to probe the initial mechanism of protection.  
(a) Microscopy of HeLa cells demonstrates the dosage response of GFP 
levels to rapamycin while mCherry levels are maintained as constant.  
Images were obtained 24 hours following the addition of rapamycin.  (b) 
Quantification of fluorescent images showing statistically significant 
increases in GFP level relative to the mCherry transfection marker 
between all doses of rapamycin through 500 nM (n = 5, ** p < 0.01, *** 
p < 0.001). (c) Western blots probing for mCherry and GFP reveals 
constant mCherry-FRB-UbN expression with GFP protein levels quickly 
increasing over time. The response is rapid, leaving no uncleaved GFP 
detected, indicating that initial protection results from DD release.  
Quantification of the western blot band intensities shows the GFP time 
profile immediately following rescue initiation. The absolute intensity 
was different for the two proteins as mCherry-FRB-UbN was probed 
with anti-mCherry primary antibody and GFP was probed with anti-GFP 
antibody. (d) Fluorescent microscopy corroborates the findings of the 
western blot analysis. 
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Quantification of GFP intensity for mCherry TShld GFP.  GFP 
intensity increased with increasing concentrations of rapamycin.  The 
decrease for 1000 nM of rapamycin is due to an overall decrease in 
global protein expression as seen in the parallel decrease in mCherry 
intensity.  This highlights the importance of an internal fluorescent 
control when making direct comparisons (n=5 for each concentration). 

2.3.2 Protein Release from DD Occurs Rapidly 

Western blotting was used to further probe the mechanism of GFP rescue. 

Only a small quantity of cleaved GFP product was detectable before rapamycin 

addition, indicative of efficient degradation and a low level of background cleavage. 

However, the DD tag cleavage via ubiquitin hydrolase was extremely rapid, and only 

cleaved GFP was detected even 1 h after rapamycin addition (Figure 2.4C). The level 

of cleaved GFP increased slightly with time after the addition of rapamycin, while the 

level of mCherry-FRB-UbN remained constant (Figures 2.4C and 2.4D). It is clear 

that the initial DD (FKBP) stabilization by rapamycin is also very rapid, a condition 
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necessary for the subsequent quick release of GFP from the reconstituted ubiquitin by 

ubiquitin hydrolase. 

2.3.3 DDEPT Requires both Protein Rescue and Prodrug to Reduce Cell 
Viability 

Having demonstrated the rapid rescue and release of native GFP by rapamycin 

addition, we next sought to execute DDEPT through the dynamic control of yCD 

levels using the TShld system in order to regulate the degree of 5-FC conversion to 5-

FU and the corresponding cell viability.  We first replaced mCherry with GFP as the 

expression marker because of the higher fluorescence intensity and yCD as the TShld 

payload.  After transfection, the levels of GFP expression and cell viability were 

compared in the presence or absence of rapamycin ranging from 0-1000 nM and/or 

300 µM 5-FC.  To distinguish healthy cells from dead cells, we employed the 

NucRed® Dead 647 ReadyProbes® Reagent, which stains the genomic DNA of non-

viable cells whose membrane integrity is compromised.  No discernible difference in 

the GFP level was observed regardless of 5-FC and/or rapamycin addition, indicating 

their addition has no effect on protein expression. The addition of rapamycin by itself 

had no impact on cell viability across the spectrum of rapamycin added, and these 

levels were statistically similar to the group that received only 5-FC (Figures 2.6A 

and 2.6C).  These results again support the need of both 5-FC and active yCD for 

prodrug activation. In contrast, cell viability decreased in a rapamycin dosage-

responsive manner in the presence of 5-FC as reflected by the higher number of purple 

fluorescent cells (Figures 2.6B and 2.6C). Since the GFP level remained fairly 

constant independent of rapamycin and 5-FC addition, this observation implies that 
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the increase in cytotoxicity is not a result of increased protein synthesis but a direct 

effect of yCD rescue by rapamycin addition. 

 

2.6 Cell death is only induced by the presence of both rapamycin and 5-
FC.  All images were obtained 24 hours after the addition of rapamycin 
and/or 5-FC.  (a) Images of HeLa cells demonstrating that rapamycin 
alone is insufficient to induce cell death.  GFP indicates high levels of 
protein synthesis, yet cell viability is maintained at all doses of 
rapamycin.  (b) Images of HeLa cells demonstrating that the combination 
of rapamycin-induced yCD rescue and the prodrug 5-FC results in 
dosage-responsive cell killing.  (c) Quantification of the fluorescent 
images with nuclear dye (cell death) normalized to GFP (transfection).  
All concentrations of rapamycin > 50 nM are statistically different 
between each 0 µM 5-FC group and its corresponding 300 µM 5-FC 
group.  Cell killing is dosage responsive to rapamycin concentration (n = 
5, * p < 0.05, ** p < 0.01, *** p < 0.001, NS p > 0.05). 
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2.4 Discussion 

In summary, we reported here a new DDEPT approach to provide conditional 

prodrug activation based on controlled protein degradation. This approach capitalized 

on the well-known feature of the TShld system to both rescue the prodrug activating 

enzyme, yCD, from degradation as well as its release from the DD upon rapamycin 

addition. By tagging the two TShld components with fluorescence proteins, we were 

able to discern that protein rescue was mainly the result of rapid DD release as only 

native proteins were detected even 1 h after rapamycin addition.  The small 

background levels in the absence of rapamycin can be attributed to the low level of 

split ubiquitin complementation as previously reported.89  For prodrug activation, this 

low level of background yCD rescue did not impact cell viability as even the 

introduction of 5-FC was not sufficient to cause cytotoxicity.  Only in the presence of 

both 5-FC and rapamycin did we observe significant cell death.  This approach allows 

the advantages of both targeted prodrug therapy in addition to a mechanism for 

clearing PCEs from healthy cells.  This work represents an important first step in 

utilizing the DDEPT concept towards targeted prodrug activation.  Looking forward, 

DDEPT would further benefit from autonomous switching such that the presence or 

absence of a specific cancer marker would determine the fate of the PCE thus 

rendering it independent of a small molecular trigger.  For example, yCD has been 

engineered to accumulate only in cells that overexpress hypoxia-inducible factor 1α, 

common in many cancers.122  Furthermore, delivery platforms have been developed 

that specifically target unique markers of the surface of cancer cells.  For example, 

overexpressed human growth factor receptor 2 has been used for targeted gene 

delivery to breast cancer,123 allowing DDEPT to be used as a gene therapy combined 
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with the additional failsafe of the PCE degradation.  These represent a few means by 

which DDEPT could function as a therapy independent of outside intervention. 
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CONDITIONAL PROTEIN RESCUE (CPR) BY BINDING-INDUCED 
PROTECTIVE SHIELDING 

Abstract 

An effective method to modulate the stability of proteins is essential to 

biological research.  Herein, we describe a new technology that allows conditional 

stabilization of proteins based on masking of a degron tag by a specific intracellular 

protein cue.  A target protein is fused to a degron tag and an affinity sensor domain.  

When the sensor detects its target protein, the degron is effectively concealed and the 

target protein is rescued. By introducing nanobodies as the sensor, we allow for 

virtually any endogenous protein to be targeted.  In a model system using yeast 

cytosine deaminase, we demonstrate low cell death background yet maintain the 

ability to elicit strong activation and prodrug-mediated cell killing using GFP as the 

rescue protein. The flexibility in choosing different masking targets provides a 

straightforward method to generalize the strategy for conditional protein rescue in a 

wide range of biological contexts, including oncoprotein detection. 
  

Chapter 3 
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3.1 Introduction 

3.1 Conditional protein rescue (CPR) via masking the DD.  a) The DD 
(blue squiggle) contains a small sensor domain (purple triangle) fused to 
its C-terminus.  In the absence of the corresponding binding target to the 
sensor, the POI (yellow hexagon) is recruited to the proteasome via DD 
interaction (red symbol) and degradation proceeds (left).  Interaction with 
the target (green cut-out circle) conceals the DD from the proteasomal 
recruitment, and the POI is rescued from degradation (right).  b) YFP is 
fused to the cODC1 DD and SpyTag (sensor) and co-expressed with 
mCherry as a transfection marker.  YFP is degraded by proteasome 
recognition of cODC1, and mcherry remains.  c) When mcherry is fused 
to the SpyCatcher (target), the SpyTag sensor recruits SpyCatcher-
miRFP670, sterically concealing cODC1 and rescuing YFP by CPR. 

Conditional control of protein levels remains elusive for many biological 

applications. RNA interference (RNAi) destroys mRNA, but it can frequently be off-

target or partially potent.124  While small molecule-responsive transcriptional switches 
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are frequently used to regulate mRNA levels, the overall dynamic is limited by the 

half-life of the target protein.125–127  Another common method is the fusion of a 

degradation domain (DD) to a protein of interest (POI),76 which drastically reduces its 

half-life and allows faster fluctuations in the intracellular level.128,129  As we recently 

reviewed,130 while several approaches can modulate protein degradation in response to 

a small molecule,81,84,88 they do not allow protein concentration control in response to 

native cellular environments. Ideally, a modular platform that combines rapid protein 

turnover by DDs with temporal and autonomous responsiveness to cellular 

environments will greatly expand our ability to generalize the strategy for conditional 

protein rescue (CPR) in a wide range of biological contexts. 

Coordinated degradation of cyclins is a key mechanism to ensure correct 

progression through the cell cycle.27,28,131  This exquisite control between 

accumulation and depletion of cyclins is tightly regulated by changes in cellular 

protein information, suggesting a possible framework for CPR.  One potential strategy 

is based on the Ac/N-End Rule pathway used for protein quality control, which 

recognizes and targets certain Nα-terminally acetylated resides for degradation.132–134  

Remarkably, the same acetylated residue is also necessary for proper interaction with 

cellular chaperones, which sterically shield the degradation domain and preserve 

properly folded proteins. The intriguing ability to shield the DD from initiating 

degradation has inspired the design of a new generation of artificial protein stability 

switches for conditional degradation. Insertion of a DD into the Jα-helix successfully 

shielded the DD-Jα-helix peptide within the LOV domain and arrested degradation. 

Irradiation with blue light unmasked the Jα-helix and restored degradation.95  

Similarly, a DD placed between two proteins was only activated upon release by 
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protease cleavage.98,135  While these reports represent a first step towards CPR, they 

are unable to couple endogenous cellular cues to modulate degradation.  

We sought to increase the practicality of CPR by using cellular protein cues to 

provide masking and unmasking of DDs. In this design, a small sensor domain is 

appended to the DD.  When a binding target is present, the DD is effectively 

concealed, and the target protein is rescued (Figure 3.1a). We demonstrated that 

effective CPR can be executed using both covalent SpyTag/SpyCatcher conjugation 

and non-covalent nanobody/antigen interaction.  Selective rescue of the yeast cytosine 

deaminase enabled strong prodrug activation and targeted cell killing.  

3.2 Materials and Methods 

3.2.1 Plasmid Construction 

All constructs were prepared using standard molecular cloning techniques and 

cloned into pcDNA3.1(+) (Invitrogen).  All oligonucleotides were ordered from 

Integrated DNA Technology (Coralville, IA) and purified via standard desalting.  A 

list of primers can be found in Appendix A.  All enzymes were purchased from New 

England Biolabs (Ipswich, IA) and used per the manufacturer’s protocol with the 

provided buffers.  All overlapping oligos were first 5’ phosphorylated with T4 

polynucleotide kinase (PNK) treatment, and then were heat denatured and slow cooled 

to allow for proper hybridization before ligation. 

3.2.1.1 mCherry:T2A:YFP-cODC1-SpyTag 

YFP was PCR amplified and double digested with AflII and XhoI.  The DNA 

sequences for oCDC1-SpyTag were ordered as overlapping oligonucleotides as 

ultrameres with appropriate overhangs to make them complimentary to XhoI and ApaI.  
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The vector pcDNA3.1(+) was double digested with AflII and ApaI to generate the 

backbone, and YFP and cODC1-SpyTag were ligated simultaneously using T4 DNA 

Ligase per the manufacturer’s protocol to generate YFP-cODC1-SpyTag.  Finally, 

mCherry was PCR amplified with a reverse primer that included the T2A region in the 

non-overlapping region, and this product was double digested with NheI and AflII.  

YFP-cODC1-SpyTag was double digested with NheI and AflII, and mCherry:T2A was 

ligated, generated mCherry:T2A:YFP-cODC1-SpyTag. 

3.2.1.2 SpyCatcher-mCherry:T2A:YFP-cODC1-SpyTag 

SpyCatcher was codon optimized and ordered as a gBlock gene fragment.  

SpyCatcher was then PCR amplified and double digested with NheI and EcoRI.  

mCherry:T2A was PCR amplified with the same reverse primer as above, but the 

forward primer provided an N-terminal EcoRI site, and this product was double 

digested with EcoRI and AflII.  mCherry:T2A:YFP-cODC1-SpyTag was double 

digested with NheI and AflII to remove mCherry:T2A and generate the backbone into 

which SpyCatcher and mCherry:T2A were simultaneously ligated, generating 

SpyCatcher-mCherry:T2A:YFP-cODC1-SpyTag. 

3.2.1.3 miRFP670 Constructs 

miRFP670 was PCR amplified and double digested with NheI and HindIII.  

The T2A polycistronic site was ordered as two overlapping oligonucleotides with 

overhangs to provide HindIII and AflII complimentary sites.  mCherry:T2A:YFP-

cODC1-SpyTag was double digested with NheI and AflII to remove mCherry:T2A.  

miRFP670 and T2A were simultaneously ligated with the backbone to generate 

miRFP670:T2A:YFP-cODC1-SpyTag.  Next, miRFP670 was PCR amplified with 
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overhangs providing EcoRI and HindIII sites, and the product was double digested at 

those sites. The human codon optimized SpyCatcher was PCR amplified and double 

digested with NheI and EcoRI as described above.  miRFP670:T2A:YFP-cODC1-

SpyTag was double digested with NheI and HindIII to remove miRFP670, and 

SpyCatcher and miRFP670 was simultaneously ligated into the backbone, generating 

SpyCatcher-miRFP670:T2A:YFP-cODC1-SpyTag.  Finally, SH3 was PCR amplified.  

SH3 and SpyCatcher-miRFP670:T2A:YFP-cODC1-SpyTag were double digested 

with NheI and EcoRI to remove SpyCatcher, and SH3 was ligated to generate SH3-

miRFP670:T2A:YFP-cODC1-SpyTaSH3 and SH3Lig constructs.  SH3 was PCR 

amplified and double digested with NheI and EcoRI.  SH3Lig was ordered as a pair of 

overlapping oligonucleotides with overhangs providing for XbaI and ApaI 

complementation sites.  Previous plasmids could be double digested with NheI and 

EcoRI (to install SH3) or XbaI and ApaI (to install SH3Lig) to generate SpyCatcher-

mCherry:T2A:YFP-cODC1-SH3Lig, SH3-mCherry:T2A:YFP-cODC1-SpyTag, or 

SH3-mCherry:T2A:YFP-cODC1-SH3Lig. 

3.2.1.4 miRFP670-cODC1-SpyTag-GBP1 

SpyTag was ordered as a pair of overlapping oligonucleotides providing 

overhangs with XbaI and BamHI.  The GFP Nanobody, aka GFP Binding Protein 1 

(GBP1), was PCR amplified and double digested with BamHI and ApaI.  

mCherry:T2A:YFP-cODC1-SpyTag was double digested with XbaI ApaI to remove 

SpyTag, and SpyTag and GBP1 were simultaneously ligated into the backbone 

generating mCherry:T2A:YFP-cODC1-SpyTag-GBP1.  Next, miRFP670 was PCR 

amplified and double digested with AflII and XhoI¸and mCherry:T2A:YFP-cODC1-

SpyTag-GBP1 was double digested with XhoI and ApaI in order to purify cODC1-
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SpyTag-GBP1.  pcDNA3.1(+) was double digested with AflII and ApaI, and 

miRFP670 and cODC1-SpyTag-GBP1 were simultaneously ligated into the vector to 

generate miRFP670-cODC1-SpyTag-GBP1. 

3.2.1.5 yCD Constructs 

BFP was PCR amplified and double digested with NheI and ClaI.  A T2A site 

was ordered as overlapping ultramers with overhangs providing ClaI and AflII 

complementation sites.  mCherry:T2A:YFP-cODC1-SpyTag-GBP1 was double 

digested with NheI and AflII to remove mCherry:T2A.  BFP and T2A were 

simultaneously ligated into the cut vector to generate BFP:T2A:YFP-cODC1-SpyTag-

GBP1.  A second BFP was PCR amplified and double digested with EcoRI and ClaI.  

SH3 was again PCR amplified similar to above and double digested with NheI and 

EcoRI.  BFP:T2A:YFP-cODC1-SpyTag-GBP1 was then double digested with NheI 

and ClaI, and SH3 and BFP were ligated to generate SH3-BFP:T2A:YFP-cODC1-

SpyTag-GBP1.  yCD was PCR amplified and double digested with AflII and XhoI.  

SH3-BFP:T2A:YFP-cODC1-SpyTag-GBP1 was also double digested with AflII and 

XhoI to remove YFP, and yCD was ligated in its place generating SH3-

BFP:T2A:YFP-cODC1-SpyTag-GBP1.  To generate the rescuing construct, EGFP 

was PCR amplified and double digested with NheI and EcoRI.  The previous construct 

was double digested with the same enzymes to remove SH3, and GFP was ligated in 

its place generating GFP-BFP:T2A:YFP-cODC1-SpyTag-GBP1. 

3.2.1.6 UbL Constructs 

A single copy of the UbL domain was PCR amplified and double digested with 

AflII and ClaI.  YFP was also PCR amplified and double digested with ClaI and XhoI.  
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Both mCherry:T2A:YFP-cODC1-SpyTag and SpyCatcher-mCherry:T2A:YFP-

cODC1-SpyTag were double digested with AflII and XhoI to remove YFP, and UbL 

and YFP were simultaneously ligated into the cut vector to generate 

mCherry:T2A:UbL-YFP-cODC1-SpyTag and SpyCatcher-mCherry:T2A:UbL-YFP-

cODC1-SpyTag, respectively. 

3.2.1.7 N-end Rule Constructs 

Ub-R-GFP was a gift from Nico Dantuma (Addgene plasmid # 11939 ; 

http://n2t.net/addgene:11939 ; RRID:Addgene_11939).  Site directed mutagenesis was 

performed to generated Ub M-GFP and Ub-L-GFP using Q5 Hot Start High-Fidelity 

Polymerase New England Biolabs (Ipswich, IA) according to the manufacture’s 

protocol.  KpnI and BamHI restriction sites were introduced via mutagenesis between 

the N-terminal amino acid and GFP, and GBP1 was inserted into these sites.  Finally, 

GFP was excised using BamHI and NotI, and miRFP670 was ligated in its place to 

generate Ub X-GBP1-miRFP670. 

3.2.1.8 LaM4 Constructs 

To generate EGFP-cODC1-LaM4, EGFP was PCR amplified to include AflII 

and XhoI restriction sites.  miRFP670-cODC1-GBP1 was digested with AflII and 

XhoI, and EGFP was ligated to generate EGFP-cODC1-GBP1.  GBP1 was excised 

using BamHI and ApaI, and LaM4 was ligated in its place.  N-End rule constructs 

were generated by excising GBP1 from Ub X-GBP1-EGFP using KpnI and BamHI; 

LaM4 was ordered as a gene fragment and PCR amplified to include the same 

restriction sites, and the ligation product yielded Ub X-LaM4-EGFP. 
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3.2.1.9 nE7 Constructs 

Ub R-GBP1-miRFP670 was digested with KpnI and BamHI.  The nE7 

nanobody was ordered as a gene fragment from IDT, PCR amplified to include KpnI 

and BamHI restriction sites, and ligated into the vector.  This subclone was 

subsequently digested with AgeI and NotI, and mCherry was PCR amplified and 

cloned into place to yield Ub R-nE7-mCherry.  To generate the control construct, Ub 

R-GBP1-miRFP670 was digested with AgeI and NotI, and mCherry was PCR 

amplified and ligated into the vector to yield Ub R-GBP1-mCherry. 

3.2.2 Cell Culture 

HeLa cells were maintained in T150 tissue culture flasks (Thermo Fisher) in 

complete media, i.e. Minimum Essential Media (MEM, Cellgro) supplemented with 

10% fetal bovine serum (FBS, Corning), 10 U mL-1 penicillin (HyClone), and 10 U 

mL-1 streptomycin (HyClone) at 37°C and 5% CO2.  Cell passaging occurred upon 

reaching confluency in the flask by treating with 0.05% trypsin-EDTA for 4 minutes 

at 37°C and 5% CO2.  Cells were pelleted at 500 g for 10 minutes, resuspended in 5 

mL of complete media, and counted.  HeLa cells were seeded in 12-well plates at 

175,000 cells/well and 6-well plates at 750,000 cells/well.  HEK293T cells were 

seeded in 6-well plates at 250,000 cells/well. 

3.2.3 Transfection 

Plasmid DNA was prepared using ZymoPURE™ Plasmid Midiprep Kit (Zymo 

Research) according to the manufacture’s protocol.  One day after seeding, 

transfection was achieved with Lipofectamine® 3000 (Invitrogen) using 1 μg total 

plasmid DNA per well for 6-well plates and 2.5 μg total plasmid DNA for 12-well 

plates in complete media and following the manufacture’s protocol.  Where more than 
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one plasmid was transfected, the total DNA was split evenly among all plasmids 

unless otherwise noted. 

3.2.4 Fluorescent Microscopy and Image Analysis 

All images were captured using an Observer Z.1 Inverted Microscope (Zeiss) 

with GFP, mCherry, BFP, or Cy5 filter cube sets (Chroma).  For image analysis, five 

images were captured in each well.  Image analysis was conducted using the 

“Measure” analysis in ImageJ with threshold set 10-255.  Error bars on all plots 

represent the 95% confidence interval. 

3.2.5 Western Blotting 

Following imaging, cells were incubated in ice-cold lysis buffer (50 mM Tris, 

150 mM NaCl, 1% Triton X-100, pH 8.0) on ice for 20 minutes with protease inhibitor 

cocktail (Calbiochem).  Cells were then removed from the plate with a cell scrapper 

(Genemate), and the lysate was clarified in a pre-cooled centrifuge at 12,000 rpm for 

10 minutes at 4°C.  Total protein concentrations were normalized through a Bradford 

assay (Bio-Rad) with a BSA standard. 15 μg of lysate was mixed with a 5x loading 

buffer and separated by 10% SDS-PAGE before being transferred to a nitrocellulose 

membrane (Bio-Rad). 

Western blots were blocked in TBST (20 mM Tris, 500 mM NaCl, 0.05% 

Tween-20, pH 8.0) containing 5% non-fat milk overnight at room temperature with 

gentle shaking.  Membranes were washed twice in TBST and incubated for 3 hours in 

anti-GFP (1:5000 dilution, Covance) or anti-mCherry (1:2000 dilution, Novus) in 

TBS.  The blots were then washed twice in TBST and incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibody (GenScript) for 2 hours in TBST.  
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The blots were washed three times in TBST and developed using ECL reagents (GE) 

according to the manufactures protocol.  Band intensities were quantified using 

ImageJ gel analysis tools. 

3.2.6 Flow Cytometry 

Most flow cytometry was conducted on the Novocyte Benchtop Flow 

Cytometer (Acea Biosciences, San Diego, CA).  Experiments involving mCherry (Ub 

R-nE7-mCherry and Ub X-LaM4-EGFP rescued with mCherry) were conducted on 

BD FACSAria Fusion High Speed Cell Sorter (BD Biosciences, San Jose, CA).  All 

flow cytometry experiments involved >50,000 transfected cells as determined by 

forward- and side-scatter profiles of recorded events and fluorescent gating to exclude 

cells not transfected by at least the rescuing protein for each respective experiment.  

Cells were prepared for flow cytometry by washing twice in warm PBS.  Trypsin 

treatment was applied for 3 minutes, and the reaction was quenched by warm media.  

Cells were collected in microcentrifuge tubes and spun at 0.8g for 5 minutes.  The 

supernatant was aspirated, and cells were resuspended in cold PBS.  This solution was 

then passed through a cell strainer into a flow cytometer tube and stored on ice until 

analysis. 

3.2.7 yCD Viability Studies 

HeLa cells were seeded as above in 6-well plates and transfected with the 

appropriate constructs as above.  Approximately one day post-transfection, wells 

either received no treatment, 5-FC, or 5-FU for 48 hours.  Viability was determined 

using NucRed Dead 647 ReadyProbes Reagent (Thermo Fisher) per the 
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manufacturer’s instruction.  Fluorescent microscopy was used for analysis as 

described above. 

3.2.8 E7 Detection Studies 

HeLa cells and HEK293T cells were seeded as described above.  Transfection 

was conducted for 6 hours, and then replaced with normal media.  Flow cytometry 

analysis was conducted 24 hours post-transfection as described above. 

3.2.9 Statistical Analysis 

All the experiments were performed in triplicates and results were expressed as 

means ± standard deviations (SD). Statistical significance was analyzed using the 

student t-tests. P < 0.05 was considered statistically significant throughout the study. 

3.3 Results and Discussion 

3.3.1 Conditional Protein Rescue by Covalent SpyTag/SpyCatcher Conjugation 

To evaluate the feasibility of CPR, we first utilized the SpyCatcher and 

SpyTag system, which provides the most stable in vivo interaction because of covalent 

conjugation.136  A well-characterized synthetic cODC1-like C-degron tag was used as 

an effective DD with kinetics that allow for rescue to occur.95  By fusing the DD-

SpyTag to a fluorescent reporter, we generated YFP-cODC1-SpyTag, an unstable 

complex that can be rescued by SpyCatcher. We employed mCherry as an orthogonal 

transfection reporter (Figure 3.1B).  Both the YFP fusion and mCherry were 

expressed under one promotor by use of a polycistronic viral T2A self-cleaving 

sequence.86,121  To induce rescue of YFP, SpyCatcher was fused to mCherry for easy 

tracking (Figure 3.1C). 
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3.2 YFP rescue from cODC1-mediated degradation via SpyTag-
SpyCatcher interaction.  a) Western blotting of HeLa cell lysate.  
Expression of YFP and mCherry/mCherry-SpyCatcher were probed by 
their respective antibodies.  The upward shift in the protein size for the 
mcherry-SpyCatcher samples was the result of SpyTag-SpyCatcher 
conjugation.  b) Flow cytometry quantification of YFP enhancement by 
CPR.  miRFP670, a near-infrared fluorescent protein with a completely 
orthogonal signal to YFP on the flow cytometer, was used in place of 
mcherry. Fold enhancement is the YFP signal normalized to miRFP670 
expression in the SpyCatcher-miRFP670 fusion sample relative to the 
control with no SpyCatcher expression.  Error bars represent 95% 
confidence intervals. 

To evaluate the rescue efficiency, HeLa cells were transfected with 

SpyCatcher-mCherry:T2A:YFP-cODC1-SpyTag or the control, mCherry:T2A:YFP-

cODC1-SpyTag, without SpyCatcher.  Expression of both proteins was tracked by 

fluorescent microcopy and western blot over 60 h. Western blot analysis (Figure 

3.2A) demonstrated that mCherry was detected consistently in both constructs roughly 

15 h post-transfection. YFP gradually disappeared in cells expressing only mCherry, 

while a strong band corresponding only to the ligated YFP products was detected for 
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cells expressing SpyCatcher-mCherry. The absence of any un-ligated YFP with 

SpyCatcher-mCherry co-expression highlights that ligation between SpyTag and 

SpyCatcher is solely responsible for YFP rescue due to shielding of the DD (Figure 

3.2A, top right box).  This is further supported by the fluorescent images (Figure 3.3) 

demonstrating efficient YFP rescue due to DD shielding by SpyTag-SpyCatcher 

ligation. 

To quantify CPR more accurately, miRFP670 — a near-infrared, monomeric, 

fluorescent protein with a completely orthogonal signal to YFP on the flow 

cytometer137 — was fused similarly to mCherry to generate SpyCatcher-

miRFP670:T2A:YFP-cODC1-SpyTag and the control, miRFP670:T2A:YFP-cODC1-

SpyTag.  Flow cytometry showed that CPR enhancement increased throughout the 

entire time course, with roughly 7.5-fold increase in the YFP signal after 60 h (Figure 

3.2B).  Western blots confirmed a similar size increase as a result of the covalent 

conjugation between SpyCatcher and SpyTag (Figure 3.4). 
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3.3 Fluorescent images of YFP rescue in the presence or absence of 
SpyCatcher-SpyTag ligation.  Representative images of HeLa cells 
transfected with mCherry T2A YFP-cODC1-SpyTag (SpyTag Only) or 
SpyCatcher-mCherry T2A YFP-cODC1-SpyTag (SpyCatcher) were 
captured over a 60-hour time course.  While mCherry expression is 
consistent regardless of the presence of SpyCatcher, YFP expression is 
many-fold higher when SpyCatcher is co-expressed, suggesting that 
concealing the DD hinders the degradation of YFP. 
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3.4 Western blot analysis demonstrating the rescue of YFP by ligating to 
SpyCatcher-miRFP670.  Substituting miRFP670 for mCherry in order 
to perform flow cytometry analysis has no effect on the level of YFP 
rescue.  As with mCherry, the YFP signal degrades over time in the 
absence of SpyCatcher.  When SpyCatcher is fused to miRFP670, there 
is a shift up in protein size indicative of SpyCatcher/SpyTag reaction, and 
the YFP signal persists strongly throughout the time course.  The YFP 
signal increase is also reflected in the flow cytometry data in Figure 3.2b. 

3.3.2 Use of Non-Covalent Interactions for CPR   

Although CRP was correctly executed using covalent conjugation between 

SpyTag and SpyCatcher, most intracellular interactions are non-covalent in nature.  To 

show that non-covalent interaction can also be used to provide similar shielding 

effects, we replaced the SpyTag/SpyCatcher pair with the well-known Src homology 3 

(SH3) domain and its corresponding binding ligand, wLig (kD = 10 μM).138,139  A 

similar shielding effect was observed albeit at reduced efficiencies, confirming that 

even a weak non-covalent interaction is sufficient to provide adequate masking of the 

DD (Figure 3.5).  Again, no rescue was observed when the SH3 domain is absent, 

highlighting again the importance of specific interaction for proper DD masking 

(Figure 3.5).  
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3.5 Non-covalent interactions resulting in protein rescue.  Western blots 
were generated after expressing mCherry T2A YFP-cODC1-Ligand (left 
lane in each pair) and SH3-mCherry T2A YFP-cODC1-Ligand (right 
lane in each pair) for 60 hours.  These blots demonstrate the ability to 
rescue protein from degradation using an exogenous, non-covalent 
interacting pair.  In this instance, the interacting protein pair is the SH3 
domain and one of its known peptide ligands.   When mCherry is 
expressed without an SH3 fusion, YFP is degraded by the degradation 
tag cODC1 (brown line).  The close association between SH3 and its 
ligand is sufficient to induce YFP rescue by concealing the degradation 
tag from the proteasome. 

In order to adapt this technology towards more relevant cellular targets, a 

small, monomeric sensor capable of interacting with endogenous proteins with high 

specificity is required.  Camel single-domain antibody fragments, or nanobodies, are 

ideal because of their relative small size (~13kDa) and the ability to generate high-

affinity nanobodies for virtually any protein target.140,141 To investigate whether the 

degradation phenotype could be preserved even after addition of a nanobody near the 

DD, an anti-GFP nanobody (GBP1, kD ~1 nM) was first fused to the C-terminus of an 

miRFP670-cODC1 fusion (Figure 3.6A).  Unlike conjugation of a SpyCatcher-fusion 

onto an adjacent SpyTag to cOCD1, no masking of the DD was observed as virtually 
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no miRFP670 signal was detected (Figure 3.7, left side). This is somewhat 

unexpected as a small structural nanobody was physically tethered next to the DD. We 

speculate that the steric masking of the DD may be size dependent. To test this 

hypothesis, we fused a larger maltose-binding protein (MBP; 43 kDa) to the C-

terminus of GBP1. This resulted in improved miRFP670 signal (Figure 3.7, right 

side), an outcome consistent with the proposed enhanced DD masking and miRFP670 

rescue. 
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3.6 Rescuing a POI using non-covalent nanobody-antigen interactions.  
a) miRFP670 is fused to the cODC1 DD and an anti-GFP nanobody 
(GBP1), which still maintains its inherently unstable feature.  HeLa cells 
expressing miRFP670-cODC1-GBP1 were co-transfected with either 
BFP or GFP for CPR. Co-expression with BFP alone did not result in 
miRFP670 rescue due to a lack of interaction with GBP1, while co-
expression with GFP restored miRFP670 signal due to DD masking.  b) 
Flow cytometry quantification of miRFP670 fluorescence in the presence 
of BFP (grey) and GFP (blue) after 48 h.  Inserts show fluorescent 
microscopy images of miRFP670 of each sample.  
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3.7 The use of nanobody-antigen interaction as an efficient sensing 
mechanism to control protein rescue.  Representative images of HeLa 
cells expressing either miRFP670-cODC1-GBP1 (left) or miRFP670-
cODC1-GBP1-MBP (right) after 60 hours of transfection. The level of 
miRFP670 rescue was compared when either BFP or GFP was co-
expressed at the same time. The miRFP670-cODC1-GBP1 sample 
receiving BFP shows low levels of miRFP670 due to its degradation.  
Both samples receiving GFP show rescue of miRFP670 from 
degradation, suggesting that the interaction between GFP and its 
nanobody concealed the degradation tag and rescued miRFP670.  The 
direct fusion of MBP also stabilized miRFP670 even in the absence of 
GFP, suggesting a size-dependent steric interference model for CPR. 
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After establishing that a small nanobody GBP1 can be fused after the DD 

without impacting degradation, we next investigated whether protein rescue could be 

attained based on GBP1 and GFP interaction.  In the presence of BFP, which could not 

associate with GBP1, miRFP670 was still efficiently degraded. In contrast, expression 

of GFP efficiency rescued miRFP670 from degradation due to GFP shielding of the 

DD (Figure 3.6B and Figure 3.7). Somewhat surprisingly, GFP failed to induce as 

effective CPR when we used GBP6, a nanobody that binds GFP at a different epitope 

than GBP1,142  suggesting that interacting orientation, in addition to the size of the 

rescuing protein, is also important for CPR (Figure 3.8). These results provide the 

feasibility to repurpose nanobody-antigen interactions to elicit CPR for many different 

synthetic biology applications of practical interest.  

 

3.8 GBP6 fails to induce protein rescue effectively.  When GBP6, a 
nanobody that binds GFP at a different epitope than GBP1 (see Fig. 3 in 
the main text), is used to rescue miRFP670-cODC1-GBP6, the rescue 
efficiency is extremely low.  This implies that GFP must interact at an 
orientation conducive to CPR in order to rescue miRFP670 from cODC1-
mediated degradation. 
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3.3.3 Engineering CPR for Prodrug Activation  

One of the most pressing needs in cancer treatment is to distinguish cancer 

versus healthy cells. Prodrug targeting offers a layer of therapeutic control due to the 

innocuous nature of prodrugs. Yeast cytosine deaminase (yCD) is a prodrug-

converting enzyme (PCE) that transforms the innocuous 5-fluorocytosine (5-FC) into 

the cytotoxic 5-fluorouracil (5-FU), and it has been used successfully for the treatment 

of glioblastoma.110,111  Previously, we demonstrated the ability to regulate yCD 

activity using a small molecule-dependent rescue system, but this approach lacked any 

autonomous ability to distinguish cancer cells from healthy cells.143  To adapt CPR for 

prodrug targeting, yCD was used as the POI to test how well this strategy can control 

5-FC activation.  GFP again served as a visually trackable surrogate for a cancer-

relevant protein.  The ability to trigger cell death by 5-FU was used to indicate the 

overall efficiency of the conditional PCE therapy. A dye that only crosses the leaky 

cell membrane of dead cells was used as a visible indicator of cell viability.  As 

expected, 5-FU killed large quantities of cells regardless of GFP, while cell viability 

was high when no drugs were administered (Figure 3.9).  When treated with 5-FC, 

only cells co-expressing GFP were killed in similar quantities to those being treated 

directly with 5-FU (Figure 3.9).  Although the degree of cell killing in the absence of 

GFP but with 5-FC is slightly higher than cells without 5-FC addition (Figure 3.9B), 

this undesired outcome can be rectified by using a stronger degradation signal (e.g. 

UbL) or a combination of multiple DDs. 
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3.9 Controlling yCD activity via protein-nanobody interaction-mediated 
rescue.  a) Fluorescent images of cell viability.  Uptake of the NucRed 
Dead (pink) dye is indicative of cell death by the action of 5-FU.  Cell 
viability was reduced in the presence of the prodrug, 5-FC, only when 
GFP rescued yCD by stabilizing the DD-nanobody fusion. b) 
Quantification of all fluorescent images, normalizing NucRed Dead dye 
to BFP, the protein transfection marker.  Cells were transfected and either 
treated with no drugs (No Treatment), 5-FC, or 5-FU (n = 10; * = p < 
0.05; ** = p < 0.01; NS = no statistical significant difference). 

3.3.4 Tuning CPR by using a stronger proteasome binding motif 

We next sought to improve the design to eliminate the background further.  
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targeting moiety are both necessary for efficient proteasomal degradation.144 To 

determine if our CPR design could block access to the unstructured cOCD1 domain in 

the presence of a second proteasomal targeting moiety, we fused one copy of the 

ubiquitin-like (UbL) domain to the N-terminus of YFP.145  UbL is derived from the 

Rad23 protein and has been shown to target its fusion partners directly to the 

proteasome more effectively than the cODC1 tag.146,147  Fusing a UbL domain to the 

N-terminus of YFP enhanced the overall degradation, demonstrating that CPR can be 

tuned to achieve varying activation levels and signal to background ratios (compare 

the disappearance of YFP bands in Figure 3.10B with Figure 3.2A). Neither 

fluorescent microscopy (Figure 3.10A and Figure 3.11) nor western blot (Figure 

3.10B) could detect YFP in the absence of SpyCatcher-mCherry.  Co-expression of 

SpyCatcher-mCherry was again able to rescue YFP, although the rescued YFP level 

was lower than without the UbL domain (Figure 3.10A). The increase in protein 

degradation kinetics competes more aggressively with the SpyTag-SpyCatcher 

reaction, resulting in less rescue.  This result highlights the modularity of our approach 

in adjusting signal background and rescue intensity and its ability to conceal 

unstructured domains from a proteasome in a UbL-tagged target. 
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3.10 Tuning YFP rescue using the stronger proteasome binding UbL 
domain to improve degradation kinetics.  a) Quantification of 
fluorescent microscopy measuring YFP intensity normalized by mCherry 
intensity.  Compared to designs without UbL (see Figure 2), background 
YFP intensity was decreased (red line), but the ability of YFP to be 
rescued decreased as well (green line).  The images show HeLa cells with 
the YFP signal (green) 9 h and 60 h post transfection.  Error bars 
represent + 95% confidence interval (n = 5).  b) Western blotting of 
HeLa cell lysate.  The UbL domain is effective in eliminating any 
detectable traces of YFP expression without rescue (lower left box).  Co-
expression with SpyCatcher rescued YFP from degradation (lower right 
box). 
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3.11 UbL-fusion speeds the degradation kinetics, resulting in lower 
background with efficient rescue.  Representative images of HeLa cells 
transfected with mCherry T2A UbL-YFP-cODC1-SpyTag (SpyTag 
Only) or SpyCatcher-mCherry T2A UbL-YFP-cODC1-SpyTag 
(SpyCatcher) were captured over a 60-hour time course.  While overall 
YFP levels are lower when rescued compared to when UbL is not fused 
to its N-terminus, the background when SpyCatcher is not co-expressed 
is virtually non-existent. 

3.3.5 CPR for N-End Rule Degrons 

Encouraged by the CPR results using the cOCD1 C-degron, we next turned our 

attention to the N-end rule protein degradation pathway.  Because the N-end rule 

substrates are recognized by specific binding proteins known as N-recognins, which 

deliver these substrates to the 26S proteasome for destruction,148,149 chaperones are 

able to protect their targets via steric interference.133  We reasoned that expressing a 

sensing nanobody directly following a destabilizing N-terminus residue as a fusion to 
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a POI should result in rescue when the corresponding nanobody’s target is co-

expressed. 

 

 

3.12 Rescuing protein by blocking N-end rule-mediated degradation.  a)  
When only BFP was co-expressed, no miRFP670 rescue was detected; 
the residual fluorescence levels scaled well with the reported half-lives of 
proteins with the respective N-terminus residues.  However, co-
expression of GFP resulted in a significant increase in miRFP670 
fluorescence levels.  Furthermore, fluorescence levels of rescued protein 
are comparable regardless of which N-terminus residue was used.  b)  
The fold enhancement measured for each N-terminus residue is plotted as 
a function of the median miRFP670 fluorescence when co-expressed 
with GFP divided by the median when co-expressed with BFP 
(background fluorescence).  Met does not result in a large fold 
enhancement because it is a stabilizing residue.  Error bars represent a 
95% confidence interval. 
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To conduct CPR using an N-end rule degron, we relied upon the ubiquitin (Ub) 

fusion technique, in which Ub is added to the N-terminus of a POI.  The Ub domain is 

subsequently cleaved by an endogenous deubiquitylase, exposing the desired N-

terminus residue for destablization.150  Using this strategy, we generated three Ub:X-

GBP1-miRFP670 fusions, where X is the resulting N-terminal residue: methionine 

(M, half-life = 30 hr), leucine (L, half-life = 5.5 hr), or arginine (R, half-life = 1.0 

hr).151  These constructs were co-expressed with either BFP or GFP.  Co-expression of 

BFP resulted in weak miRFP670 fluorescence scaling to the reported half-lives of the 

N-terminus residues tested.  In contrast, co-expressing with GFP resulted in a dramatic 

rescue of miRFP670, showing more fluorescence than rescuing with the cODC1 

degron (Figure 3.12a and Figure 3.13).  Due to its extremely low background yet 

high level of rescue, an Arg N-terminus degron elicited an unprecedented >50-fold 

increase in protein fluorescence (Figure 3.12b).  Not surprisingly, a Met N-terminus 

did not result in much fold increase since it is a stabilizing residue.  To ensure that 

CPR was not a phenomenon specific to GBP1 and GFP-mediated rescue, we replaced 

GBP1 with LaM4, a nanobody that detects mCherry,152 to create EGFP-cODC1-LaM4 

and three different Ub:X-LaM4-EGFP fusions. For all constructs, only co-expression 

with mCherry resulted in higher EGFP fluorescence, and the N-end rule CPR 

outperformed C-end rule (Figure 3.14). 
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3.13 GFP is able to rescue miRFP670 tagged with degradation-inducing 
N-terminal amino acids by interacting with a GBP1.  Representative 
images of HEK293T cells transfected with X-GBP1-miRFP670, where X 
represents the N-terminal amino acids listed above.  Co-expression with 
BFP resulted in low protein levels except when Met is the N-terminal 
amino acid, consistent with reported half-lives.  Co-expression with GFP 
results in a visible increase in miRFP670 in the case of all N-terminal 
amino acids. 
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3.14 mCherry is able to rescue EGFP by interacting with a LaM4.  When 
co-expressed with BFP, levels of EGFP scale well with the reported half-
lives of the N-terminal amino acids, and EGFP-cODC1-LaM4 exhibits 
low levels of EGFP fluorescence.  However, co-expression with mCherry 
results in levels of EGFP in all samples.  Results graphed represent the 
median fluorescence values measured by flow cytometry, and error bars 
represent 95% confidence intervals. 

3.3.6 CPR for the Detection of HPV-Positive Cells 

 To illustrate the broader applicability of our CPR approach toward 

native protein targets, we next extended our design to detect human papillomavirus 

(HPV)-positive cells.  HPV is a known oncovirus that mainly relies on two proteins to 

induce carcinogenesis in cervical cells : E6, a major suppressor of apoptosis, and E7, a 

driver of the cell cycle.153–155  Using E7 as a HPV marker, we exploited nE7, a 

nanobody that detects E7,156 to generate Ub:R-nE7-mCherry to execute CPR. We 

transfected this construct and the control Ub:R-GBP1-mCherry into both HPV-

positive HeLa cells and HPV-negative HEK293T cells. The HEK293T cells showed 
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similar low levels of mCherry fluorescence regardless of which nanobody was used to 

perform CPR (Figure 3.15).  However, while GBP1 resulted in low levels of mCherry 

in the HeLa cells, nE7 resulted in a roughly 3-fold increase in mCherry, demonstrating 

that CPR is a powerful technique for detecting even low cellular levels of a cellular 

target protein. 

 

 

 

Executing CPR using an endogenous cancer marker.  HeLa cells are 
cancerous as a consequence of infection with HPV.  These viral proteins 
provide a specific marker for HeLa cells that can be detected by the HPV 
E7-specific nE7 nanobody (left).  HEK293T cells do not contain this 
marker, and therefore no statistically significant difference in the 
mCherry signal was observed. For both cell types, median fluorescence is 
normalized to R-GBP1-mCherry fluorescence (background).  Error bars 
represent 95% confidence intervals. 



 63 

3.4 Discussion 

We report here a new synthetic biology framework to elicit CPR based on 

proteomic information. To our knowledge, this is the first report that allows for the 

rescue of a target protein from degradation using a second protein as a masking agent. 

Although the initial feasibility was demonstrated using the SpyTag/SpyCatcher 

bioconjugation pair, even non-covalent interactions can be used to achieve similar 

rescue efficiencies. The modularity of the design allows the addition of a UbL 

proteasome-targeting domain to eliminate background while still allowing rescue of a 

POI. The use of nanobodies as a small sensing domain removes the limit on the 

potential target pool and creates a new synthetic biology framework by allowing 

endogenous cellular proteins to decide the fate of a POI. We demonstrated this 

feasibility by detecting E7, a protein unique to HPV-positive cells.   The availability of 

DDs with a wide range of degradation kinetics, including the N-end rule, offers the 

possibility to elicit rescue by an endogenous protein in a threshold-dependent manner. 

By combining different DDs and sensing domains, it may be possible to generate more 

complex, multi-input protein logic gates to help further differentiate between disease 

and healthy cells for therapeutic applications. 
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CONDITIONAL PROTEIN RESCUE WITH MULTIPLE INPUTS 

Abstract 

Cancer is a disease driven by the participation of multiple dysregulated 

proteins to drive the cell cycle forward inappropriately.  To further complicate matters, 

many of these proteins are needed individually in certain cells for their continued 

health.  Thus, therapies that are able to distinguish between cancer and healthy cells 

will be required to consider multiple protein signals simultaneously.  Towards this 

end, we present a platform for multi-input conditional protein rescue (CPR) in which 

each input is necessary but insufficient to increase the half-life of a protein of interest 

(POI).  Only the combination of both proteins together can execute CPR and rescue 

the POI from proteasomal degradation.  Herein, based on the success of single-input 

CPR, a proof-of-concept is demonstrated in which two exogenous proteins are used in 

combination to rescue a third.  Future directions are suggested in the conclusion 

towards improving the technology described and prospective cancer targets that might 

increase the probability of a successful therapeutic application are submitted. 
  

Chapter 4 
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4.1 Introduction 

Human diseases are often the sum of additive cellular malfunctions, resulting 

in their complexity and difficulty to treat.  Synthetic biology, in an effort to equip 

scientists with the ability to tackle this challenge, has long been interested in the 

design and execution of artificial cellular circuits.21,22  Towards this ambition, 

researchers have been developing components that mimic their biological counterparts 

with predictable outcomes, such that design heuristics can be employed for facile 

“plug and play” circuit construction.157–160  Owing to its predictability of 

hybridization, DNA is easily programmable both spatially and temporally,161,162 and 

thus it served as a logical starting point.  For example, relying on DNA toehold-

mediated strand displacement (TMSD) technology,163–165 a multi-input miRNA 

detector for cancer was constructed, and the end result was the reconstruction of a split 

prodrug converting enzyme.20 

While proteins do not have predictable hybridization and folding rules, many 

protein domains have known binding peptides, and therefore protein interaction can be 

similarly programmed to provide predictable outcomes.  In this way, some headway 

has been made in the construction of synthetic protein circuits.  For example, in a 

corollary to DNA TMSD, coiled-coil structures interact in a thermodynamically driven 

manner to bring fusion partners into close proximity, and a third coiled-coil with the 

ability to displace one of the original pair results in the separation of the fusion 

partners.166  Proteins also have the advantage of being enzymatic:  Proteases act on 

their target sequences in a consistent manner, and protein cleavage can thus be 

programmed.  In one study, proteases can be fused to an inhibitory peptide with an 

intervening, orthogonal protease cleavage site.  When the inhibitory peptide is cleaved 

off, the first protease can then cleave a downstream target.167  In another case, multiple 
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degron domains (DDs) can be cleaved from a protein of interest (POI) using 

orthogonal proteases such that its stability is determined by Boolean logic 

calculations.100  However, none of the currently available technologies has the ability 

to drive a protein circuit from multiple endogenous inputs. 

Much of the information that distinguishes a healthy cell from a cancerous one 

is contained within the proteome.11,12  Therefore, sensors and modulates that are 

sensitive to the protein information space and can signal the circuit appropriately are 

strongly desirable.  Conditional Protein Rescue (CPR), the subject of Chapter 3, is 

well-suited to address this challenge because of the ease with which targeting 

nanobodies can be introduced to detect endogenous proteins.  Briefly, a POI is fated 

for proteasomal degradation by virtue of a DD fusion; however, a small sensing 

domain is also fused to the DD, and in the presence of a specific target to the sensing 

domain, the DD is concealed from the cell and the POI is stabilized.  Based on the 

reliable behavior of both N- and C-end CPRs, it stands to reason that Boolean AND 

gate architecture can easily be constructed using two orthogonal protein inputs to 

protect both degrons simultaneously.  To illustrate this feasibility, we constructed a 

model system by using an anti-GFP nanobody as the sensing domain for the N-end 

degron and a SpyTag as the sensing domain for the C-end degron, respectively. In this 

design, two orthogonal rescuing proteins, GFP and SpyCatcher, are necessary for POI 

stability (Figure 4.1).  Since it was shown previously that nanobodies can be 

incorporated at both ends, this design can be further extrapolated to detect two 

different endogenous proteins. 
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4.1 Protein-based Boolean AND gate constructed from CPR 
components.  A POI is fused to both and N- and C- end degron, both of 
which independently fate the POI for degradation.  The N-end degron 
contains an anti-GFP nanobody, and thus GFP acts as a synthetic 
inhibitor for the N-recognin.  The C-end degron is fused to a SpyTag, 
such that SpyCatcher conceals that degron.  In this design, GFP or 
SpyCatcher alone is insufficient to rescue the POI.  However, the 
combination of the two can perform CPR. 

4.2 Materials and Methods 

4.2.1 Plasmid Construction 

All constructs were prepared using standard molecular cloning techniques and 

cloned into pcDNA3.1(+) (Invitrogen).  All oligonucleotides were ordered from 

Integrated DNA Technology (Coralville, IA) and purified via standard desalting. All 

enzymes were purchased from New England Biolabs (Ipswich, IA) and used per the 

manufacturer’s protocol with their provided buffers. 

4.2.1.1 Ub:L-GBP1-miRFP670-FLAG-cODC1-SpyTag Construction 

Using Ub:L-GBP1-miRFP670 as a template, PCR was performed to amplify 

Ub:L-GBP1 using the primers in Table 1.  This was double digested with NheI and 
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AflII.  Similarly, miRFP670-FLAG-cODC1-SpyTag was PCR amplified and double 

digested with AflII and ApaI.  The vector pcDNA3.1(+) was double digested with 

NheI and ApaI, and all three digested components were ligated together in a one-pot 

reaction. 

Table 1 PCR primers used for Ub:L-GBP1-miRFP670-FLAG-cODC1-SpyTag 
molecular cloning 

Name Category Sequence (5’3’) 
NheI Ub:L-
GBP1 

Forward 
PCR Primer 

ATATATGCTAGCGCTACCGGACTCAGATCTCG 

Ub:L-GBP1 
AflII 

Reverse 
PCR Primer 

ATATATCTTAAGCTTGCTGCTCACGGTCACCT 

AflII 
miRFP670-
FLAG-
cODC1-
SpyTag 

Forward 
PCR Primer 

ATATATCTTAAGATGGTGGCTGGACACGCTTC
CGG 

miRFP670-
FLAG-
cODC1-
SpyTag ApaI 

Reverse 
PCR Primer 

ATATATGGGCCCTTACTTCGTCGGCTTGTAGG 
 

XhoI  NotI Mutagenesis 
Forward 
Primer 

CGCTATGTCTTGTGCCCAAGAG 

XhoI  NotI Mutagenesis 
Reverse 
Primer 

GCCGCTTTATCATCATCATCTTTATAATCGC 

4.2.1.2 Mutagenesis to Remove the Redundant XhoI Restriction Site 

While the procedure above results in a viable plasmid, there are multiple XhoI 

restriction sites throughout the vector, including one in the desired protein product, 

that will impair future cloning.  To rectify this, the XhoI site directly following the 

FLAG tag was replaced with a NotI site (plus an additional thymine to keep the 
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remainder of the protein in frame).  The plasmid resulting from the above protocol was 

amplified via PCR using Q5 Hot-Start DNA Polymerase and the mutagenesis primers 

listed in Table 1.  This PCR product was purified and further processed with DpnI, T4 

PNK, and DNA Ligase in the provided DNA Ligase buffer (supplemented with ATP) 

at room temperature for 3 hours.  This processed DNA was transformed into NEB5α 

competent cells and screened for the presence of a NotI site via restriction digest. 

4.2.1.3 Cloning SpyCatcher-BFP 

SpyCatcher was human codon optimized and ordered as a gene fragment from 

Integrated DNA Technology (Coralville, IA).  SpyCatcher and BFP were PCR 

amplified such that there was a common restriction enzyme site at the C-terminus of 

SpyCatcher and the N-terminus of BFP.  The two PCR products were ligated together 

with a pcDNA3.1(+) backbone in a one-pot reaction. 

4.2.2 Cell Culture 

HEK293T cells were maintained in T75 tissue culture flasks (Celltreat) in 

complete media, i.e. Dulbecco's Modified Eagle Medium (DMEM, Cellgro) 

supplemented with 10% fetal bovine serum (FBS, Corning), 5% L-glutamine (Gibco), 

10 U mL-1 penicillin (HyClone), and 10 U mL-1 streptomycin (HyClone) at 37°C and 

5% CO2.  Cell passaging occurred upon reaching confluency in the flask by treating 

with 0.05% trypsin-EDTA for 4 minutes at 37°C and 5% CO2.  Cells were pelleted at 

500 g for 10 minutes, resuspended in 5 mL of complete media, and counted.  For 

experiments, HEK293T cells were seeded in 6-well plates at 250,000 cells/well. 
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4.2.3 Transfection 

Plasmid DNA was prepared using ZymoPURE™ Plasmid Midiprep Kit (Zymo 

Research) according to the manufacture’s protocol.  One day after seeding, 

transfection was achieved with Lipofectamine® 3000 (Invitrogen) using 2.5 μg total 

plasmid DNA per well for 6-well plates in complete media and following the 

manufacture’s protocol.  The total DNA was split evenly among all plasmids as 

follows: 0.5 μg DNA with the POI to be rescued (ex. Ub:L-GBP1-miRFP670-cODC1-

SpyTag) and 1.0 μg DNA of each rescuing protein (ex. GFP and/or SpyCatcher-BFP).  

For control experiments in which one rescuing protein was not transfected, the 

remaining balance of transfected DNA was completed using empty vector, 

pcDNA3.1(+). 

4.2.4 Flow Cytometry 

Flow cytometry was conducted on the Novocyte Benchtop Flow Cytometer 

(Acea Biosciences, San Diego, CA).  All flow cytometry experiments involved 

>50,000 transfected cells as determined by forward- and side-scatter profiles of 

recorded events and fluorescent gating to exclude cells not transfected by at least the 

rescuing protein(s) for each respective experiment.  Cells were prepared for flow 

cytometry by washing twice in warm PBS.  Trypsin treatment was applied for 3 

minutes, and the reaction was quenched by warm media.  Cells were collected in 

microcentrifuge tubes and spun at 0.8g for 5 minutes.  The supernatant was aspirated, 

and cells were resuspended in cold PBS.  This solution was then passed through a cell 

strainer into a flow cytometer tube and stored on ice until analysis. 
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4.3 Results and Discussion 

As a proof-of-concept for multi-input CPR, we operated with a protein which, 

based on single-input CPR, offered the highest probability of success.  For the N-end 

CPR, we used GBP1, an anti-GFP nanobody,140 as the rescuing sensor, which is 

rescued by GFP.  Concerned that aggressive degradation might lead to minimal levels 

of rescue even after blocking of the DD, we chose leucine as the N-end residue, which 

has a reported half-life of ~5 h.151  For C-end CPR, SpyCatcher/SpyTag pair was used 

as it forms a stable isopeptide bond providing efficient protein rescue.136  To visualize 

SpyCatcher, BFP was fused to the C-terminus, generating SpyCatcher-BFP.  Using 

miRFP670 — a near-infrared, monomeric, fluorescent protein137 — as the POI, we 

created Ub:L-GBP1-miRFP670-FLAG-cODC1-SpyTag (Figure 4.1).  This protein 

was transfected into HEK293T cells either by itself, with GFP only, with SpyCatcher-

BFP only, or with both GFP and SpyCatcher-BFP. 

As expected, Ub:L-GBP1-miRFP670-FLAG-cODC1-SpyTag had an 

extremely low half-life due to both DD domains working simultaneously with no 

rescuing agent, and fluorescent levels were similar to untrasnfected cells when 

measured by flow cytometry.  Co-transfecting only with SpyCatcher-BFP did result in 

a small amount of miRFP670 rescue, suggesting that cODC1 is the dominant DD in 

this AND-gate design.  This is further confirmed by co-transfecting with GFP alone as 

miRFP670 fluorescence did not raise much above background levels.  In contrast, co-

transfection with both GFP and SpyCatcher-BFP resulted in a 22-fold enhancement in 

miRFP670 fluorescent levels over the background (Figure 4.2).  Thus as expected, 

both inputs are necessary to execute CPR, and either input alone is insufficient. 
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4.2 Flow cytometry results for multi-input CPR.  Without any inputs, 
miRFP670 measures very low background levels similar to untransfected 
HEK293T cells.  Co-transfection with SpyCatcher-BFP only resulted in a 
slight increase in miRFP670, and co-transfection with GFP only barely 
raised the levels of miRFP670.  Only when co-transfected with both GFP 
and SpyCatcher-BFP is there a significant increase in the amount of 
miRFP670, suggesting that both inputs are needed simultaneously. 

4.4 Discussion 

Herein, we have demonstrated a purely protein-based Boolean AND gate that 

is not dependent upon a small molecule input.  Rather, two orthogonal protein inputs 

are independently obligated to achieve the rescue of a third POI.  To our knowledge, 

the proof-of-concept achieved here is the first of its kind, and presents a route to 

progress towards next-generation “smart therapeutics.”  While the multi-input CPR 

executed here utilized two exogenously transfected proteins, this work did establish 

the basis to extend the framework for a dual input system specific to two (or possibly 

more) cancer targets similar to the single-input systems described in Chapter 3.  

One of the shortcomings of this design was the background achieved when 

only SpyCatcher-BFP was co-transfected.  This demonstrates that cODC1 is the 
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dominating DD, and a leucine N-end residue is not sufficient to achieve complete 

degradation.  Fortunately, there are other N-end residues, such as arginine, that result 

in an even shorter protein half-life.  Indeed, earlier it was observed that a POI with an 

arginine N-end residue can still undergo rescue via CPR (Section 3.3.5).  An 

appropriate N-end residue should reduce the background across all single-input cases 

without impairing the robust rescue observed. 

In order to advance forward, there must be cancer-specific protein targets with 

available nanobodies.  As time progresses, nanobody discovery will fill this void,168,169 

and screening libraries will facilitate the rate at which this occurs.170–172  However, as 

it currently stands, CPR is best suited for detecting proteins unique to cancer, not just 

upregulated.  More engineering will be required before CPR is capable of a threshold 

response, in which a certain intracellular concentration of a protein is required to 

rescue a POI, and below this concentration the POI is not rescued above background.  

For this reason, E7 made an ideal target since it is only introduced in HPV positive 

cervical cancer by virtue of the viral infection, and it is therefore absent in every other 

healthy cell.153–155  Some proteins are unstable in most healthy cells, and they only 

persist in limited situations when they are required or once the cell becomes 

cancerous.  For example, hypoxia inducible factor-1α (HIF-1α) is stabilized by the 

lack of oxygen typical of tumor environments, and several labs have developed 

specific nanobodies that bind this protein when present.173–175  Unique disease states 

also exist for native proteins.  For example, β-catenin is involved in the genesis of 

many types of cancer in a hypo-phosphorylated state, and nanobodies have been 

developed that specifically recognize the hypo-phosphorylated regions.176,177  In 
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addition to therapeutic applications, CPR is also ideally suitable for real-time 

monitoring of disease- or cell-cycle-related protein changes.  
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DISSERTATION CONCLUSIONS AND FUTURE WORK 

The work in this dissertation seeks to harness the speed and responsiveness of 

mammalian protein degradation towards regulating protein cancer therapeutics.  

Protein degradation is a well-understood process, and natural cellular mechanisms for 

stabilizing proteins already exist.  For example, cyclins are a class of proteins that 

drive the cell cycle.27  At certain phases of the cell cycle, some cyclins are needed, 

while the presence of others would be detrimental to proper progression.  On the other 

hand, when certain cyclins are necessary, they must appear quickly, and their 

degradation must occur just as rapidly once their purpose is served.  To accomplish 

this feat, cells express cyclins constitutively and with a conditional degradation 

domain.28  In this manner, the cyclin is constantly degraded, but when required, 

chaperone proteins protect the degradation domain (DD) via steric hindrance and 

stabilize the cyclin.131,178,179  This paradigm served as an inspiration in our synthetic 

design.  Likewise, therapeutic proteins must be at minimal to nonexistent levels in 

healthy cells, and yet they must be able to respond to high concentrations of their 

targets. 

In Chapter 2, it was necessary to ascertain if a model cancer therapeutic, the 

prodrug converting enzyme yeast cytosine deaminase (yCD),110,111 could be regulated 

on the basis of conditional degradation.  If yCD could accomplish enough prodrug to 

drug conversion prior to being degraded, then the drug could approach lethal cytotoxic 

levels.  While the kinetics of protein degradation have been engineered to be faster 

Chapter 5 
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than enzymatic activity, our overall approach still needed validation.  To examine this, 

we used a model protein degradation system in which an exogenous small molecule 

served to inhibit protein degradation.89  We could use this small molecule to simulate a 

“cancer state” while a control “healthy group” would not receive it.  We found that the 

prodrug was necessary but insufficient to cause cell death, even when yCD was 

transfected.  Only the combination of prodrug and rescuing small molecule could 

result in cell death.143  Along the way, we recognized the importance of internal 

transfection markers as a means of normalizing protein degradation data, a lesson that 

eased future analysis. 

From this demonstration, it was desirable to move away from the small 

molecule to create a degradation device that exploits proteins as the rescuing signal.  

Towards this goal, we developed conditional protein rescue (CPR) based on the 

principles of cyclin regulation mentioned above in Chapter 3.  As a first attempt, it 

was desirable to have a “synthetic chaperone” that binds its target with extremely high 

affinity.  Since there is no stronger binding affinity than a covalent bond, we used the 

SpyCatcher/SpyTag system136 with a C-end cODC1 DD.95  When SpyTag was fused 

to cODC1 and SpyCatcher was co-expressed, we demonstrated a remarkable ability to 

rescue a protein of interest (POI). 

In a pivot towards endogenous targets that do not involve covalent bond 

formation, we next employed nanobodies, single-domain antibody fragments that can 

be screened for recognition of any desired target.140,141  Starting with an anti-GFP 

nanobody, we again demonstrated the ability to rescue a POI from cODC1-induced 

degradation by co-expressing GFP.  Furthermore, we were able to replicate our yCD 

experiment in a set up that allowed GFP to serve as a visually traceable “cancer 
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protein” while BFP served as the “healthy cell” control.  Only the combination of GFP 

and the prodrug resulted in increased cell death.  Cells co-transfected with BFP, on the 

other hand, maintained good viability even in the presence of the prodrug. 

In order to expand the CPR repertoire, we sought to include other DDs in the 

toolbox.  The native N-end rule protein degradation pathway provides a framework to 

modulate the half-life of any target protein simply by inserting an appropriate N-

terminal amino acid residue.148,149  From a synthetic biology standpoint, this simple 

rule allows for a convenient method for tuning degradation, and a competing protein 

binding near the N-terminal residue should rescue a protein fated for degradation.  We 

indeed found this to be the case by installing an anti-GFP nanobody near the adjacent 

N-end rule residue.  While C-end CPR was limited by the size and binding orientation 

of the rescuing protein, N-end CPR appeared to be more generous.  Thus, it should be 

possible to execute CPR with a greater number of proteins when operating in the N-

end configuration.  As a demonstration of the power of CPR, we used a nanobody that 

targets E7, a human papillomavirus (HPV) protein that leads to oncogenesis in 

cervical tissue,153,154 to execute CPR specifically in HPV positive cells but not in HPV 

negative cells.  Using mCherry as a reporter detectable by flow cytometry, CPR was 

used to distinguish HeLa cells (HPV positive) from HEK293T cells (HPV negative). 

However, cancer is a complicated disease that often requires the effort of 

multiple proteins to dysregulate the cell cycle and divide unchecked.6,7  In order to 

eliminate off-target effects and treat only diseased cells, a robust protein therapy must 

be able to examine multiple protein targets before eliciting the correct therapeutic 

outcome.  To reduce the likelihood of false positives, we lastly developed multi-input 

CPR, the combination of N- and C-end CPR.  Configured in this way, only the 
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simultaneous presence of two different protein markers is capable of inhibiting both 

DDs for efficient protein rescue. 

Unlike other protein-based cancer therapy strategies which examine expression 

patterns of cell surface receptors, CPR stands alone in its ability to probe the cytosolic 

proteome.  Thus, this dissertation has unlocked the potential to examine a much 

broader information space, increasing the probability that the therapy can achieve a 

proper diagnosis.  As such, CPR can be combined with other methods that probe 

surface receptors or other properties of cancer.  For example, viral delivery can be 

used to encode a CPR device as a gene therapy.  Similarly, since the DDs involved do 

not function outside of mammalian cell, therapies can be synthesized in an expression 

host and delivered to the cell via a targeted protein delivery vehicle.  Working as a 

nucleic acid-protein hybrid, engineers might gain the ability to sense both cancer 

miRNAs and proteins simultaneously, giving an unprecedented level of control across 

multiple biomolecular categories simultaneously.  For example, one could imagine a 

device that uses toehold-mediated strand displacement (TMSD) to detect the presence 

of cancer-specific miRNAs and assemble a split yCD as the desired output.20  If the 

split yCD proteins are also configured for CPR, then the absence of cancer proteins 

would negate split yCD reconstitution and arrest a potential false positive.  We 

envision a CPR-based cancer therapy enhancing the function of previously established 

methods to supplement additional layers of cell analysis in the decision making 

process.  In this way, the inputs are additive over those required for accurate protein 

delivery and CPR execution, and one could design a therapy that requires the correct 

combination of surface receptors, miRNAs, and proteins as a three-layered checklist 

before deploying the therapeutic. 
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The multi-input CPR technique we have developed here is capable of 

executing a Boolean AND architecture with two inputs in the most complicated case.  

However, it should be feasible to engineer different architectures with multiple inputs.  

One way to accomplish this is through cascading CPR through multiple levels.  Some 

example architectures assembled in this manner include: 

• For OR gate architecture, one could envision a primary output with 
C-end CPR such that a SpyCatcher is necessary to stabilize the POI.  
Additionally, two separate SpyCatcher constructs could be 
synthesized, each with N-end CPR and different nanobodies serving 
as input detectors.  If any one of the inputs is present, that 
SpyCatcher will be stabilized, and it in turn will stabilize the POI.  
Theoretically, in this configuration one could build an OR gate with 
as many targets as there are available nanobodies. 

• For NOT gate architecture, one could build a construct with the POI 
followed by a DD, protease cut site, and a stabilizing protein fusion.  
Then, the protease for that cut site could be designed with either N- 
or C-end CPR with a nanobody to rescue it.  In the absence of the 
nanobody’s target, the POI will be stable since the DD is blocked 
by the larger stabilizing protein.  When the nanobody’s target is 
present, the protease will be stabilized, and this will cleave the 
stabilizing protein from the POI, revealing the DD and fating the 
POI for destruction. 

• For more than two input AND gate architecture, the POI can be 
configured as demonstrated in Chapter 4 with N- and C-end CPR.  
Instead of sensing constitutively expressed proteins, the protein 
inputs for the POI can themselves be dependent upon AND gate 
CPR design.  To use the example above, if both GFP and 
SpyCatcher are each expressed with N- and C-end CPR with 
rescuing nanobodies, then two unique targets can be required to 
rescue GFP, and two additional unique targets are needed to rescue 
SpyCatcher.  Both GFP and SpyCatcher, once stabilized by their 
inputs, can then continue down the cascade to rescue the POI.  In 
this example, four unique inputs are each necessary for POI rescue. 

Since it has been established that a POI can be rescued through a nanobody-

antigen interaction, changing the concentration of antigen over time ought to make 
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CPR a dynamic process.  In the simplest example, if an exogenous rescue protein (ex. 

GFP) is expressed with an inducible promotor, the inducer level can be varied over 

time.  Therefore, the level of GFP can be changed over time, which should effect the 

amount of POI present.  One could imagine building an autonomous CPR-based 

protein oscillator based on this concept and in tandem with other previously built 

synthetic oscillator designs.  In the more interesting case, CPR can be used as a means 

to probe endogenous protein levels at different phases of the cellular life cycle.  A 

fluorescent POI creates an easily detectable output to inform an observer how the 

target protein’s levels range in time. 

CPR is a fledging technology with optimistic potential.  In this dissertation, the 

objective was for cancer therapy.  In this regard, CPR offers a novel approach towards 

next generation therapeutics, and it meets all the requisite requirements to address the 

shortcomings of current clinical treatment methods.  The protein engineering 

community is well equipped to tackle the challenges already acknowledged, such as 

cell delivery and background off-target apoptosis, to transform this technology from 

its infancy to a final product.  Ultimately, CPR has broader applications beyond just 

cancer treatment, such as detection and cellular protein probing.  This dissertation 

introduces just the first-generation of the technology, and it is the author’s aspiration 

that with the right ingenuity and creativity, this technology can be applied to a vast 

plethora of biological systems in exciting, innovative contexts. 
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LIST OF PRIMERS USED IN CHAPTER 3 

All oligonucleotides were ordered from Integrated DNA Technology (Coralville, IA), 
purified via standard desalting, and ordered as a standard oligo unless otherwise noted. 
 
Name Category Sequence (5’3’) 
AflII YFP Forward 

PCR Primer 
ATATATTTAAGATGGTGAGCAAGGGCGAGGA 

YFP XhoI Reverse 
PCR Primer 

ATATATCTCGAGCTTGTACAGCTCGTCCATG 

XhoI cODC1-
SpyTag ApaI 

Ultramer 
(Sense) 

TCGAGATGTCTTGTGCCCAAGAGTCAATAACC
AGTCTGTATAAGAAAGCTGGAAGTGAAAACCT
CTATTTTCAGTCTAGAGCACACATAGTAATGG
TAGACGCCTACAAGCCGACGAAGTAAGGGCC 

Ultramer 
(Antisense) 

CTTACTTCGTCGGCTTGTAGGCGTCTACCATTA
CTATGTGTGCTCTAGACTGAAAATAGAGGTTT
TCACTTCCAGCTTTCTTATACAGACTGGTTATT
GACTCTTGGGCACAAGACATC 

NheI 
mCherry 

Forward 
PCR Primer 

ATATATGCTAGCATATTAGCTAAGCATGGTGA
GCAAGGGCGAGGA 

T2A mChery 
AflII 

Reverse 
PCR Primer 

ATATATCTTAAGGGGGCCGGGGTTCTCCTCCA
CGTCGCCGCAGGTCAGCAGGGAGCCCCTGCCC
TCATTCTTGTACAGCTCGTCCA 

Human 
Codon 
Optimized 
SpyCatcher 

gBlock Gene 
Fragment 

GACAGCGCCACCCACATCAAGTTCAGCAAGA
GGGACGAGGACGGCAAGGAGCTGGCCGGCGC
CACAATGGAGCTGAGAGACAGCAGCGGCAAG
ACCATCAGCACCTGGATCAGCGACGGCCAGGT
GAAGGACTTCTACCTGTACCCCGGCAAGTACA
CCTTCGTGGAGACCGCCGCCCCCGACGGCTAC
GAGGTGGCCACCGCCATCACCTTCACCGTGAA
CGAGCAGGGCCAGGTGACCGTGAACGGC 

NheI 
SpyCatcher 

PCR 
Forward 
Primer 

ATATATGCTAGCATGGACAGCGCCACCCACAT
CAAGTTCA 
 

SpyCatcher 
EcoRI 

PCR 
Reverse 

ATATATGAATTCGCCGTTCACGGTCACCTGGC
CCTGC 

Appendix A 
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Primer 
EcoRI 
mCherry 

PCR 
Forward 
Primer 

ATATATGAATTCATGGTGAGCAAGGGCGAGG
A 

NheI 
miRFP670 

PCR 
Forward 
Primer 

ATATATGCTAGCCGCCACCATGGTGGCTGGAC
ACGCTTC 

miRFP670 
HindIII 

PCR 
Reverse 
Primer 

ATATATAAGCTTGCTCTCCAGGGCGGTGATTC 

HindIII T2A 
AflII 

Oligo 
(Sense) 

AGCTTGAGGGCAGGGGCTCCCTGCTGACCTGC
GGCGACGTGGAGGAGAACCCCGGCCCCC 
 

Oligo 
(Antisense) 

TTAAGGGGGCCGGGGTTCTCCTCCACGTCGCC
GCAGGTCAGCAGGGAGCCCCTGCCCTCA 
 

EcoRI 
miRFP670 

PCR 
Forward 
Primer 

ATATATGAATTCATGGTGGCTGGACACGCTTC 

NheI SH3 PCR 
Forward 
Primer 

ATATATGCTAGCATGGCAGAGTATGTGCGGGC 

SH3 EcoRI PCR 
Reverse 
Primer 

ATATATGAATTCATACTTCTCCACGTAAGGGA 

XbaI SH3Lig 
ApaI 

Oligo 
(Sense) 

CTAGACCACCACCAGTCCCCCCTAGACGATAA
GGGCC 

Oligo 
(Antisense) 

TGGTGGTGGTCAGGGGGGATCTGCTATTC 

XbaI SpyTag 
BamHI 

Oligo 
(Sense) 

CTAGAGCACACATAGTAATGGTAGACGCCTAC
AAGCCGACGAAGG 

Oligo 
(Antisense) 

GATCCCTTCGTCGGCTTGTAGGCGTCTACCATT
ACTATGTGTGCT 

BamHI GBP1 PCR 
Forward 
Primer 

ATATATGGATCCATGCAGGTGCAACTGGTGGA 

GBP1 ApaI PCR 
Reverse 
Primer 

ATATATGGGCCCTTACTTGCTGCTCACGGTCA
CCTGGGTG 

AflII 
miRFP670 

PCR 
Forward 
Primer 

ATATATCTTAAGATGGTGGCTGGACACGCTTC 
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miRFP670 
XhoI 

PCR 
Reverse 
Primer 

ATATATCTCGAGGCTCTCCAGGGCGGTGATTC 

NheI BFP PCR 
Forward 
Primer 

ATATATGCTAGCATAAGAATTCATGAGCGAGC
TGATTAAGGAGAACATGCACA 

BFP ClaI PCR 
Reverse 
Primer 

ATATATATCGATGTTCAGCTTGTGCCCCAGTTT
GCTAGGGAGGTC 

ClaI T2A 
AflII 

Ultramer 
(Sense) 

CGATGGCAGCGGCGAGGGCAGAGGCAGCCTG
CTGACCTGCGGCGACGTGGAGGAGAACCCCG
GCCCCC 

Ultramer 
(Antisense) 

TTAAGGGGGCCGGGGTTCTCCTCCACGTCGCC
GCAGGTCAGCAGGCTGCCTCTGCCCTCGCCGC
TGCCAT 

EcoRI BFP PCR 
Forward 
Primer 

ATATATGAATTCATGAGCGAGCTGATTAAGGA 

AflII yCD PCR 
Forward 
Primer 

ATATATCTTAAGATGGTGACCGGCGGAATGGC
CAG 

yCD XhoI PCR 
Reverse 
Primer 

ATATATCTCGAGGCTGCCGGATCCTTCTCCAA
TATCCTCAAACC 

NheI EGFP PCR 
Forward 
Primer 

ATATAGCTAGCATGGTGAGCAAGGGCGAGGA
GCTGT 

EGFP EcoRI PCR 
Reverse 
Primer 

ATATATGAATTCGCTGCCGCCGCCCTTGTACA
GCTCGTCCATGCCGAGA 

AflII UbL PCR 
Forward 
Primer 

ATATATCTTAAGATGCAGGTGACCCTGAAGAC
CCTGC 

UbL ClaI PCR 
Reverse 
Primer 

ATATATATCGATAGAACCACCACCAGATCCAC
CGTCT 

ClaI YFP PCR 
Forward 
Primer 

ATATATATCGATGTGAGCAAGGGCGAGGAGCT
GTTCA 

Ub-M-EGFP Mutagenesis 
Forward 
Primer 

CAGAGGTGGGATGGGGAAGCTTGGTCG 
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Ub-L-EGFP Mutagenesis 
Forward 
Primer 

CAGAGGTGGGCTGGGGAAGCTTG 

Ub-X-EGFP Mutagenesis 
Reverse 
Primer 

AGACGGAGTACCAGGTGC 

Ub-X-
KpnI_BamHI
-EGFP 

Mutagenesis 
Forward 
Primer 

ATATGGATCCATGGTGAGCAAGGGCG 

Mutagenesis 
Reverse 
Primer 

ATGGTACCTTGTCGACCAAGCTTCCC 

KpnI GBP1 PCR 
Forward 
Primer 

ATATATGGTACCATGCAGGTGCAACTGGTGGA 

GBP1 BamHI PCR 
Reverse 
Primer 

ATATATGGATCCCTTGCTGCTCACGGTCACCT 

BamHI 
miRFP670 

PCR 
Forward 
Primer 

ATATATGGATCCATGGTGGCTGGACACGCTTC
CGG 

miRFP670 
NotI 

PCR 
Reverse 
Primer 

ATATATGCGGCCGCTTAGCTCTCCAGGGCGGT
GAT 

AflII EGFP PCR 
Forward 
Primer 

ATATATCTTAAGATGGTGAGCAAGGGCGAGG
A 

EGFP XhoI PCR 
Reverse 
Primer 

ATATATCTCGAGCTTGTACAGCTCGTCCATGC 

BamHI LaM4 PCR 
Forward 
Primer 

ATATATGGATCCATGGCTCAGGTGCAGCTCGT
GGA 

LaM4 ApaI PCR 
Reverse 
Primer 

ATATATGGGCCCTTAGGTGAAAGGGGAAGAC
ACGG 

KpnI LaM4 PCR 
Forward 
Primer 

ATATATGGTACCATGGCTCAGGTGCAGCTCGT 

LaM4 BamHI PCR 
Reverse 
Primer 

ATATATGGATCCGGTGAAAGGGGAAGACACG
G 
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KpnI nE7 PCR 
Forward 
Primer 

ATATATGGTACCATGCAGGTTCAGCTGGTGGA
AAG 

nE7 BamHI PCR 
Reverse 
Primer 

ATATATGGATCCGCTGCTCACGGTCACCTGGG 

AgeI 
mCherry 

PCR 
Forward 
Primer 

ATATATACCGGTCGCCACCATGGTGAGCAAGG
GCGAGGA 

mCherry NotI PCR 
Reverse 
Primer 

ATATATCGCGGCCGCTTTACTTGTACAGCTCGT
CCATGC 
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LIST OF ABBREVIATIONS 

 
Arg (R)  Arginine 
ATP Adenosine Triphosphate 
AZ1 Antizyme 1 
BFP Blue Fluorescent Protein 
CDR Complementary Determining Region 
CI Confidence Interval 
cODC1 Synthetic ODC-like Degradation Tag 
CPR Conditional Protein Rescue 
CRL Cullin Ring Ligase 
CUL Cullin 
DD Degradation Domain 
DDEPT Degradation Dependent Enzyme Product Therapy 
DNA Deoxyribonucleic Acid 
DMEM Dulbecco's Modified Eagle Medium 
DUB De-Ubiquitination Enzyme 
ecDHFR E. coli dihydrofolate reductase 
EGFP Enhanced Green Fluorescent Protein 
EGFR Epidermal Growth Factor Receptor 
FBS Fetal Bovine Serum 
FKBP FK506-Binding Protein 
FRB FKBP12-Rapamycin-Binding Protein 
GBP1 GFP Binding Protein 1 
HECT Homology to E6-AP C-Terminus 
HEK293T Human Embryonic Kidney 293 (SV40 Large T Antigen) 
HIF-1α Hypoxia Inducible Factor-1α 
HPV Human Papillomavirus  
HRP Horseradish Peroxidase 
IBC Inflammatory Breast Cancer 
IBR In-Between Ring 

Appendix B 
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Kd Dissociation Constant 
LB Lysogeny Broth 
Leu (L) Leucine 
LID Ligand-Induced Degradation 
LOV2 Light Oxygen Voltage 2 
MBP Maltose Binding Protein 
MEM Minimal Essential Media 
Met (M) Methionine 
miRNA Micro RNA 
nE7 Anti-E7 Nanobody 
ODC Ornithine Decarboxylase 
PAGE Polyacrylamide Gel Electrophoresis 
PBS Phosphate Buffered Saline 
PCE Prodrug Converting Enzyme 
PCR Polymerase Chain Reaction 
PNK Polynucleotide Kinase 
POI Protein of Interest 
PROTACs Proteolysis Targeting Chimeras 
RBR Ring-Between-Ring 
RING Really Interesting New Gene 
RNA Ribonucleic Acid 
RNAi RNA Interference 
SCF SKP1-Cullin-F-box protein 
SD Standard Deviation 
SDS Sodium Dodecyl Sulfate 
SH3 Src Homology 3 
Shld1 Synthetic Ligand 1 
SMASh Small Molecule-Assisted Shutoff 
SURF Split Ubiquitin for Rescue of Function 
TIPI TEV Protease Induced Protein Inactivation 
TMP Trimethoprim 
TMSD Toehold Mediated Strand Displacement 
TShld Traceless Shielding 
Ub Ubiquitin 
UbC C-terminus of Ubiquitin 
UbL Ubiquitin Like 
UbN N-Terminus of Ubiquitin 
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Val (V) Valine 
wLig Weak SH3 Binding Ligand 
yCD Yeast Cytosine Deaminase 
YFP Yellow Fluorescent Protein 
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