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Abstract 

Gene-directed enzyme prodrug therapy (GDEPT) is a two-step process whereby the gene 

encoding a prodrug-converting enzyme is selectively delivered to tumor cells, followed 

by systemic administration of a nontoxic prodrug. Consequently, only cells that express 

the prodrug-converting enzyme (i.e. tumor cells) can convert the prodrug to its toxic form 

and induce cell death. One challenge of GDEPT is the inefficient transduction of tumor 

cells with the gene encoding the prodrug-converting enzyme, which limits the efficacy of 

this therapy. Using the yeast cytosine deaminase (CD)/5-fluorocytosine (5-FC) GDEPT 

system, I employ two separate strategies to mediate the challenges associated with 

targeted gene delivery. In the first approach, I performed mutagenesis studies to engineer 

a yCD mutant that increases the sensitivity of E. coli and mammalian cells to 5-

fluorocytosine.  An improved yCD variant should convert more 5-FC to 5-FU thus 

increasing cancer cell toxicity. Furthermore, increased 5-FU concentrations could 

potentially promote the bystander effect, which occurs when nearby, non-transduced 

tumor cells take up the 5-FU released by transduced tumor cells. In the second strategy, I 

fused yCD to HIF-1, a well-established cancer marker in hypoxic tumors, to promote 

the degradation of the enzyme only in healthy cells experiencing normoxia, but allow its 

accumulation in hypoxia. In normoxia, select yCD-HIF-1 fusions were degraded via 

HIF-1’s degradation pathway and were therefore present in negligible quantities. 

However, in mock-hypoxic cancer cells, where HIF-1 is not degraded, the yCD-HIF-1 

fusion proteins accumulated to high levels and, upon administration of 5-FC, converted 

5-FC to 5-FU within the cancer cell to induce apoptosis; therefore, increasing the 
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therapeutic difference between normoxic and hypoxic cancer cells. This thesis discusses 

the progress, challenges, and future directions of my work. 
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Chapter 1: Introduction 

Cancer Statistics 

Cancer is the second leading cause of death in the United States. It is predicted 

that there will be 610,000 deaths by cancer in 2018 alone [2]. While not all cancer 

diagnoses and treatments result in death, there is still progress to be made in development 

of new cancer treatment strategies. Lung, colon, breast, and prostate cancer account for 

almost 50% of all cancer deaths. Although the overall cancer death rate is decreasing, 

more than 35% of all people in the United States will be diagnosed with invasive cancer 

during their lifetime. Therefore, the development of effective treatments is critical to 

reducing cancer mortality.  

HIF-1 and Cancer  

Hypoxia-inducible factor 1 (HIF-1) is a transcription activator that aids in 

cardiovascular development during embryogenesis and regulates oxygen homeostasis. In 

particular, during hypoxia HIF-1 increases oxygen delivery to tissues while also 

Figure 1.1: Graphical representation of domains and key residues in hypoxia-inducible factor 1 alpha 

(HIF-1α) 

bHLH: basic helix-loop-helix domain. N-TAD: N-terminal transactivation domain. C-TAD: C-terminal 

transactivation domain. ODDD: oxygen-dependent degradation domain. 
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decreasing cellular oxygen consumption. HIF-1 is a heterodimer that consists of an alpha 

(HIF-1) and beta (HIF-1β) subunit. Both subunits belong to the basic helix-loop-helix-

Per-Arnt-Sim (bHLH PAS) family of transcription factors. These transcription factors 

require heterodimerization through their PAS domains before being able to participate in 

transcriptional activation via their bHLH DNA-binding domains. 

HIF-1β, also known as aryl hydrocarbon nuclear translocator (ARNT), is a class II 

bHLH-PAS protein that is constitutively expressed in several tissues and exhibits 

oxygen-independent accumulation. In addition to HIF-1, HIF-1β dimerizes with other 

class I bHLH-PAS proteins such as aryl hydrocarbon receptor (AHR), which upon 

binding to a xenobiotic, is translocated to the nucleus where it dimerizes with HIF-1β to 

activate transcription via binding to xenobiotic-response elements [3].  HIF-1β also 

contains a nuclear localization sequence that permits its translocation to the nucleus. This 

NLS allows translocation to the nucleus at all times. 

In contrast to HIF-1β, HIF-1 is ubiquitously expressed throughout human tissues 

and its accumulation is heavily dependent on oxygen levels within the cell. In normoxia, 

HIF-1 is hydroxylated at proline residues 402 and 564 at an LXXLAP motif by prolyl 

hydrolases 1, 2 and 3 (PHD 1, 2, and 3, respectively). These proline residues lie in the 

oxygen-dependent degradation domain (ODDD) of HIF-1, an approximately 200 amino 

acid domain that is fully responsible for modulating the protein’s degradation [4]. Prolyl 

hydroxylated HIF-1 binds to the Von Hippel Lindau tumor suppressor protein (pVHL). 

It has been suggested that acetylation of lysine 532 by arrest-defective 1 (ARD-1) enhances 

the interaction between HIF-1 and pVHL [5]; however, other studies contradict this claim 

[6]. Following these post-translational modifications, the pVHL-HIF-1 complex is then 
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recognized by the E3-ubiquitin ligase which attaches a polyubiquitin tag to HIF-1 thus 

marking HIF-1 for proteosomal degradation by the 26S proteasome. Asparaginyl 

hydroxylation of HIF-1 at residue 803 by factor inhibiting HIF-1 (FIH-1) further prevents 

HIF-1 activity in normoxia, by blocking the interaction between the its C-terminal 

transactivation domain (C-TAD) of HIF-1 with the p300/CBP proteins that act as 

transcription coactivators [7-9]. 

During hypoxia, both prolyl and asparaginyl hydroxylation are inhibited due to 

deprivation of the oxygen substrate. Therefore, HIF-1 accumulates and is translocated 

to the nucleus where it binds to HIF-1β and activates a variety of genes by binding to 

hypoxia response elements (HREs). Most HREs are five nucleotide enhancers with the 

sequence 5’-RCGTG-3’ (where R is A or G). These enhancers are located upstream of 

genes such as vascular endothelial growth factor (VEGF) and erythropoietin (EPO), 

which, when upregulated during hypoxia, initiate processes angiogenesis and 

erythropoiesis to recruit increase oxygen uptake of oxygen-starved cells. Furthermore, 

HIF-1 is suggested to upregulate glucose transporter 1 (GLUT-1) which facilitates the 

increase in glycolysis typically experienced in hypoxic cancer cells [10]. 

26S Proteasome 

Much knowledge about the proteasome has been gained through studies on the 

yeast, bacteria, and archaebacteria. The 26S proteasome is the primary degradation 

mechanism in the nucleus and cytoplasm of eukaryotic cells and the primary role of the 

proteasome is to regulate the accumulation of intracellular proteins such as cell cycle and 

apoptotic proteins [11]. The proteasome is composed of the 19S and 20S subunits, known 
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as the regulatory and core particle, respectively. The 20S subunit is flanked by two 19S 

subunits. Each 19S subunit consists of a base and a lid.  

 

At the entrance of the proteasome complex, the regulatory particle is responsible 

for all steps of substrate processing including substrate recognition, deubiquitination, 

unfolding, and translocation the core particle; and some of these steps may occur 

simultaneously. Substrate recognition occurs in two steps. First, is the binding of the 

substrate’s ubiquitin-conjugate, or in some cases a ubiquitin-like adaptor that can act as a 

chaperone [12], to the Rpn10 and Rpn13 domains of the lid of the regulatory particle. 

Furthermore, the variety of proteasomal substrates has revealed diversity in ubiquitin 

requirements for successful degradation. For substrates with less than 150 amino acids 

monoubiquitination is adequate, whereas larger substrates require polyubiquitin chains 

for successful shuttling to the proteasome [13, 14]. The second requirement for substrate 

recognition, which commits the substrate to degradation, is the anchoring of a loosely-

folded region of the substrate to proteasome [15], likely to the tyrosine pore loops of the 

Figure 1.2: Representation of the 26S proteasome 
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AAA ATPases in the base of the regulatory particle; the location of this unstructured 

domain, and the surrounding secondary structures determine the orientation of the 

substrate as it enters the core particle and therefore the order of degradation. The ideal 

loosely-folded domain is at least 30 amino acid in length, is rigid, and contains a variety 

of residues with a bias for hydrophobic amino acids [16-18].  

Once both recognition requirements are fulfilled, the substrate is furthered 

processed for degradation, starting with removal of the ubiquitin tag by the 

deubiquitinating enzymes, Uch37 and Usp14 [19]. Free ubiquitin is then recycled back 

into the cytosol for future use. ATP hydrolysis by the six AAA ATPases drives unfolding 

and translocation of the substrate. This linearized region of the substrate then enters the 

core particle.  

The core particle consists of four axially-stacked heptameric rings: two rings of 

identical beta rings sandwiched between two identical rings of alpha subunits (Figure 

1.2). The ring of alpha subunits has two primary functions: (1) blocking substrate entry to 

the free 20S subunit until it associates with the 19S subunit, then (2) facilitating the 

association of the 19S subunit with the 20S subunit [20]. In the active site, beta subunits 

1, 2, and 5 (1, 2, and 5, respectively) contain amino-terminal threonine residues that 

protrude into the hollow center of the core particle and cleave the substrate [21]. This 

cleavage results in short peptides that are released into the cytosol. Once in the cytosol, 

these peptides are either recycled for use as antigenic peptides or cleaved by cytosolic 

peptidases to yield individual amino acids.  
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Cancer and Chemotherapy  

For cancer, chemotherapy can be used as the treatment in itself, in conjunction 

with other therapeutic strategies to increase therapeutic efficacy, or with palliative intent.  

These chemotherapeutic agents can exert their toxicity via a variety of mechanisms and 

the specific drug used may vary depending on the type of cancer being treated, though 

some cancer-type independent treatments exist. Some of the well-known 

chemotherapeutics are briefly discussed below. 

The most common chemotherapeutic agents damage the genetic material of 

cancer cells or disrupt DNA replication. Taxanes, such as paclitaxel and docetaxel inhibit 

the microtubules that separate chromosomes during mitosis, thus halting proliferation 

[22]. While anthracycline antibiotics, such as doxorubicin, are used as 

chemotherapeutics, its precise mechanism of action is unknown. There is evidence to 

support the claim that doxorubicin inhibits topoisomerase II, the enzyme responsible for 

changes in DNA topology during replication, or that doxorubicin intercalates into DNA 

and form DNA adducts [23]. Methotrexate inhibits dihydrofolate reductase (DHFR), 

which, in turn, inhibit thymidylate synthase, the enzyme required for de novo synthesis of 

deoxythymidine monophosphate (dTMP). Similarly, metabolites of 5-fluorouracil (5-FU) 

also inhibit thymidylate synthase. The prodrug form of 5-FU, capecitabine, was designed 

to improve tissue targeting by initial reduction in the liver followed by tumor tissue 

specific reduction to 5-FU [24].  

While chemotherapy can be an effective cure for specific cancer-type/drug 

combinations, it is not without its challenges. The two major hurdles in chemotherapy are 

drug resistance and systemic toxicity. Drug resistance is sometimes mediated through 
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combination therapy with chemotherapeutics with different mechanisms of action. The 

side effects of systemic toxicity can range from acute, such as nausea or alopecia, to 

severe, such as nephrotoxicity [25] and immunosuppression. Eliminating systemic 

toxicity continues to be a focus of ongoing drug development research especially since 

treatments can extend life, usually only for a few months, but that quality of life is greatly 

reduced.  

Enzyme/Prodrug Therapy  

Enzyme-prodrug therapy (EPT), also known as suicide gene therapy, is a two-step 

process designed to selectively target chemotherapy to tumor cells. A prodrug-converting 

enzyme is selectively delivered to a tumor cell, followed by systemic administration of a 

prodrug. This causes selective conversion of the prodrug to the chemotherapeutic at the 

tumor site, thereby minimizing its effect on healthy cells.  

Since its inception, several approaches have been taken for targeted enzyme 

delivery and/or expression including antibody-directed and gene-directed EPT. In 

antibody-directed EPT (ADEPT), a prodrug-converting enzyme is conjugated to an 

antibody for a tumor-specific antigen. This affords local accumulation of the enzyme and 

therefore local extracellular conversion of the prodrug which can then diffuse into nearby 

tumor cells and induce apoptosis [26-29]. In gene-directed EPT (GDEPT), the gene 

encoding a prodrug-converting enzyme is selectively delivered to cancer cells, 

traditionally by viral transduction. In some instances, tumor-specific promoters have also 

Figure 1.3: Overview of gene-directed enzyme prodrug therapy 
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been used to further restrict gene expression to tumor cells [30]. Several EPT systems 

have been studied in vitro and in vivo, and have advanced to clinical trials with varying 

degrees of success. 

Cytosine deaminase/5-fluorocytosine 

Cytosine deaminase (CD) catalyzes the conversion of cytosine and water to uracil 

and ammonia in the pyrimidine salvage pathway in bacteria and fungi [31]. When used 

for EPT, CD catalyzes the conversion of the nucleoside analog, 5-fluorocytosine (5-FC), 

to 5-fluorouracil (5-FU). 5-FU is a well-established chemotherapeutic that exploits the 

upregulated uracil uptake of cancer cells [32]. In the cell, 5-FU is metabolized by 

endogenous thymidine phosphorylase (TP) to generate fluorouridineribose (FUDR). 

Thymidine kinase converts FUDR to fluorodeoxyuridine monophosphate (FdUMP), a 

competitive inhibitor of deoxyuridinemonophosphate (dUMP) for thymidylate synthase 

(TS). Inhibition of TS by FdUMP inhibits synthesis of dTMP which creates imbalances 

in dNTP pools that cause DNA damage and trigger apoptosis [33]. 5-FU is also 

metabolized into FUTP and FdUTP which can be incorporated into RNA and DNA, stall 

replication, and initiate apoptosis.  

Herpes Simplex Virus Thymidine Kinase/Gancyclovir 

Herpes simplex virus thymidine kinase (HSV-TK) catalyzes the conversion of 

thymidine to dTMP in the pyrimidine salvage pathway. Though HSV-TK is capable of 

converting several nucleoside analogs, such as gancyclovir, acyclovir, and AZT, to their 

cytotoxic counterparts, ganciclovir is most commonly used because it induces the greatest 

toxicity [34]. In EPT, GCV is initially phosphorylated by HSV-TK to produce GCV-

monophosphate (GCV-MP). GCV-MP is subsequently phosphorylated by endogenous 
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guanylate kinase to form GCV-diphosphate, and finally phosphorylated by nucleoside 

disphosphokinase to form the cytotoxin, GCV-triphosphate (GCV-TP). GCV-TP is then 

incorporated into DNA, which halts DNA replication and induces apoptosis. Endogenous 

mammalian kinases are significantly less active on GCV compared to HSV-TK. 

Other GDEPT Systems 

Two lesser studied GDEPT systems are nitroreductase with prodrug CB1954 and 

cytochrome P450 with oxazaphosphorines. After recruiting NADPH and/or NADH as an 

electron donor, E. coli nitroreductase NfsB reduces the 2- and 4-nitro groups to form 2- 

and 4- hydroxylamines, respectively. Only one of the two nitro groups can be reduced on 

a single CB1954 molecule. These hydroxyamines are further metabolized to yield 

alkylating agents that crosslink DNA and induce apoptosis of both dividing and non-

dividing cells. Cytochrome P450 enzymes are also used for GDEPT with 

cyclophosphamide (CPA) and ifosfamide (IFA). CPA is catalyzed by CYP2B6 to 4-

hydroxy cyclophosphamide and IFA is converted to 4-hydroxy ifosfamide by CYP3A4.  

These 4-hydroxy compounds are subsequently converted to both phosphoramide mustard 

and acrolein which function as DNA alkylating agents. 

Regulation of protein activity 

To date, there has been much effort to limit the activity of prodrug-converting 

enzymes to tumor cells. Tissue-specific promoters, such as the prostate-specific antigen 

(PSA), have been used to limit GDEPT only to cancerous prostate cells, and have been 

combined with enhancers to increase the expression of the prodrug-converting enzyme 

[35]. There are also tumor-specific promoters such as the carcinoembryonic antigen 

(CEA) promoter. The CEA promoter is only activated in CEA-positive cells, which can 
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be found in tumors in adults [36]. Furthermore, combining the CEA promoter with 

enhancers for enzyme/prodrug therapy has been shown to increase prodrug sensitization 

in CEA-positive cell lines [37, 38].   

Another tumor-specific promoter strategy is the use of hypoxia-responsive 

promoters that contain one or several hypoxia-response elements (HREs). HREs serve as 

transcriptional activators when bound by the HIF-1 dimer, which is typically formed in 

poorly oxygenated cells such as cells at the core of solid tumors. This strategy has been 

used with a variety of GDEPT systems and shown promise in cell culture experiments 

and in some cases, xenografts [39-41].  

Protein switches have also been employed to bring the specificity from the gene 

level to the protein level by limiting the accumulation or activity of prodrug-converting 

enzymes to tumor cells. For example, the Ostermeier lab has developed several protein 

switches consisting of the CH1 domain of the p300/CBP protein and either yCD or 

HSVTK [42-44]. While these switches exhibited increased prodrug sensitization in E. 

coli and some cancer cell lines, the major limitation of this approach is suspected to be 

the activation by other endogenous proteins such as CITED2 [42].   

 Though several strategies have been explored to limit the activity of prodrug-

converting enzymes to cancer cells, there is significant room for improvement.  

Research Outline 

In this work, I pursued three different strategies for improving enzyme/prodrug 

therapy using yeast cytosine deaminase (yCD). In the first strategy, I performed 

comprehensive site-saturation mutagenesis on yCD to find mutants that induced 

increased 5-FC toxicity. In the second strategy, I employed additional mutagenesis 



 11 

strategies, such as loop truncations to improve protein thermostability, to engineer an 

improved yCD as conferred in bacteria. In the third strategy, I designed end-to-end 

fusions between the ODDD of HIF-1 and yCD to allow the accumulation of yCD in 

tumor cells experiencing hypoxia and limit the accumulation of yCD in healthy cells in 

normoxia.  
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Chapter 2: Comprehensive mutagenesis on yeast cytosine 

deaminase identifies mutations causing improved 5-

fluorocytosine toxicity in HT1080 fibrosarcoma cells 

Tiana D. Warren, Jordan Rivera, Krishna Patel, Marc Ostermeier 

Department of Chemical and Biomolecular Engineering, Johns Hopkins University, Baltimore, 21218, 

USA 

Introduction 

Gene-directed enzyme/prodrug therapy (GDEPT) seeks to minimize deleterious 

side effects on healthy cells of patients undergoing chemotherapy through a two-step 

process. In the first step, the gene encoding a prodrug-converting enzyme is selectively 

delivered to cancer cells. Then, a nontoxic prodrug is systemically administered to the 

patient. Only cells that express the prodrug-converting enzyme will convert the prodrug 

to its cytotoxic form and induce cell death.  

One GDEPT system that continues to receive attention is yeast cytosine 

deaminase (yCD) and its prodrug, 5-fluorocytosine (5-FC), which is converted to the 

chemotherapeutic agent 5-fluorouracil (5-FU). While there have been several studies 

aimed at improving bacterial cytosine deaminase (bCD) activity on 5-FC [45-50], yCD’s 

superior kinetic properties has made it the preferred enzyme [51, 52]. Additional studies 

have focused on improving yCD’s properties through a variety of mutagenesis 

techniques. Computational predictions using RosettaDesign led to a thermostable triple 

mutant yCD that increased the enzyme’s melting temperature by 10C and increased the 

protein’s half-life 30-fold at 50C, with minimal effects on catalytic efficiency [53]. This 
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protein contains the mutations A23L/I140L/V108I and is referred to as yCDthermo in 

this study. In another work by the same group, partially-randomized mutagenesis was 

performed on 11 conserved codons at the dimer interface of the enzyme to find mutations 

that increase yCD’s activity on 5-FC [54]. The authors found three mutations in yCD that 

each caused GIA39 E. coli to be more sensitive to 5-FC (M93L, D92E, and I98L). 

However, none of the mutants sensitized rat C6 glioma cells to 5-FC more than 

yCDthermo did. Furthermore, combining the best mutant (D92E) with the three 

thermostabilizing mutations caused reversion to wildtype sensitivity. Currently, 

yCDthermo is being used in a retroviral replicating vector in Phase III clinical trials for 

recurrent high-grade glioma and Phase I trials for metastatic solid tumors [55-58].  As 

therapies using yCD continue to advance to clinical trials, development of an improved 

enzyme may provide additional benefits by affording lower concentrations of prodrug or 

alternative methods of gene delivery since, theoretically, fewer cells would have to 

express yCD to observe a clinical response. This would be due to the bystander effect, 

whereby 5-FU can diffuse into and kill neighboring non-transduced cells. 

Previous mutagenesis studies for improving yCD for GDEPT were limited to a 

small subset of residues selected by rational design and focused on improving a particular 

property of the enzyme.  Computational models are limited in their ability to holistically 

predict the effect of mutations on all important properties of a therapeutic enzyme (e.g. 

the effect of the mutation on enzyme expression and cell health). Directed evolution 

offers the ability to identify beneficial mutations that we cannot yet computationally 

predict.  
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In this work, we performed site-saturation mutagenesis at each position of yCD 

using inverse PCR to create a library of approximately 3,000 single amino acid 

substitution mutants. We performed a positive genetic selection to enrich for mutants that 

retained their catalytic activity and then screened the resulting mutants for increased 

sensitization of bacteria cells to 5-FC. We performed prodrug toxicity assays in HT1080 

fibrosarcoma cells to assess the potential of promising variants to increase the 5-FC 

sensitivity of human cells over that afforded by yCDthermo. We analyzed whether the 

mutations altered yCD accumulation in bacteria and mammalian cells to elucidate 

potential explanations for the increased 5-FC toxicity. Our work yielded at least two 

promising variants in human cells.  

Materials and Methods 

Template plasmid construction 

The wildtype yeast cytosine deaminase (yCD) gene was amplified from the 

pSE380-yCD plasmid by PCR using forward primer 5’-

ACAGGAGGAAGGATCCATGGTGACAGGGGGAATG-3’ and reverse primer 5’-

CACGTGGCCACTAGTCTACTC-3’. The reaction mixture contained 1 μL each of the 

forward and reverse primers, 10 ng of pSE380-yCD template DNA, 10 μL Phusion 2X 

Master Mix and D to 20 μL with water. The amplification protocol was as follows: 98°C 

for 30 sec, then 25 cycles of 98°C for 30 sec, 56°C for 30 sec and 72°C for 30 sec, 

followed by a final extension step at 72°C for 10 min. The PCR product was purified by 

DNA gel electrophoresis and extracted using Invitrogen’s Pure Link Quick Gel 

Extraction Kit. The purified yCD amplicon (2.5 μg) was digested in a reaction containing 

2.5 μL NcoI-HF, 2.5 μL SpeI, 5 μL CutSmart Buffer and water to 50 μL. Similarly, the 
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vector backbone was prepared by digesting 2.5 μg of pSkunk-yCDthermo was digested in 

a reaction containing 2.5 μL NcoI-HF, 2.5 μL SpeI, 5 μL CutSmart Buffer and water to 

50 μL. The digestion reactions were incubated for 1 hr at 37°C and immediately purified 

by DNA gel electrophoresis and concentrated using the Zymo Clean and Concentrate-5 

kit. Finally, the vector and insert were ligated at a 1:3 molar ratio using 50 ng of vector in 

a reaction mixture consisting of 2 μL of T4 DNA Ligase 10X reaction buffer, 1 μL of T4 

DNA Ligase and filled to 20 μL with water. The ligation reaction was incubated for 1 hr 

at 25°C. Chemically-competent DH5α cells were transformed with 5 μL of the ligation 

reaction.   

Colony PCR was performed to screen transformants for correct gene insertion. 

The reaction mixture consisted of 0.75 μL of 10 μM forward primer 5’-

tgttgacaattaatcatcggctc-3’), 0.75 μL of 10 μM reverse primer (5’-

gtttattgactaccggaagcagtgtg -3'), 2.25 μL water and 3.75 μL of GoTaq Green 2x Master 

Mix. Colony PCR results were analyzed by DNA gel electrophoresis and a correct clone 

was identified Sanger sequencing. 

Construction of comprehensive site-saturation mutagenesis (CSM) library 

Inverse PCR forward primers were designed by replacing the 5’ end of each 

primer with an NNB degenerate codon. A primer mix was prepared for each primer pair 

and contained 10 μM each of the forward and reverse primers primer. A total of 158 PCR 

reactions consisted of the following components: 10 μL of Phusion 2X Master Mix, 1 μL 

of the primer mix, 1 μL of pSkunk-yCD (WT) plasmid (10 ng) and 8 μL of water. The 

amplification protocol was as follows: 98°C for 30 sec, then 25 cycles of 98°C for 30 sec, 

56°C for 30 sec and 72°C for 114 sec, followed by a final extension step at 72°C for 10 
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min. Aliquots of each PCR reaction were analyzed via DNA electrophoresis to verify 

successfully amplification. After amplification, 5 μL from each PCR reaction were 

pooled together then concentrated using the Zymo Clean and Concentrate kit and purified 

on a DNA agarose gel. The band of approximately 3.8 kilobases was excised and 

extracted using the PureLink Gel Extraction kit per the manufacturer’s instructions. The 

PCR product was then concentrated using the Zymo Clean and Concentrate kit and 

repaired and phosphorylated using the Quick Blunting Kit (NEB), according to the 

manufacturer’s protocol. The prepared vector was ligated in the following reaction 

mixture: 200 ng vector, 2 μL T4 DNA Ligase Buffer, 0.5 μL T4 DNA Ligase (2,000,000 

U/mL), and filled to 20 μL with water. The ligation reaction was incubated for 12-18 

hours with temperature cycling between 25°C for 30 sec and 10°C for 30 sec. The 

ligation reaction was purified using the Zymo Clean and Concentrate kit and eluted into 

10 μL then split into two 5 μL aliquots. Two 40 μL aliquots of NEB 5-alpha cells (NEB 

C2989K) were transformed with the purified and concentrated ligation reaction aliquots. 

Transformants were plated on two 24.5 cm x 24.5 cm LB agar plates supplemented with 

50 μg/mL streptomycin and 0.2% glucose. The plates were incubated at 37°C overnight. 

Colony PCR and Sanger sequencing were performed to confirm the fidelity of the library.   

The transformants were harvested by sweeping the plates with 24 mL of sweep 

buffer (0.2% glucose, 15% glycerol) and centrifuging for 20 min at 5,000 rpm and 4°C. 

The supernatant was removed by decanting and the pellet was resuspended in an equal 

volume of sweep buffer. Several 200 μL aliquots of the resuspended pellet were frozen at 

-80°C.  

Positive selection on naïve CSM library to assess retained catalytic activity 
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The DNA from one 200 μL aliquot of the naïve CSM library in NEB 5-alpha cells 

was purified using the Miniprep Plasmid Preparation kit (QIAGEN). Two 40 μL aliquots 

of an E. coli cytosine deaminase knockout strain GIA39 (Coli Genetic Stock Center, Yale 

University) were transformed with 10 ng each of the CSM library DNA. The 

transformants were plated on two 24.5 cm x 24.5 cm LB agar plates supplemented with 

50 μg/mL streptomycin and 0.2% glucose. The plates were incubated at 37°C overnight. 

Colonies were harvested by sweeping the plates with 24 mL of sweep buffer per plate 

and centrifuging for 20 min at 5,000 rpm and 4°C. The supernatant was removed by 

decanting and the pellet was resuspended in an equal volume of sweep buffer. Several 

200 μL aliquots of the resuspended pellet were frozen at -80°C. To determine the number 

of colony forming units per μL of the frozen aliquot (CFU/μL), dilutions of the aliquot 

were plated on minimal media plates consisting of: 1X yeast drop-out without uracil, 1X 

yeast nitrogen base without amino acids, 2% glucose, 1 mM IPTG, 50 μg/mL 

Streptomycin and supplemented with 45 μM uracil. For positive selection, 16,000 CFUs 

were plated on minimal media plates supplemented with 1 mM cytosine. The plates were 

incubated at 37°C for approximately 36 hours.  

5-Fluorocytosine toxicity assay on variants surviving the positive selection in E. coli 

Colonies that grew on the cytosine selection plate were used to inoculate 1 mL LB 

media supplemented with 50 μg/mL Streptomycin in 96-well deep-well V-bottom blocks 

(one colony per well). Colonies of GIA39 cells containing either pSkunk-yCD (WT) or 

pSkunk-yCD (thermostabilized) in GIA39 were used as controls. The cultures were 

incubated at 37°C for 8 hr and the OD600 of five random samples was measured for each 

96-well block of cultures. The average OD600 of the five samples was calculated and used 
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to dilute all the cultures to approximately 0.3 OD600. Using reverse pipetting, 1.5 μL of 

each diluted culture was plated on minimal media plates supplemented with 45 mM 

uracil and 0, 800, or 1000 μM 5-FC. The screening plates were incubated at 37°C for 

approximately 36 hr. Cells expressing an improved yCD variant grew at 0 μM 5-FC but 

exhibited less growth at higher 5-FC concentrations (800, 1000, and 1200 μM 5-FC) 

compared with wildtype yCD and yCDthermo. The plasmids from cells exhibiting 

increased sensitivity to 5-FC were purified from the screening plates and sent for sanger 

sequencing. These mutant yCD genes were then subcloned into fresh pSkunk backbone 

using a similar protocol as above. 

Construction of double and triple mutant yCD plasmids 

All yCD double and triple mutant combinations of C71A, E75P, and H127V were 

constructed by inverse PCR using pSkunk-yCD as the template and the appropriate 

forward and reverse primers. The amplification program was as follows: 98°C for 30 sec, 

then 25 cycles of 98°C for 10 sec, 57°C for 30 sec and 72°C for 114 sec, followed by a 

final extension step at 72°C for 10 min. Each PCR reaction was digested with 1 μL DpnI 

at 37°C for 1 hr. The PCR reaction was purified by DNA gel electrophoresis, extracted 

using Invitrogen’s Pure Link Quick Gel Extraction Kit and concentrated using the Zymo 

Clean and Concentrate-5 kit. The linearized PCR product was phosphorylated using the 

Quick Blunting Kit (NEB), according to the manufacturer’s protocol. Finally, the vector 

was self-ligated using 100 ng of vector, 2 μL of T4 DNA Ligase 10X reaction buffer, 1 

μL of T4 DNA Ligase, and filled to 20 μL with water. The ligation reaction was 

incubated for 12-18 hours with temperature cycling between 25°C for 30 sec and 10°C 
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for 30 sec. Chemically-competent DH5α cells were transformed with 5 μL of the ligation 

reaction. Correct constructs were verified by Sanger sequencing. 

5-FC toxicity assay on double and triple mutants in E. coli 

GIA39 cells expressing yCD, yCDthermo and all single, double, and triple 

mutant, as well as an empty vector control, were cultured in 1 mL minimal media 

supplemented with 50 μg/mL streptomycin and 45 μM uracil. After 18 hr of growth, each 

culture was diluted to 0.03 OD600, serially diluted 1:5 five times then 1.5 µl of each 

dilution was pipetted onto minimal media plates supplemented with 45 mM uracil and 

various 5-FC concentrations. Plates were incubated for 36 hours at 37C. 

Protein expression and extraction from GIA39 E. coli cells 

For each mutant, 1 mL of minimal media was inoculated with a single colony and 

incubated overnight at 37C. These cultures were used to inoculate a 3 mL minimal 

media culture at OD600=0.1. Protein expression was induced by the addition of IPTG to a 

final concentration of 1 mM when the culture reached OD600=0.5-0.6. Protein expression 

was carried out for 12 hr. The cells were harvested by centrifugation at 15,000xg for 20 

min at 4C. The proteins were harvested using the Novagen Bugbuster Reagent following 

the manufacturer’s protocol. Total protein concentration was estimated using the Bio-Rad 

DC Assay microplate protocol. 

Lentiviral transduction to create isogenic stable lines in HT1080 cells 

pHIV-EGFP was a gift from Bryan Welm & Zena Werb (Addgene plasmid # 21373). 

The EF1a promoter was removed from the pHIV-EGFP transfer plasmid [59] and 

replaced with the CAG promoter and each of the yCD mutant genes. Envelope and 

packaging plasmids were obtained from Addgene: pMD2.G (VSV-G envelope) (plasmid 
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#12259), pMDLg/pRRE (plasmid #12251), and pRSV-Rev (Addgene #12253). The day 

before transfection 3.1 x 106 293T cells (ATCC: CRL3216) were seeded to a T25 flask. 

The next day, the cells were transfected with 8 μg of plasmid DNA (2ug of each plasmid) 

using Lipofectamine 3000. After 6 hr , the media was removed and replaced with fresh 

complete media. 24 hr after transfection, the viral media was removed, filtered with a 

0.45 μM filter, diluted 1:1 with complete media and added to T25 flasks seeded with 1 x 

106 HT1080 cells (seeded the previous day). After 24 hr, the viral media was removed 

and replaced with fresh complete media.  

Bicistronic expression of EGFP allowed for the detection of successfully 

transduced cell lines. The cells were passaged three times then single EGFP-positive cells 

were seeded to 96-well plates using a SONY SH800 cell sorter (Ex: 488 nm, Em: 525 nm 

+ 25). Single-cells were grown up for several weeks and their genomic DNA was 

harvested using a QIAGEN DNeasy Blood and Tissue Kit. Stable integration was 

verified by nested PCR on genomic DNA and sanger sequencing of the final amplicon. 

After confirmation of correct gene insertion, single cells were re-seeded to 96-well plates. 

Three separate single cells were grown up as independent cell lines and used for all 

subsequent experiments.  

Protein extraction in HT1080 cells 

Cytoplasmic proteins were extracted using the ThermoFisher NE-PER kit 

following the manufacturer’s instructions. The total protein concentration for the soluble 

cytoplasmic proteins was determined using the BioRad DC Assay in the microplate 

format. 

Western blot 
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Ten μg of bacterial protein extract or 25 μg of HT1080 cytoplasmic protein 

extract was loaded on a 4-12% Bis-Tris SDS-PAGE and electrophoresed at 200V for 40 

min. Proteins were transferred to a PVDF membrane at 15V for 30 min. The membrane 

was cut into two halves to separately probe for yCD and GroEL or -actin as loading 

controls for E. coli or mammalian protein extracts, respectively. The membrane was 

blocked with 5% milk for 1 hr at room temperature then incubated overnight at 4C with 

sheep anti-yCD antibody (Bio-rad #2485-4906) at a ratio of 1:500 (bacterial blots) or 

1:100 (HT1080 blots). The membrane was rinsed for 30 min with TBST, changing TBST 

every 10 min. The membrane was then incubated with 1:2000 rabbit anti-sheep HRP-

conjugated antibody (Invitrogen #61-8620) in blocking buffer for 1 hr at room 

temperature then rinsed with TBST for 30 min (changing TBST every 10 min). GroEL 

was probed using 1:80,000 rabbit anti-GroEL antibody (Sigma G6532) and 1:3,000 goat 

anti-rabbit HRP-conjugate secondary antibody (Bio-Rad #170-6515) in 5% BSA. -actin 

was probed using a 1:10,000 primary antibody (Abcam ab6276) and 1:5,000 anti-mouse 

HRP-linker secondary antibody (7076S) in 5% milk. EGFP was probed using 1:1,000 

mouse anti-EGFP (ThermoFisher Scientific #MA1-952) and 1:5,000 anti-mouse HRP-

linker secondary antibody (7076S) in 5% BSA. The membrane was imaged using Clarity 

Western ECL Substrate kit (Bio-Rad #1705060) following the manufacturer’s protocol.  

5-FC toxicity assay in HT1080 cells 

The 54 inner wells of a black bottom assay microplate were seeded with 250 cells 

per well for each of the stable cell lines. The other six inner wells were used as a media-

only control. The next day, various concentrations of 5-FC were added to each well (6 

replicate wells at each concentration). The plates cells were incubated at 37C with 5% 
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CO2. After 6 days, cell survival was measured by adding 10X Alamar Blue, incubating 

for 4 hr at 37C, then measuring fluorescence using a Spectramax Gemini M3 

spectrophotometer with excitation at 562 nm and emission at 585 nm with a 570 nm 

cutoff. Cell survival was calculated using the following equation: 100 x 

RFUdrug/RFUcontrol, where the background fluorescence of the media was subtracted from 

each RFU read. 

Results and Discussion 

Design and construction of a site-saturation mutant library 

We created a comprehensive site-saturation library designed to contain all 

possible single amino acid substitutions in yCD (excluding start and stop codons) using 

multiplex inverse PCR, with a theoretical library size of 2,983 mutants (which is 157 

residues x 19 possible amino acid substitutions per residue). We designed 157 outward 

facing, abutting, primer pairs for inverse PCR. Mutations were incorporated at the 5’ end 

of each forward primer by replacing the first codon with a degenerate NNB codon, where 

N can be any nucleotide and B is C, G, or T. The use of NNB codons limited the number 

of stop codons but allowed mutation to every other possible amino acid. All but three of 

the PCR reactions (those at positions 29, 43, and 97) were successful as determined by 

DNA gel electrophoresis. We combined the PCR amplicons, subjected them to 

unimolecular ligation, and transformed high-competency NEB 5 cells with the ligated 

DNA. From the 240,000 transformants obtained, 20 transformants were selected for a 

colony PCR screen for the yCD gene insert. Eighteen of the 20 PCR reactions resulted in 

a band corresponding to yCD. Six of the transformants used for colony PCR were 

randomly selected for Sanger sequencing. All six transformants contained a different, 
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single-codon mutation in the yCD gene. With 157 residues to mutate and 48 possible 

codon substitutions, there were 7,584 possible variants at the DNA level.  

Positive selection and 5-FC screen on naïve CSM library 

We subjected the library members to a positive selection to enrich for catalytically 

active yCD variants. We transformed GIA39 E. coli cells using low quantities of library 

DNA to minimize the chance of having two different plasmids in the same cell.  GIA39 

lacks its native cytosine deaminase gene, therefore its growth requires uracil 

supplementation or an active cytosine deaminase gene provided in trans to convert 

cytosine to uracil. We plated approximately 16,000 transformed GIA39 cells on solid 

media containing 1 mM cytosine but lacking uracil. We expected that cells containing 

highly active yCD mutants grew, and cells containing insufficiently active yCD mutants 

did not. Over 1,000 colonies of various sizes formed on the positive selection plate. We 

suspected that colony size was proportional to the enzyme’s ability to convert cytosine to 

uracil because positive selection at lower cytosine concentrations resulted in smaller 

colonies rather than fewer colonies. In other words, yCD mutants that were more efficient 

at providing uracil for the cells resulted in larger colonies. Such an ability would result 

from an appropriate combination of good enzyme accumulation and/or high specific 

enzyme activity.  

 For this reason, we screened the large colonies that passed the positive selection 

for increased ability to cause sensitization of E. coli to 5-FC compared to wildtype yCD 

or yCDthermo.  We prepared liquid cultures from large colonies from the positive 

selection and spotted them on minimal plates containing different concentrations of 5-FC 

and one plate lacking 5-FC. We sought improved mutants that inhibited cell growth at a 
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lower 5-FC concentration compared to wildtype yCD and yCDthermo. Library members 

possessing this property were sequenced. We screened library members until no new 

mutations were discovered. We identified 13 hits among approximately 480 colonies 

screened and DNA sequencing revealed these were comprised of only three mutations: 

C71A (identified four times with one codon), E75P (identified twice with one codon), 

and H127V (identified seven times with three different codons).  

We sub-cloned the three yCD mutants into fresh vectors, retransformed them into 

GIA39 cells, and assayed their ability to sensitize the cells to 5-FC, in comparison to 

wildtype yCD and the yCDthermo.  C71A and H127V caused increased sensitivity over 

yCD, with H127V appearing to equal the sensitization ability of yCDthermo (Figure 

2.1).  E75P did not appear to offer any benefit over wildtype yCD in this assay.  
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Assessing combinations of C71A, E75P and H127V for improved properties  

We constructed all double and triple mutant combinations of C71A, E75P, and 

H127V, and assessed their ability to cause 5-FC sensitivity and increased enzyme 

accumulation. The triple mutant (C71A/E75P/H127V) caused the highest sensitivity to 5-

FC, followed by the two double mutants containing H127V (Figure 2.1). These three 

mutants caused greater sensitivity than yCDthermo.  H127V appears to have the most 

significant effect since it was present in all of the best variants. However, the addition of 

C71A or E75P to H127V increases the 5-FC sensitivity over H127V alone. Thus, even 

though we could not observe that E75P caused increased sensitivity alone, it improved 

the sensitization ability of H127V. The addition of the mutation set from yCDthermo 

(A23L/I140L/V108I) to any of our single, double, or triple mutants did not increase 

sensitivity (data not shown), so we did not pursue those mutant combinations any further. 

Figure 2.1: 5-FC toxicity assay on single, double, and triple mutant yCDs in E. coli 

GIA39 E. coli cultures expressing the indicated proteins were serially diluted and spotted on minimal media 
plates supplemented with 45 µM uracil and the indicated concentrations of 5-FC.  Plates were incubated 
for ~36 hours at 37°C. 
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Comparison of yCD mutant protein accumulation in E. coli  

The reason for yCDthermo's ability to increase 5-FC sensitivity in human cells is 

believed to be its increased stability and half-life [53, 54].  Mutations that increase 5-FC 

sensitivity likely do so from an increase in catalytic activity, an increase in protein 

accumulation, or both.  For example, the thermostable mutations (A23L/I140L/V108I) 

increase 5-FC sensitization by increasing protein accumulation and not by increasing 

catalytic activity [54]. We examined the accumulation of our variants by western blot and 

compared the accumulation to that of yCD and yCDthermo (Figure 2.2).  Wildtype yCD 

was not detectable under the conditions used in this study. As expected, yCDthermo 

accumulated to higher levels than wildtype yCD.  None of the single amino acid mutation 

variants identified in our study caused increased accumulation over that of the 

thermostable mutation set, but the H127V mutation increased protein accumulation to a 

detectable level. The double and triple mutants accumulated more than yCDthermo.  This 

finding offers evidence that our double and triple mutants increase 5-FC sensitivity levels 

in E. coli because they accumulate to higher levels in these cells.  However, we did not 

perform extensive testing of the mutations in E. coli because the key question is whether 

Figure 2.2: Accumulation of yCD mutants in E. coli cells. 

Western blots of the soluble protein fraction from GIA39 E. coli cells expressing the indicated proteins 
were probed for yCD and GroEL (used as a loading control). 
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these mutations increase the 5-FC sensitivity of human cells over that provided by 

wildtype or yCDthermo. 

5-FC toxicity assay in HT1080 cells 

We created stable HT1080 cell lines each expressing yCD containing a single, 

double, or triple mutant combination of C71A, E75P, and H127V. These cell lines were 

used to assess the mutant’s ability to sensitize human cells to 5-FC. HT1080 

fibrosarcoma cells have been used for GDEPT studies and are amenable to lentiviral 

transduction [39, 40], which we used to construct the stable cell lines in this study. We 

placed the yCD gene under the CAGGS promoter. The yCD gene was followed by an 

internal ribosomal entry site (IRES) and the gene encoding enhanced green fluorescent 

protein (EGFP). We used fluorescence-activated cell sorting (FACS) to identify and 

isolate stable cell lines, which were further confirmed by performing nested PCR on 

genomic DNA from each of the cell lines.  
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 The stable cells lines were subjected to different concentrations of 5-FC. We 

compared the growth of the 5-FC containing cultures to the growth of cultures without 5-

FC to determine if yCD mutants sensitized the cells to 5-FC (Figure 2.3). Consistent with 

previous studies, expression of yCDthermo resulted in higher 5-FC sensitivity compared 

to wildtype yCD (Figure 2.3D). Of the single mutants, only H127V caused noticeable 

improvement in the IC50 (Figure 2.3A, Table 2.1). The ability of H127V and 

C71A/H127V to sensitize human cells to 5-FC was comparable to that of yCDthermo 

Figure 2.3: 5-FC toxicity assay on HT1080 stable cell lines expressing yCD protein variants.   

(A) Comparison of the effect of the single mutants. (B) Comparison of the effect of the double mutants. (C) 
Comparison of the effect of the triple mutant. (D) Comparison of the 5-FC sensitization effects in cells 
expressing yCD, yCDthermo, yCD-H127V, and yCD-C71A/H127V. Dose-response curves were fitted to a 
four-parameter sigmoidal curve. The IC50 and Hill coefficient for these fits are provided in Table 1. 
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(Figure 2.3D). All three double mutants (but not the triple mutant) caused increased 5-

FC toxicity, but not more than that afforded by yCDthermo (Figure 2.3B and 2.3C).  

The dose-response curve caused by yCD-H127V was noticeably steeper than any 

of the other curves.  We fit the dose-response curves for the all yCD variants to a four-

parameter sigmoidal curve using KaleidaGraph software (Figure 2.3) to the following 

formula: y = Minimum – (Maximum -Minimum)/ ( 1 + [x/IC50])H. Based on the Hill 

coefficients from this analysis (Table 2.1), the H127V mutant exhibits increased 

cooperativity in the dose response curve. The origin of this phenomena is unknown but 

might result from an increase in the bystander effect.  The IC50 values provided by 

yCDthermo, H127V, and C71A/H127V were similar but less than 2-fold lower than that 

provided by yCD. C71A/H127V performed as well as yCDthermo at lower 5-FC 

concentrations, but H127V performed similar to yCD at lower 5-FC concentrations then 

similar to yCDthermo at higher 5-FC concentrations– a reflection of the cooperative 

nature of H127V’s 5-FC toxicity curve. The IC50 values for the double mutants were 

intermediate between wildtype yCD and yCDthermo, with C71A/H127V being 

nominally the best. The dose-response curves of the double or triple mutants did not 

show significant changes in cooperativity over that observed with wildtype yCD or 

yCDthermo. 

Table 2.1: IC50 and Hill slope coefficients for sigmoidal curve fit of dose-response curves 

 IC50 (µM) Hill Slope (H) 

yCD 9.3 1.7 

yCDthermo 5.2 1.7 

C71A 10.1 1.9 

E75P 8.3 1.2 

H127V 5.9 2.8 

C71A/E75P 6.7 1.6 
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C71A/H127V 5.6 1.4 

E75P/H127V 7.0 1.5 

C71A/E75P/H127V 9.5 1.6 

 

Comparison of yCD mutant protein accumulation in HT1080 cells 

Cytoplasmic protein fractions were harvested for each of the stable cell lines to compare 

yCD protein accumulation. We compared EGFP expression levels by quantitative western 

blots to determine differences in expression based on the integration site using beta-actin as 

a gel loading control (Figure 2.4 and 2.5A).  The EGFP levels of cells expressing yCD 

mutants varied from about 30% to 150% of the levels of the cell line expressing wildtype 

yCD.  The EGFP levels for H127V and C71A/H127V, which together with yCDthermo 

were the best performing mutants in the 5-FC toxicity studies, were one-third that of cells 

expressing wildtype yCD.  The level of EGFP in cells expressing yCDthermo equaled that of 

cell expressing wildtype yCD.  These results suggest that H127V and C71A/H127V provide 

a similar increase in 5-FC toxicity despite being disadvantaged by lower expression owing to 

the site of genomic integration.  

We also compared the levels of wildtype yCD and the yCD variants by quantitative 

western blot. In contrast to EGFP levels, in which most mutants showed poorer expression 

than wildtype, the levels of the yCD variants at least equaled that of wildtype yCD (Figure 

2.5B).  However, the high variability in yCD levels (stemming from the marginal detection 

of wildtype yCD) prevented quantification of any significant differences in accumulation 

between the mutants and yCD or yCDthermo or any relationship between yCD levels and 

IC50 values. However, qualitative inspection of the western blots suggests that the levels of 

many of the yCD variants (but not the H127V or C71A) were higher than that of yCD 

(Figure 2.4B). However, this increased accumulation did not translate into lower IC50values 
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except for the yCDthermo. The measured value of yCDthermo accumulation was higher 

levels than that of wildtype yCD, as expected, although the difference was just outside the 

range of being significant (P=0.06 by two-tailed, unequal variance Student’s t-test).  There 

was a weak correlation between yCD levels and EGFP levels (Figure 2.5C), suggesting that 

yCD level differences may be partially attributed to transcriptional differences when all the 

data is taken as a set.  However, H127V’s superior IC50 value is unlikely to be a result of 

increased H127V transcription because EGFP levels in H127V-expressing cells were 29% of 

that in yCD-expressing cells (P=0.009) and 28% of that in yCDthermo-expressing cells 

(P=0.015) (Figure 2.5A). Furthermore, the H127V mutant may accumulate at lower levels 

than yCDthermo (Figure 2.5B; P=0.055), suggesting that increased protein accumulation is 

not the cause of H127V’s lower IC50 than yCD’s.  The H127V mutation potentially improves 

the enzyme kinetics, but this hypothesis needs to be assessed experimentally.  

 

 

Figure 2.4: Western blots for quantification of EGFP and yCD in HT1080 cells  

(A) Three Western blots comparing EGFP expression level from HT1080 stable lines of yCD mutants. 

Quantification of these westerns is presented in Figure 2.5A (B) Three Western blots comparing yCD 

expression level from HT1080 stable lines of yCD mutants. Quantification of these westerns is presented 

in Figure 2.5B. 
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Figure 2.5: Accumulation of EGFP and yCD and associated mutations in HT1080 cells.  

(A) Relative accumulation of EGFP in cell lines expressing the indicated yCD variants as assessed by 
quantitative western blot using anti-EGFP antibodies. Figure 2.4A contains the three western blots 
analyzed. (B)  Relative accumulation of yCD and associated mutants as assessed by quantitative western 
blot using anti-yCD antibodies. Figure 2.4B contains the three western blots analyzed. (C) Correlation 
between EGFP and yCD levels  
 



 33 

Perspectives on the mutations identified in this study 

Yeast cytosine deaminase is a homodimeric enzyme that catalyzes the hydrolysis 

of cytosine to uracil in the salvage pathway for uridine monophosphate synthesis. Each 

dimer consists of a five-strand beta sheet sandwiched between two solvent exposed alpha 

helices and another four alpha helices near the dimer interface [1]. Figure 2.6 shows the 

solved crystal structure of yCD. Highlighted in blue are the residues involved in catalysis 

(His62, Cys91, Cys94), substrate entry or product release (Phe114, Trp152, and Ile156), 

and product stabilization before release (Asn51, Asp155, and Glu64) [60, 61]. The 

mutations identified in this study (C71A, E75P, and H127V) were not at residues directly 

involved in catalysis. 

 

C71A increased 5-FC toxicity in E. coli cells, both alone and in combination with 

H127V, and the C71A/H127V double mutant equaled the toxicity of yCDthermo in 

HT1080 cells. Cys71 does not participate in a disulfide bond. While not directly located in 

the active site, residue 71 is in alpha helix 3 with the catalytically significant residues 

Figure 2.6: Protein structure of homodimeric yCD 

Positions of mutations identified in this study are shown in red. Residues in the active site are shown in 

dark blue. PDB: 1OX7 [1]. 
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His62 and Glu64, which are 2.5 and 2 turns away. E75P increased 5-FC toxicity in E coli 

cells in combination with H127V, but did not exhibit any benefit in HT1080 cells. 

Neither C71A or E75P show any appreciable effect on protein accumulation in E. coli. 

 H127V most consistently caused an increase in 5-FC toxicity.  It was present in 

all variants that caused increased toxicity in E. coli and in all variants that increased 5-FC 

toxicity compared to yCD in HT1080 cells.  The increased cooperativity in the dose-

response curve caused by H127V vanishes by combining it with either C71A or E75P, 

though a benefit in 5-FC toxicity remains. However, H127V’s benefits for 5-FC toxicity 

were nullified by combining it with both C71A and E75P.  

Conclusions 

We identified three mutations in yCD (C71A, E75P, and H127) that either alone 

or in combinations sensitized E. coli to 5-FC over that afforded by the wildtype enzyme. 

Three combinations of mutations (C71A/H127V, E75P/H127V, and C71A/E750/H127V) 

increased 5-FC sensitivity in E. coli over that provided by yCDthermo.  However, these 

results did not translate directly into HT1080 fibrosarcoma cells, as no mutant 

combinations proved superior to yCDthermo. H127V and C71A/H127V had comparable 

IC50 values to yCDthermo. H127V showed increased cooperativity in the dose-response 

curves, though all variants tested provided IC50 values within a 2-fold range. Additional 

studies are needed to confirm if use of the H127V mutant would provide any additional 

benefits over yCDthermo or if additional mutations to yCD-H127V would result in a 

yCD variant with superior properties compared to yCDthermo. The complexity in the 

effects of the mutations, and the differences between results in E. coli and HT1080 cells, 

underscores the difficulty in predicting beneficial mutations in a cellular context. This 
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mutagenesis study shows that directed evolution using comprehensive site-saturation 

mutagenesis is useful for finding unexpected, yet beneficial mutations that may be 

difficult to predict by rational design.  

 

Funding Information: This work was supported by the National Institute of Health 
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Introduction 

 In chapter 2, I created a comprehensive-site saturation mutagenesis (CSM) library 

from wild-type yeast cytosine deaminase (yCD) to find mutants that sensitized E. coli and 

mammalian cells to 5-fluorocytosine.  In the current study, I applied mutagenesis 

strategies for improving yCD’s thermostability with hopes of increasing its ability to 

sensitize E. coli to 5-FC.  This is based on previous studies that showed that a 

thermostabilized triple mutant yCD (A23L/V108I/I140L), herein referred to as 

yCDthermo, conferred increased sensitivity to 5-FC in E. coli with negligible effects on 

specific enzyme activity [54]. In this same study, they showed that despite have a 

negligible change in catalytic efficiency, yCDthermo caused increased sensitization of C6 

rat glioma cells to 5-FC [54]. Therefore, I used a random and site-directed mutagenesis 

strategy to improve yCD’s ability to sensitize E. coli to 5-FC. 

In the first attempt to increase the thermostability of yCD, I combined the single, 

double, and triple mutant combinations of C71A, E75P, and H127V (found in the CSM 

study in Chapter 2) with A23L. Not only is A23L present in yCDthermo, but it also 

passed through a preliminary selection and screen in the CSM study in Chapter 2. In the 

second attempt to increase the thermostability of yCD, I created and screened loop 

truncation libraries of yCD. Proteins in thermophilic organisms often have shorter loops 
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compared to their mesophilic homologs [62] and deletion of surface loops has been 

effective at improving enzyme thermostability [63]. Both strategies resulted in promising 

mutants. 

Materials and Methods 

Library Creation 

Primers from the comprehensive site-saturation mutagenesis library (Chapter 2) were 

used to create the loop truncation and H127V double mutant library. New primers were 

substituted for making NNB mutations in the 15 downstream and upstream residues from 

H127V.  These primers were necessary to keep the H127V mutation.  

For the N- terminal loop truncation libraries, we use N reverse primer and an N+1 

forward primers, where N represents inverse PCR primers for a particular residue 

(Figure 3.1A).  Forward primers were designed such that the first codon of the 5’ end of 

the forward primer was with an NNB degenerate codon for multiplex inverse PCR. A 

primer mix was prepared for each primer pair and contained 10 μM each of the forward 

and reverse primers primer. A total of 158 PCR reactions were performed and consisted 

of the following components: 10 μL of Phusion 2X Master Mix, 1 μL of the primer mix, 

1 μL (10 ng) of pSkunk-yCD (WT) and 8 μL of water. The amplification protocol was as 

follows: 98°C for 30 sec, then 25 cycles of 98°C for 30 sec, 56°C for 30 sec and 72°C for 

114 sec, followed by a final extension step at 72°C for 10 min. Aliquots of each PCR 

reaction were analyzed via DNA electrophoresis to verify successfully amplification. Of 

all the PCR reactions for the N-terminal loop truncations 43 out of 44 were successful. 

After amplification, 5 μL from each PCR reaction were pooled together then concentrated 

using the Zymo Clean and Concentrate kit and purified on a DNA agarose gel. The band 
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of approximately 3.8 kilobases was excised and extracted using the PureLink Gel 

Extraction kit per the manufacturer’s instructions. The PCR product was then 

concentrated using the Zymo Clean and Concentrate kit and repaired and phosphorylated 

using the Quick Blunting Kit (NEB), according to the manufacturer’s protocol. The 

prepared vector was ligated in the following reaction mixture: 200 ng vector, 2 μL T4 

DNA Ligase Buffer, 0.5 μL T4 DNA Ligase (2,000,000 U/mL), and filled to 20 μL with 

water. The ligation reaction was incubated for 12-18 hours with temperature cycling 

between 25°C for 30 sec and 10°C for 30 sec. The ligation reaction was purified using the 

Zymo Clean and Concentrate kit and eluted into 10 μL then split into two 5 μL aliquots. 

Two 40 μL aliquots of NEB 5-alpha cells (NEB C2989K) were transformed with the 

purified and concentrated ligation reaction aliquots. Transformants were plated on two 

24.5 cm x 24.5 cm LB agar plates supplemented with 50 μg/mL streptomycin and 0.2% 

glucose. The plates were incubated at 37°C overnight. There were approximately 161,000 

transformants. The DNA from ten transformants was purified and sent for Sanger 

sequencing. Nine of the ten colonies contained a full-length gene with loop truncation 

and mutation.   

The transformants were harvested by sweeping the plates with 24 mL of sweep 

buffer (1X M9 salts, 0.2% glucose, 15% glycerol dissolved in water) and centrifuging for 

20 min at 5,000 rpm and 4°C. The supernatant was removed by decanting and the pellet 

was resuspended in an equal volume of sweep buffer. Several 200 μL aliquots of the 

resuspended pellet were frozen at -80°C.  

A23L mutant construction  
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The A23L mutation was added to the following yCD mutants: C71A, E75P, 

H127V, C71A/E75P, C71A/H127V, E75P/H127V, and C71A/E75P/H127V. Inverse 

PCR was performed using forward primer 5’-

CTGTTAGGTTACAAAGAGGGTGGTGTTCC-3’ and reverse primer 5’-

CGCCTCCTCATAGGCAATGTCCATACC-3’. The amplification program was as 

follows: 98°C for 30 sec, then 25 cycles of 98°C for 10 sec, 57°C for 30 sec and 72°C for 

114 sec, followed by a final extension step at 72°C for 10 min. Each PCR reaction was 

digested with 1 μL DpnI at 37°C for 1 hr. The PCR reaction was purified by DNA gel 

electrophoresis, extracted using Invitrogen’s Pure Link Quick Gel Extraction Kit and 

concentrated using the Zymo Clean and Concentrate-5 kit. The linearized PCR product 

was phosphorylated using the Quick Blunting Kit (NEB), according to the manufacturer’s 

protocol. Finally, the vector was self-ligated using 100 ng of vector, 2 μL of T4 DNA 

Ligase 10X reaction buffer, 1 μL of T4 DNA Ligase, and filled to 20 μL with water. The 

ligation reaction was incubated for 12-18 hours with temperature cycling between 25°C 

for 30 sec and 10°C for 30 sec. Chemically-competent DH5α cells were transformed with 

5 μL of the ligation reaction. Correct constructs were verified by Sanger sequencing. 

Positive selection to assess retained catalytic activity 

The plasmid DNA from one 200 μL aliquot of the naïve H127V CSM library or the 

loop truncation library in NEB 5-alpha cells was purified using the Miniprep Plasmid 

Preparation kit (QIAGEN). Two μL 40 aliquots of an E. coli cytosine deaminase knockout 

strain, GIA39 cells (Coli Genetic Stock Center, Yale University), was transformed with 10 

ng each of the CSM library DNA. The transformants were plated on two 24.5 cm x 24.5 

cm LB agar plates supplemented with 50 μg/mL streptomycin and 0.2% glucose. The plates 
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were incubated at 37°C overnight. There were approximately 350,000 transformants, 

which were harvested by sweeping the plates with 24 mL of sweep buffer per plate and 

centrifuging for 20 min at 5000 rpm and 4°C. The supernatant was removed by decanting 

and the pellet was resuspended in an equal volume of sweep buffer. Several 200 μL aliquots 

of the resuspended pellet were frozen at -80°C. To determine the number of colony forming 

units per μL of the frozen aliquot (cfu/μL), dilutions of the aliquot were plated on minimal 

media plates consisting of: 1X yeast drop-out without uracil, 1X yeast nitrogen base 

without amino acids, 2% glucose, 1 mM IPTG, 50 μg/mL streptomycin and supplemented 

with 45 μM uracil.  

For positive selection, GIA39 transformants were plated on minimal media plates 

supplemented with 1 mM cytosine. The plates were incubated at 37°C for approximately 

36. The selection is based on the expectation that only cells that express a functional yCD 

are able to convert cytosine to uracil and form colonies on the plate.  

5-fluorocytosine (5-FC) toxicity assay on variants surviving the positive selection 

Colonies that formed on the cytosine selection plate were used to inoculate 1 mL 

LB media supplemented with 50 μg/mL streptomycin in 96-well deep-well V-bottom 

blocks (one colony per well). Colonies of GIA39 cells containing either pSkunk-yCD 

(WT) or pSkunk-yCDthermo in GIA39 were used as controls. The cultures were 

incubated at 37°C for 8 hr and the OD600 of five random samples was measured for each 

96-well block of cultures. The average OD600 of the five samples was calculated and used 

to dilute all the cultures to approximately 0.3 OD600. For each diluted culture, 1.5 μL was 

plated on minimal media plates supplemented with 45 mM uracil and 0, 800, 1000, or 

1200 μM 5-FC. The screening plates were incubated at 37°C for approximately 36-38 
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hours. Cells expressing a candidate for an improved yCD variant grew at 0 μM 5-FC and 

but exhibited less growth at higher 5-FC concentrations (800, 1000, and 1200 μM 5-FC) 

compared with yCD-WT and thermostabilized yCD. The plasmids from cells exhibiting 

increased sensitivity to 5-FC were purified from the screening plates and sent for Sanger 

sequencing. These mutant yCD genes were then subcloned into fresh pSkunk backbone 

using a similar protocol as above. 

5-FC toxicity assay to confirm increased sensitizing effect in E. coli 

Cells containing potentially improved yCDs, as well as wild-type and 

thermostable yCD and an empty vector control, were grown in 1 mL minimal media 

supplemented with 50 μg/mL streptomycin and 45 μM uracil. After 6 hrs of growth, each 

culture was diluted to 0.03 OD600. The 0.03 OD600 cultures were serially diluted 1:5 

five times then 1.5 μL of each serial dilution was pipetted onto minimal media plates 

supplemented with 45 mM uracil and various 5-FC concentrations. Plates were incubated 

for approximately 36 hr at 37C. 

Results and Discussion 

The purpose of this study was to identify beneficial mutations to yCD that were not 

already discovered through the CSM library in Chapter 2 by applying mutagenesis 

strategies to increases yCD’s thermostability, either by truncating the loops of yCD or 

adding the A23L mutation to the 7 yCD mutants constructed in Chapter 2.  

N-terminus loop truncation library 

Library Construction 

The degenerate NNB primers used in Chapter 2 were also used to create the N-

terminal loop truncation library in the present study. There were 66 inverse PCR 
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reactions to create 66 possible loop truncations, removing residues in the amino- to 

carboxy-terminal direction. In addition to the 66 possible loop truncations, the residue 

immediately downstream of the truncated loop was mutated by the degenerate NNB 

codon on the forward primer (Figure 3.1). This afforded a mutation immediately 

downstream of the loop truncation for potentially increased tolerance of the loop 

truncation. Therefore, there were 66 possible truncations and 48 possible codon 

substitutions for a total of 3,168 unique mutants at the DNA level. Transformation of 

high-competency NEB 5 cells with the naïve library resulted in 161,000 transformants. 

The DNA from ten transformants was sent for Sanger sequencing and 9 of the 10 

contained yCD mutant with a truncated loop.  Only one loop was truncated for each 

mutant. 

Cytosine Selection and 5-FC toxicity assay 

GIA39 cells (an E. coli cytosine deaminase knockout strain) were transformed 

with the naïve N-terminal loop truncation library. There were approximately 30,020 

transformants (approximately 10 times the number of possible unique mutants), making it 

likely that all unique variants were present.  For the positive selection, 20,240 CFU were 

challenged to grow on minimal media plates containing 1 mM cytosine but lacking uracil. 

Cells expressing active yCD variants would convert cytosine to uracil and form colonies, 

Figure 3.1: N-terminal loop truncation library design.  

For the deletion of one residue, use primer pair FN+1 and RN. For the deletion of two residues use primer pair 

FN+2 and RN etc..  
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while cells expressing an inactivated yCD enzyme would lack this conversion ability and 

therefore die. Of the 464 CFU that grew on the cytosine selection plate (2.3% survival), 

372 were used to inoculate cultures and then challenged to grow on minimal media plates 

containing various concentrations of 5-FC. The screen is based on the expectation that 

cells containing mutants that increased the sensitivity of E. coli to 5-FC would fail to 

grow at lower 5-FC concentrations compared to wild-type yCD and yCDthermo. Of the 

20 mutants identified from the selection and screen, there were 10 unique loop 

truncations on the protein level. The sequences and frequencies of these mutants are 

shown in Figure 3.2. 

All of the mutants contained deletions in the first 10 residues of yCD, an 

unstructured region in the protein. This resulted in mutants that had the first 1-6 codons 

removed, including the native ATG start codon, followed by a codon arising from the NNB 

degenerate codon.  This codon was often ATG (16/20) or codons known to be alternative 

start codons in E. coli (GTG, which is the start codon in 14% of all E. coli genes, and AGG) 

[64, 65].   Deletions of the first three and first six codons occurred eight and five times, 

respectively.  
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For this reason, we created deletions of the first three and six residues. We also 

deleted the first 15 residues because residue 15 is the next occurrence of a methionine after 

residue 6 from the start codon. Differences in 5-FC sensitivity imparted by the different 

yCD loop truncations could provide insight about whether the loop deletion was actually 

beneficial or if deletions of the first three or six residues just resulted in translation initiation 

at residue 6 or 15, respectively. The residue immediately downstream of the deletion was 

mutated to ATG or GTG, or kept as the wild-type codon, resulting in 8 mutants in total. 

Figure 3.3 shows a 5-FC toxicity assay of these mutants. Deletions of the first six residues, 

or 15 residues (with D16M and D16V), behaved slightly worse than wild-type. Deletion of 

the first six residues along with the A7M and A7V mutations results in similar sensitivity 

as wildtype yCD. This result suggests that deletion of the first six residues does not result 

in translation initiation at residue 1). Despite ‘∆1-3’ having an additional 9 nucleotides 

between the ribosome-binding site and the start codon (residue 6) compared to the ‘∆1-6 

and A7M’ variant, it showed increased 5-FC sensitivity. Furthermore, ‘∆1-3’ exhibited 

Figure 3.2: DNA sequences of variants with N-terminal loop truncations that passed through 5-FC 

toxicity assay  

The number of times each variant was identified from the assay is also listed. Twenty mutants passed through 

the screen. All of the mutants contained deletions at the N-terminus of yCD. Only 4 of the 20 mutants did not 

start with an ATG or GTG (an alternative start codon).  
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similar sensitivity to the ‘∆1-3 and A7M’ and ‘∆1-3 and A7V’ mutants, which were all 

similar to yCDthermo. This suggests that deletion of the first three residues may provide a 

true benefit since increasing the distance between translation initiation site and the start 

codon can decrease the translation efficiency of the protein [66]. In previous work on 

creating protein switches with yCD, insertion of a CH1 domain after the 8th residue in yCD 

resulted in a switching phenotype, where yCD accumulated to lower levels in the absence 

of its input signal, which suggests that the first eight residues are important for enzyme 

function but deletion of the first 6 residues is well-tolerated in this study (i.e. similar 

sensitizing effect as wild-type), provided a start or alternative start codon is provided at 

residue 7 [43]. 

Effect of the addition of A23L to the seven mutants from the CSM study 

The A23L mutation increases the thermostability of yCD by increasing the 

melting temperature by 2C [53]. Furthermore, yCD-A23L was identified in preliminary 

selections and screens (where fewer cells were challenged to grow) to find mutations 

with improved 5-FC sensitivity in the CSM study in Chapter 2. The A23L mutation was 

Figure 3.3: 5-FC toxicity assay on select N-terminal loop truncations  
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added to each of the following mutants from the CSM study in Chapter 2: C71A, E75P, 

H127V, C71A/E75P, C71A/H127V, E75P/H127V, and C71A/E75P/H127V.  I assayed 

the mutants with and without the A23L addition to determine if it increases the sensitivity 

of E. coli to 5-FC. In general, the addition of A23L did not produce an appreciable 

change in the ability of the yCD mutants to confer 5-FC sensitivity (Figure 3.4).   

 

Conclusion  

In conclusion, adding the A23L mutation to the seven mutants from the CSM study in 

chapter 2 had a negligible effect on 5-FC toxicity. N-terminal loop truncations were 

examined as a method for improving 5-FC toxicity in E. coli.  Future studies would focus 

on testing the most promising mutant in mammalian cancer cells to confirm it benefit, 

particularly ‘∆1-3 and A7M’. 
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Figure 3.4: 5-FC toxicity assay to determine the effect of adding A23L mutant to select yCD mutants 
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Introduction 

The concept of gene therapy first emerged in the 1960s and 70s. GDEPT was 

established to avoid the major pitfall of chemotherapy: systemic toxicity that causes the 

death of healthy cells. GDEPT makes chemotherapy more selectively by targeting 

chemotherapy to cancer cells through a two-step process. In the first step, a gene 

encoding a prodrug-converting enzyme is selectively delivered to cancer cells. In the 

second step, a prodrug is systemically administered to the patient. Consequently, only in 

cells that both express the prodrug-converting enzyme and harbor the prodrug, will the 

prodrug be converted to its toxic form and lead to downstream cell death.   

One of the common GDEPT systems is cytosine deaminase with the prodrug 5-

fluorocytosine (5-FC). In particular, yeast cytosine deaminase (yCD) is preferred over the 

E. coli CD due to yCD’s superior kinetics for 5-FC [51]. Furthermore, a study by 

Korkegian et al. led to a thermostable triple mutant yCD (A23L/V108I/I140L) exhibiting 

a half-life of 117 hours at 50C compared to 4 hours for the wild-type enzyme [53]. 

Despite having a comparable catalytic efficiency compared to the wild-type enzyme, use 

of thermostable yCD over the wild-type variant results in increased sensitization of E. 

coli and rat glioma cells [54].  The yCD/5-FC system is of particular interest because the 
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toxin generated from 5-FC, 5-fluorouracil (5-FU), is a well-established chemotherapeutic 

[32]. One of the challenges of GDEPT has been limited transduction efficiency. To 

circumvent the issue of limited transduction efficiency, efforts have been made to link the 

activity or accumulation of prodrug-converting enzymes to the presence of molecular 

cues specific to cancer cells, as will be discussed later in this section [39-44]. In this 

chapter, I used the cellular properties of the oxygen-dependent degradation domain 

(ODDD) of HIF-1 to link the accumulation of yCD to hypoxia.  

Hypoxic cancer cells with increased levels of HIF-1 are a known indicator of poor 

prognosis [67]. Hypoxia-inducible factor 1 (HIF-1) is a heterodimeric, transcription 

factor that regulates the cell’s response to limited oxygen levels. While the HIF-1β 

subunit, also known as aryl hydrocarbon nuclear translocator (ARNT), is constitutively 

expressed in specific tissues, HIF-1 exhibits ubiquitous expression in all tissues but its 

accumulation is dependent on oxygen availability. In normoxia, HIF-1 is hydroxylated 

at proline residues 402 and 564 in LXXLAP motifs in the oxygen-dependent degradation 

domain (ODDD) by prolyl hydroxylases 1, 2 and 3. Hydroxylated HIF-1 binds to the 

Von Hippel Lindau (VHL) tumor suppressor protein, and the protein complex is 

recognized by the E3-ubiquitin ligase. Attachment of a polyubiquitin tag to HIF-1 

marks the protein for degradation by the 26S proteasome. However, prolyl hydroxylation 

is prevented by the absence of oxygen (i.e. hypoxia), because oxygen is a direct substrate 

of the reaction. Therefore, HIF-1 accumulates and is translocated to the nucleus where it 

dimerizes with HIF-1β to form HIF-1. HIF-1 binds to hypoxia-response elements (HREs) 

in enhancers that control the expression of genes such as vascular endothelial growth 
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factor (VEGF) and erythropoietin (EPO), which promote angiogenesis and 

erythropoiesis, respectively, to recruit more oxygen to the tumor. 

HIF-1 and its HRE binding partners have been combined with GDEPT to create 

hypoxia-inducible GDEPT systems. In one study, three HREs were incorporated into the 

PGK and 9-27 promoters to induce expression of bacterial cytosine deaminase in HT1080 

cells and 9-3C cells, respectively [40]. Exposure of each of the cell lines to anoxic 

conditions led to a normoxic/anoxic 5-FC sensitization factor of 1.4 and 5.4 for HT1080 

cells and 9-3C cells, respectively, based on IC50 values. Shibata et al. developed a 

recombinant adeno-associated viral vector with five copies of the VEGF HRE, a minimal 

CMV promoter, and the bacterial nitroreductase gene which increased the sensitivity of 

HT1080 fibrosarcoma cells to CB1954 by 40-50-fold in hypoxia compared to normoxia 

[39]. Patterson et al. created hypoxia-inducible expression vectors with human 

cytochrome c P450 reductase which yielded a 30-fold increase in cytotoxicity upon 

RSU1069 prodrug administration; furthermore, xenografts containing these vectors 

showed double the survival time in at least half the mice injected with the prodrug [41].   

In our group, we have designed several protein switches composed of the CH1 

binding domain of the p300/CBP protein fused to either yCD or herpes simplex virus 

thymidine kinase (HSVTK). The CH1 domain binds to HIF-1, thereby functioning as 

the input domain of the switch. These protein switches confer increased 5-FC sensitivity 

to E. coli [43, 44] and mammalian cells [43] expressing HIF-1. Here, we show that 

appropriate fusions of yCD to the ODDD of HIF-1 afford low accumulation of the 

fusion in normoxia and higher accumulation in hypoxia, therefore increasing the 

therapeutic window between normal and cancer cells expressing the fusion protein.  
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Materials and Methods 

The following plasmids were purchased from Addgene: pHIV-EGFP (#21373), 

pMD2.G (#12259), pMDLg/pRRE (12251), and pRSV-Rev (#12253). HT1080 cells 

(CCL-121) were purchased from ATCC. DNA encoding human codon-optimized 

thermostable yCD was purchased previously from Genscript and used for all experiments 

[43]. 

Lentiviral Transfer Plasmid Construction 

Preparation of pHIV-EGFP Vector 

The pHIV-EGFP vector was digested with PstI-HF at 37°C for 2 hr then heat 

inactivated at 80°C for 20 min. The NEB Quick Blunting kit was used to blunt digested 

DNA. Briefly, 5 μL of 1 mM dNTP and 1 μL of blunting enzyme mix was adding to the 

digestion, incubated at 25°C for 15 min, and then heat inactivated at 70°C for 10 min. 

The DNA was then purified using a Zymo Clean and Concentrate Kit. The DNA was 

then digested with BamHI-HF at 37°C for 2 hr and then purified using DNA gel 

electrophoresis. The band of the correct size was excised from the gel and purified using 

Invitrogen’s Purelink Gel Extraction Kit (6.2 kb). The DNA was then purified again 

using a Zymo Clean and Concentrate Kit.  

Preparation of Insert for pHIV-EGFP Vector  

The CAG promoter and the HOPE fusion genes were cloned into the pcDNA5 vector and 

then prepared for subcloning into pHIV-EGFP (Addgene #21373). The pcDNA5 vector 

was digested with SpeI-HF at 37°C for 2 hr then heat inactivated at 80°C for 20 min. The 

NEB Quick Blunting kit was used to blunt digested DNA. Briefly, 5 μL of 1 mM dNTP 
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and 1 μL of blunting enzyme mix was adding to the digestion, incubated at 25°C for 15 

min, and then heat inactivated at 70°C for 10 min. The DNA was then purified using a 

Zymo Clean and Concentrate Kit. The DNA was then digested with BamHI-HF at 37°C 

for 2 hr and then purified using DNA gel electrophoresis. The band of the correct size 

was excised from the gel and purified using Invitrogen’s Purelink Gel Extraction Kit (2.6 

kb for HOPE fusions with yCD and 3.4 for HOPE fusions with HSVTK). The DNA was 

then purified again using a Zymo Clean and Concentrate Kit.  

Ligation and Transformation 

A ligation reaction was prepared at a 1:2 vector-insert molar ratio. 50 ng of 

prepared pHIV vector (0.012pmol) was used to calculate the appropriate mass of insert to 

achieve a 1:2 vector-insert molar ratio, using the following equation: pmol= (ng x 1000) / 

(bp x 650 Da).  A 20 μL ligation reaction was prepared as follows: 0.012 pmol of 

prepared vector, 0.024 pmol of prepared insert, 2 μL T4 DNA Ligase Buffer, 1 μL T4 

DNA Ligase, and filled to 20 μL with water. The ligation reaction was incubated at 16°C 

for 2 hr then 4 μL of the ligation was used to transform 40 μL of NEB Stable Cells 

according to the manufacturer’s protocol. The correct clones were verified by Sanger 

sequencing. 

Lentiviral transduction to create stable lines in HT1080 cells 

The following plasmids were purchased from Addgene: pHIV-EGFP (#21373), 

pMD2.G (#12259), pMDLg/pRRE (12251), and pRSV-Rev (#12253). HEK293T/17 cells 

were cultured in DMEM, 10% heat inactivated FBS and 1% penicillin/streptomycin. 3.1 

x 106 cells were seeded into a T25 flask. The next day, the cells were transfected with 8 

μg of DNA (2 μg each of pHIV-HOPE, pMD2.G, pMDLg/pRRE, and pRSV-Rev) using 
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Lipofectamine 3000. The media was changed 6 hr after transfection. On the same day as 

the transfection, 1 x 106 HT1080 cells were seeded to a T25 flask to prepare for 

transduction. The viral media was collected 24 hr after transfection, filtered using a 0.22 

μm filter and diluted 1:1 with complete media. 0.5X diluted viral media was added to 

HT1080 cells for 24 hrs, then washed with 1X PBS and replaced with 1X complete 

media. The cells were passaged three times then sorted for EGFP positive cells using a 

SONY SH800 cell sorter. Stable integration for each insert was confirmed by harvesting 

the genomic DNA, performing nested PCR, and sending the amplicon for Sanger 

sequencing. 

Accumulation of HIF-1 by addition of cobalt chloride 

HT1080s cells were grown in 150 cm petri dishes to 90% confluency. The media 

was changed and CoCl2 was added at final concentrations to various final concentrations 

between 0 and 200 μM. The cells were incubated 4 hours at 37°C and 5% CO2. After 

incubation, the cells were lysed and the proteins were harvested by adding 300 μL of 

RIPA buffer (Sigma) with 1% v/v protease inhibitors (Sigma), shaking for 30 min at 4°C 

and centrifugation for 20 min at 3000xg and 4°C. Soluble proteins were collected in the 

supernatant. The protein samples were analyzed via western blot as described below. 

Prodrug toxicity assay on HT1080 stable lines in normoxia and mock-hypoxia 

Five hundred cells were seeded to the 54 inner wells of two black bottom 96-well 

plate in a final volume of 50 L. The next day, 50 L of media was added with different 

concentrations of 5-FC and a final concentration of 0 or 100 M CoCl2 (6 wells per 5-FC 

concentration). To account for background fluorescence, 6 wells contained only 100 L 

of media without cells. For the 100% survival condition, 6 wells contained 500 cells with 
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media lacking 5-FC and containing 0 or 100 M CoCl2. After incubating the plates for 72 

hr at 37C and 5% CO2, cell survival was measure using the alamarBlue assay. Briefly, 

10 L of alamarBlue was added to each of the inner 60 wells, the plate were incubated 

for 4 hr at 37C and 5% CO2 and the fluorescence of each well was measured with a 

Spectramax Gemini M3 spectrophotometeran excitation wavelength of 562 nm and 

emission wavelength of 585 nm with a cutoff at 570 nm. Percent survival was calculated 

as a ratio of the fluorescence of the test condition to the fluorescence of the condition 

lacking 5-FC from the same plate.  

CoCl2-induced accumulation of HOPE fusions 

Two T25 flasks were seeded with 150,000-200,000 cells for each HOPE fusion 

stable line. After two days, the media in each flask was removed, then one flask received 

fresh media lacking CoCl2 and the other flask received fresh media at 100 M CoCl2. 

The cells were incubated for another 24 hrs and the proteins were harvested using RIPA 

buffer. Briefly, the flasks were incubated on ice for 30 min, rinsed twice with ice-cold 1X 

PBS, then scraped off using 50 L RIPA buffer with 1% v/v mammalian protease 

inhibitors. This lysate was agitated for 30 min then centrifuged for 20 min at 15,000xg at 

4C. The supernatant containing the soluble proteins was transferred to a fresh 

microcentrifuge tube and the total protein concentration was determined using the Bio-

Rad DC assay.  

Western Blots 

Approximately 40 μg of total soluble proteins was separated on a 4-12% bis-tris 

for 45 min at 200 V. The proteins were transferred to a PVDF membrane using a semi-

dry Trans blot at 15 V for 40 min. The membrane was blocked with 5% milk for 1 hr, 
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probed with 1:1,000 rabbit anti-HIF-1α (Abcam ab2185) for 2 hr, then 1:3,000 goat anti-

rabbit HRP conjugate. The proteins were visualized using the Bio-Rad Clarity ECL 

substrate, stripped, then reprobed for –actin antibody as a loading control.  

Results and Discussion 

We hypothesized that fusion of the ODDD and yCD might be a mechanism for 

making cellular yCD activity higher in cells experiencing hypoxia, such as tumor cells, 

compared to cells experiencing normoxia (Figure 4.1A). We based our hypothesis in part 

on the observation that a fusion of the ODDD to the Gal4 DNA-binding domain 

accumulated to lower levels than the Gal4 binding domain alone in normoxic cells [4].   

Our envisioned yCD-ODDD fusions would be degraded in healthy normoxic cells but 

would accumulate in hypoxic tumor cells and convert 5-FC to 5-FU, thus killing the 

tumor cells (Figure 4.1A). We named these proteins HOPE fusions for HIF-1α ODDD 

Prodrug-converting Enzymes.  Eight different HOPE fusions were designed: four with 

the ODDD fused to the C-terminus of yCD (HOPE-1, -2, -3 and -4) and four with ODDD 

fused to the N-terminus of yCD (HOPE-5, -6, -7, and -8) (Figure 4.1B). These fusions 

differed in the length of the linkers between the two domains and included a fusion 

without linkers. We tested different length linkers because the protein domains need to be 

far enough apart such that each domain can fold into its active conformation, but not so 

far apart that it results in the domains being separated by proteolytic cleavage in the 

linker (thus uncoupling degradation of the ODDD and the yCD domains).  
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5-FC toxicity assay in E. coil to confirm yCD activity 

The activity of the yCD domain in each of the HOPE fusions was assessed by testing 

each fusion for its ability to sensitize an E. coli cytosine deaminase knockout strain 

(GIA39) to 5-FC (Figure 4.2). We plated bacterial cultures expressing each HOPE fusion 

on minimal media plates supplemented with uracil and different concentrations of 5-FC. 

HOPE fusions with the HIF-1α ODDD fused to the C-terminus of yCD caused lower 5-

FC sensitivity than the unfused yCD enzyme, but HOPE fusions in the opposite order 

Figure 4.1: Project objective and HOPE fusions design 

(A) Schematic of the desired mechanism of HOPE fusions.  In healthy normoxic cells, the presence of 
the HIF-1α ODDD would mark the fusion to be degraded by the 26S proteasome, like the domain does 
in HIF-1α. In hypoxic cancer cells, the fusion protein would accumulate and, upon the administration of 
the prodrug, convert 5-fluorocytosine (5-FC) to 5-fluorouracil and kill the cell. (B) HOPE fusions tested 
in this study. The HIF-1α ODDD was fused to either the N- or C-terminus of yCD without a linker, and 
with flexible linkers of different lengths as indicated. 
 



 56 

caused higher sensitivity to 5-FC than yCD. Fusion of the ODDD to this terminus may 

disrupt folding or function for steric reasons, since the C-terminus of yCD is involved in 

substrate binding and product release [60, 61]. This is consistent with the theory that 

HOPE-4, the fusion of this type with the longest linker exhibits the highest 5-FC toxicity 

among HOPE fusions 1-4.  

 

Accumulation of HIF-1α in HT1080 cells in mock-hypoxia using cobalt chloride  

We next sought to test the HOPE fusions in HT1080 fibrosarcoma cells, but wanted to 

first confirm that HIF1α accumulated under mock hypoxia in these cells as expected.  

Cobalt chloride (CoCl2) is a hypoxia mimetic that induces HIF-1α accumulation by 

inhibiting the prolyl hydroxylases responsible for marking the protein for degradation 

[68]. We confirmed that CoCl2 caused HIF-1α accumulation in wild-type HT1080 cells 

Figure 4.2: 5-FC toxicity assay of HOPE fusions in E. coli 

Different dilutions of cultures of E. coli GIA39 cells expressing the indicated proteins 
were spotted on minimal media plates containing uracil and the indicated concentrations 
of 5-FC.  Plates were incubated for 36 hours at 37°C and imaged for growth. 
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(Figure 4.3A).  We chose 100 μM CoCl2 for all subsequent mock-hypoxia experiments 

since it was the lowest concentration that clearly caused HIF-1α accumulation and higher 

levels of CoCl2 can have toxic effects. 

 

Figure 4.3: Testing of HOPE fusions in HT1080 fibrosarcoma cells  

(A) Western blot using anti-HIF-1α antibodies showing the accumulation of HIF-1α in HT1080 fibrosarcoma 
cells at different concentrations of CoCl2, a hypoxia-mimetic. (B) Lentiviral insertion cassettes for stable 
expression of yCD or HOPE fusion. Bicistronic expression of EGFP allowed the identification of successfully 
transduced cell lines. (C) 5-FC toxicity assay for stable HT1080 cell lines expressing a HOPE fusion, yCD, or 
empty vector (EV) control and grown in the absence or presence of CoCl2. Identical empty vector and yCD 
curves are provided in each graph for reference. Each curve is from a representative single experiment. Error 
bars reflect the propogated error in the cell viability assay in that experiment (n=6).  
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Generation of HT1080 stable cell lines by lentiviral transduction  

We created stable cell lines to ensure continuous expression of each of HOPE 

fusion throughout the course of the experiments. We excluded HOPE-2 and HOPE-6 (the 

fusions with the GG linker) from our human cells studies since screening in E. coli 

suggested their activity would be no different than their corresponding fusions with the 

GGGSG linker.  We cloned each of the selected HOPE fusion genes, yCD, and an empty 

vector control into a third-generation lentiviral vector system that afforded bicistronic 

expression from an internal ribosome entry site (IRES) (Figure 4.3B). After performing 

the lentiviral transduction, the transduced cells were passaged three times and then sorted 

into EGFP-positive single cells. We isolated genomic DNA from each stable line and 

performed nested PCR on the region containing the HOPE fusions or yCD. We 

confirmed insertion of the correct full-length gene by Sanger sequencing.  

5-FC toxicity assay in HT1080 fibrosarcoma cells expressing HOPE fusions in mock-

hypoxia 

We next tested whether increased accumulation of the fusion proteins resulted in 

increased sensitization to 5-FC. We seeded each of the transduced HT1080 fibrosarcoma 

cell lines in 96-well plates and challenged the cell lines to grow at various 5-FC 

concentrations with or without the addition of 100 μM CoCl2 to induce mock-hypoxia. 5-

FC toxicity was assessed via cell survival as measured by the alamarBlue assay (Figure 

4.3C). Replicate assays are shown in Figure 4.4. Average LC50 values for each of the cell 

lines are reported in Table 1, as well as the fold-difference in LC50 between the two 

cobalt chloride conditions. As expected, CoCl2 did not alter the 5-FC toxicity of cell lines 

expressing yCD or the empty vector control. None of the HOPE fusions equaled the 5-FC 
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toxicity caused by yCD; however, CoCl2-dependent differences in 5-FC toxicity were 

observed.  Cell lines expressing HOPE-1, -3, and -4 exhibited similar 5-FC toxicities in 

the absence and presence of CoCl2, although the LC50 was 1-to-2-fold higher for with 

CoCl2 in all three cases. In contrast, HOPE-5, -7 and -8 caused a much greater CoCl2-

dependent increase in 5-FC toxicity, although these fusions cause less toxicity than 

HOPE-1, -3, and -4. The estimated decrease in LC50 in mock hypoxia was >9-to-10-fold 

for HOPE 5- and HOPE-7, and >3-fold for HOPE-8.  

Table 4.1: LC50 values for 5-FC of HT1080 cells grown in the presence and absence of CoCl2 

 

 
 Average LC50 Average LC50 ratio 

(without CoCl2 : with 

CoCl2) 

 without CoCl2 with CoCl2  

yCD 53 57 1.0  0 

HOPE-1 185 93 2.2  0.8 

HOPE-3 115 97 1.2  0 

HOPE-4 85 62 1.8  0.8 

HOPE-5 >1133 120 9.6  0.7 

HOPE-7 >1200 147 8.8  3.1 

HOPE-8 >1200 558 2.8   1.6 
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Figure 4.4: Replicate 5-FC toxicity assay for the HOPE fusions 
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HOPE fusions accumulate in mock-hypoxia  

We next examined whether the HOPE fusions accumulation increased under 

mock-hypoxia in HT1080 cells.  Two T25 flasks for each stable line were seeded with 

150,000-200,000 cells. After 2 days of growth, we incubated each stable line with and 

without CoCl2. As expected, western blots on protein extracts using an anti-HIF-1α 

antibody showed that CoCl2 caused increased levels of endogenous HIF-1α for all of the 

stable cell lines including the empty vector and yCD controls (Figure 4.5). More 

importantly, CoCl2 caused a marked increase in a band appearing at approximately the 

expected molecular weight for the HOPE fusions (42kDa).  No such band was apparent 

under normoxic or mock-hypoxic conditions for the empty vector and yCD controls.  

 

At this juncture, we can only speculate as to the reasons fusions in the yCD-

ODDD orientation in general cause higher 5-FC toxicity but poor CoCl2 dependence, 

whereas fusions in the ODDD-yCD orientation in general cause lower 5-FC toxicity but 

better CoCl2 dependence.  We note that with the yCD-ODDD orientation, toxicity 

increases with linker length. This matches results in E. coli where the fusion with the 

longest linker (HOPE-4) caused the highest 5-FC toxicity among the fusions with the 

Figure 4.5: Accumulation of HOPE fusions in HT1080 experiencing mock-hypoxia 

HT1080 stable cell lines expressing yCD or a HOPE fusion were grown in the presence or absence of 100 
µM CoCl2. Soluble proteins were analyzed by western blot using anti-HIF-1α antibodies.  A western blot for 
beta-actin was used as a loading control.  
 



 62 

yCD-ODDD orientation.  Perhaps fusion to the ODDD of the C-terminus of yCD 

interferes with yCD activity unless a sufficiently long linker is used. Surprisingly, the 

HOPE fusions in the yCD-ODDD orientation caused higher 5-FC sensitivity in HT1080 

than those in the ODDD-yCD orientation – the opposite of what was observed in E. coli.    

One might imagine that HOPE fusion accumulation levels in HT1080 might 

predict 5-FC. We observed no obvious correlation between LC50 values and HOPE 

accumulation.  For example, HOPE fusions in the yCD-ODDD orientation (HOPE-1, -3, 

and 4) showed marked CoCl2-dependent increases in HOPE accumulation (Figure 4.5) 

but little to no difference in LC50 values.  However, to adequately examine this question 

we would also need to also probe for yCD, since it is possible that proteolyzed HOPE 

fusions in the absence of CoCl2 might result in a stable, free yCD domain.  However, we 

were unable to detect the HOPE fusions on western blots with anti-yCD antibodies in 

HT1080 protein extracts. This likely results from the sensitivity limitations of the anti-

yCD antibodies. 

However, we can offer hypotheses for why fusion orientation could result in 

differences in the degradation of the HOPE fusions.  Previous studies on substrate 

degradation by the ubiquitin-proteasome pathway show that stable domains located near 

the ubiquitin signal on the substrate can prevent degradation of the full fusion protein and 

results in a cleaved substrate [15]. Proline 402 of the HIF-1α ODDD is located 2, 7, and 

12 residues from the yCD domain for HOPE-1, -3, and 4, respectively. Degradation can 

progress in the N- to C- or C- to N-terminus direction depending on the location of the 

ubiquitin tag and unfolded region undergoing proteosomal degradation [15]. Perhaps the 

yCD domain inhibits degradation of the complete HOPE protein in HOPE-1, -3, and 4, 
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thereby resulting in free yCD enzyme in normoxia. The three fusions in the ODDD-yCD 

orientation showed a bigger difference in 5-FC toxicity between the normoxic and 

hypoxic conditions than those fusions in the yCD-ODDD orientation. The N-terminus of 

yCD consists of 10 amino acids that lack secondary structure [1], followed by an alpha 

helix. In this orientation, the yCD domain is always located at least 35 residues away 

from the ubiquitin signal at proline 564 in the ODDD and the N-terminus of yCD may be 

more amenable to unfolding in the proteasome.  

Conclusions 

Fusing HIF-1α’s ODDD to the N-terminus of yCD yields HOPE proteins that cause 

higher 5-FC sensitivity in mock hypoxia than in normoxia. These results will need to be 

confirmed in hypoxic cells.  Further engineering of these fusions so that they cause 

equivalent 5-FC sensitivity to that caused by yCD, without compromising the hypoxia 

dependence, will be necessary for these fusions to be a viable alternative to yCD for use 

in GDEPT.   
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Chapter 5: Concluding Remarks and Future Directions 

Comprehensive site-saturation mutagenesis on yCD 

In Chapter 2, I performed comprehensive site-saturation mutagenesis (CSM) to 

identify yCD mutants that increased the sensitivity of E. coli to 5-fluorocytosine (5-FC). 

Positive selection allowed enrichment of the library for active yCD variants. We 

subjected cells containing this naïve library to positive selection to enrich for active yCD 

mutants. This resulted in the growth of 1,000 colonies after plating 16,000 CFU. These 

colonies were screened for increased 5-FC sensitivity until no new mutations were 

discovered. This yielded 13 hits consisting of 3 mutations: C71A, E75P, H127V. We 

subcloned all the single mutants into fresh vector and constructed all double and triple 

mutant combinations of the three mutations. We then performed a 5-FC toxicity assay on 

all the single, double, and triple mutants. In this second 5-FC toxicity assay, E75P did not 

exhibit any benefit over the wildtype enzyme.  YCDthermo had a greater sensitizing 

effect than wildtype, and H127V and C71A/E75P behaved similar to yCDthermo. 

C71A/H127V, E75P/H127V, and C71A/E75P/H127V had the greatest sensitizing effect. 

Western blots on the soluble protein fraction from E. coli showed that the double and 

triple mutants containing H127V were expressed at higher levels than yCD. YCDthermo 

was the only other protein detectable at the soluble protein concentrations examined in 

this study.  

Since the objective of this study was to find yCD mutants with greater therapeutic 

potential in mammalian cells we performed prodrug-toxicity assays on HT1080 

fibrosarcoma stable cell lines expressing the yCD mutants. As expected from previous 

research, yCDthermo exhibited a higher sensitizing effect than yCD. Both H127V and 
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C71A/H127V exhibited an increased sensitizing effect that was comparable to 

yCDthermo, despite the fact that these mutants accumulated to lower levels than 

yCDthermo (as determined by quantitative western blot). It is possible that increased 

accumulation of H127V and C71A/H127V would result in a sensitizing effect greater 

than yCDthermo but future work is needed to test this hypothesis.  The mechanism by 

which H127V increases the sensitivity of eukaryotic cells to 5-FC is not known, but the 

data is consistent with increase enzyme activity. Enzyme kinetic studies are needed to 

determine if the increased sensitizing effect of H127V on HT1080 cells is due to 

increased catalytic efficiency.    

Additional mutagenesis strategies to improve yCD in E. coli 

In Chapter 3, I pursued two additional mutagenesis strategies to improve yCD’s 

ability to sensitize E. coli to 5-FC. In the first approach, I truncated the loops of yCD 

since loop deletions have been an effective strategy for improving protein thermostability 

and activity. Additionally, thermophilic proteins tend to have shorter loop regions 

compared to their mesophilic homologs and increased yCD’s thermostability previously 

has resulted in increasing its sensitizing effect. The loops of yCD were truncated by 

removing residues starting the amino-terminal end of the loop moving towards the 

carboxy-terminus. Only one loop was truncated at a time.  There were 66 possible loop 

truncations. Mutation of the codon immediately downstream also allowed for an amino 

acid substitution that might help the enzyme tolerate the loop truncation. The selection 

and screening process was carried out similar to the methods used in Chapter 2. Positive 

selection resulted in 43-fold enrichment of active yCD mutants. Of the 372 mutants 

screened for increased 5-FC toxicity, 20 grew poorly at lower 5-FC concentrations 
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compared to yCD. Of these 20 hits, there were 10 unique sequences at the DNA level. All 

10 sequences contained deletions within the first 10 residues of the enzymes. The most 

frequent deletions were 1-3 and 1-6. Only 4 of the 20 mutants contained mutations 

other than ATG or GTG (an alternative start codon in E. coli). Each of these mutants 

passed through the selection once.  

Translation rates (and thus protein expression levels) of a protein are known to be 

sensitive to the sequence of the first few codons in a gene.  In addition, the natural 

sequence of WT yCD as several potential start codons in the first 15 codons and the 

mutations introduced in the truncation mutants were enriched for start codons. The 

wildtype yCD gene has ATG start codons at positions, 1, 6, and 15 and the E. coli 

alternative start codon GTG at positions 2. Therefore, we created three sets of deletions: 

1-3 and 1-6 (since they appeared frequently in mutants passing through the selection 

and 5-FC toxicity assay), and 1-15 because residue 15 is the first ATG codon after the 

start codon. For each set of deletions, we either kept the wildtype codon immediately 

following the deletion or mutated it to ATG or GTG. GTG was the first codon in 6 of the 

20 mutants from the 5-FC toxicity assay and is an alternative start codon in E. coli. 

Deletion of the first 15 residues of yCD or deletion of the first 6 residues without 

mutating the seventh residue to ATG or GTG completely inactivated the enzyme. In 

contrast, deletion of the first 6 residues of yCD combined with mutation of the seventh 

residue to ATG or GTG resulted in a mutant that exhibited similar 5-FC sensitivity to 

yCD. Furthermore, deletion of the first three residues resulted in similar sensitizing 

ability (on par with yCDthermo) regardless of the amino acid following the deletion.  

This suggestions that translation can be initiated at residue 6 (the next methionine in 



 67 

yCD) and that the resulting protein is active. Future experiments would focus on 

validating these effects in mammalian cells since that is the system these mutants would 

ultimately be used in. 

In the second mutagenesis strategy to improve yCD, I analyzed the effect of 

adding the A23L mutation to the mutants constructed in the CSM study in Chapter 2 (all 

single, double, and triple mutant combinations of C71A, E75P, and H127V). Not only is 

A23L present in yCDthermo but it also passed through preliminary selections and screen 

of the CSM library. The addition of A23L did not have an appreciable effect on the 

sensitizing effect of any of the mutants. Knowing that H127V exhibited a similar 

sensitizing effect as yCDthermo in HT1080 cells, despite being expressed at lower levels, 

it would be interesting to see if the A23L mutation affords a benefit to H127V in 

mammalian cells that wasn’t detectable in E. coli. Along those lines, future studies may 

also focus on combining all single, double, and triple mutant combinations of the three 

mutations in yCDthermo (A23L/V108I/I140L) with H127V or C71A/H127V to see if 

they provide any benefit. 

Programmed accumulation of yCD in cancer cells experiencing mock-hypoxia 

In Chapter 4, I designed eight HIF-1 Oxygen-dependent degradation domain 

Prodrug-converting Enzyme (HOPE) fusions designed to treat cancer cells experiencing 

mock-hypoxia. These HOPE fusions consisted of fusions of the HIF-1 oxygen-

dependent degradation domain (ODDD) to the N- or C-terminus of yCD, either by direct 

fusion, or with a GG, GGGSG, or (GGGSG)2 flexible linker. 5-FC toxicity screens of 

these HOPE fusions in E. coli revealed that fusions of the ODDD to the N-terminus were 

tolerated and may have a slightly increased sensitizing effect, whereas fusions of the 
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ODDD to the C-terminus of yCD effectively inactivated the enzyme, with one exception. 

The HOPE fusion in the yCD-ODDD orientation with the longest linker (10 amino acids) 

sensitized the E. coli top 5-FC, but not as much as unfused yCD. 

  Due to the similar activity between HOPE fusions with an end-to-end fusion or 

the GG or GGGSG linker (in both orientations), we did not pursue the GG linker any 

further. HT1080 stable cell lines expressing each of the HOPE fusions were subjected to 

mock-hypoxia to determine its effect on HOPE fusion accumulation and sensitizing 

ability. All six of the remaining HOPE fusions, showed a detectable increase in HOPE 

fusion accumulation in mock-hypoxia compared to normoxia. As for the 5-FC toxicity 

assays, fusions of the ODDD to the C-terminus of yCD showed only a 1-to-2-fold 

difference in LC50 between the normoxia and mock-hypoxia. In contrast, the LC50 was 

higher than the maximum concentration used in this study for fusions of the ODDD to the 

N-terminus of yCD and yielded greater than an 9-fold difference in LC50 for HOPE-5.  

Future studies on the HOPE fusions would focus on determining the cause of 5-

FC toxicity induced by fusions of the ODDD to the C-terminus of yCD, testing HOPE-5, 

-6, -7, and -8 in hypoxia and mouse xenografts, examining the effect of different linker 

length and composition on fusions of the ODDD to yCD, and . Long-term future work 

would focus on testing the feasibility of dual therapy by the addition of HSVTK in cis or 

in trans. yCD/HSVTK dual therapy studies show that yCD/5-FC depletes dTTP pools 

which then increases the toxicity induced by HSVTK/GCV. 

Although there are still challenges limiting the use of the yCD/5-FC GDEPT 

system, there is great potential to improve the enzyme and system. As in this study, 
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efforts should focus on improving yCD, as well as developing new strategies to target the 

enzyme’s activity specifically to cancer cells.  
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