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Abstract 
Bacterial nitroreductase enzymes, which exhibit the capacity to reduce a 

wide range of nitroaromatic drugs, antibiotics and environmental 

pollutants, have shown promise in the activation of prodrugs such as 

CB1954 and PR-104A. Use of these prodrugs in gene-directed enzyme 

prodrug therapy (GDEPT) cancer treatment would allow for targeted 

chemotherapy in tumour cells following specific delivery of nitroreductases 

to these cancerous tissues, using specialised bacterial or viral vectors. 

However, one key limitation in nitroreductase-based GDEPT is the current 

inability to rapidly and non-invasively determine vector localisation and 

gene delivery prior to systemic administration of prodrug. Dual-purpose 

nitroreductases that exhibit the ability to activate both GDEPT prodrugs and 

radioisotope-labelled PET imaging probes, in a manner that renders them 

temporarily cell-entrapped for detection using a PET scanner, would 

facilitate clinical development of this treatment.  

Previous attempts to repurpose hypoxia-activated 2-nitroimidazole PET 

imaging probes for nitroreductase detection have suffered from relatively 

high background activation under hypoxia alone. The design of next-

generation 5-nitroimidazole PET imaging probes, by our collaborators at the 

Auckland Cancer Society Research Centre (ACSRC), has resulted in much 

lower levels of hypoxia activation in vivo.  

This thesis describes attempts to generate improved nitroreductases that 

can activate a bespoke 5-nitroimidazole PET-capable imaging probe, S33. A 

58-membered library of nitroreductase candidates, including enzymes from 

many different bacterial species and oxidoreductase families, was 

heterologously over-expressed in E. coli screening strains. Microplate-based 

screening strategies were then used to identify enzymes that exhibited the 

most activity with S33, based on the ability of high levels of activated S33 to 

induce DNA damage and (at very high levels) E. coli cell death. Following 

this, site-targeted libraries of two different promising nitroreductase NfsA 

homologues were screened for S33 activity, with selected variants from each 
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library showing improvement in S33 activation over the parent 

nitroreductase. In parallel I performed error-prone PCR mutagenesis of a top 

NfsA variant and top NfsB variant, subjecting each to two rounds of random 

mutagenesis, and selecting improved variants using a specialised E. coli 

screening strain and fluorescence-activated cell sorting (FACS). Selected 

variants from the NfsB (but not NfsA) nitroreductase candidate library 

showed substantially improved capacity to activate S33 over the parent 

enzyme. 

As an alternative means for developing improved nitroreductase variants, 

two different nitroaromatic ‘anti-prodrugs’, the anthelmintic niclosamide 

and the antibiotic chloramphenicol, whose cytotoxic effects on E. coli can be 

mitigated by the presence of an over-expressed active nitroreductase, were 

used to select for improved S33-activating enzymes from a site-targeted 

NfsA library. Variants were discovered that exhibited improved ability to 

active S33 as well as other nitroaromatic substrates of interest.  

Finally, attempts to discover novel nitroreductases from nature through the 

screening of cloned soil metagenomic fragments, were made utilising a 

novel cloning strategy to improve expression of the cloned gene fragments 

in E. coli. Screening and selection of nitroreductase gene fragments was 

conducted using niclosamide as well as nitroaromatic compounds that 

change colour upon activation.  
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Chapter 1.  Introduction 

1.1 Targeted novel anti-cancer therapeutics 

The most recent statistics from the Ministry of Health show the continuing 

burden of cancer in our aging population, ending another year as the leading 

cause of death in New Zealand (Ministry of Health, 2016). Despite 

improvements in chemotherapy and radiotherapy over the last century, off-

target side effects still persist (Bernier et al., 2004; Chabner and Roberts, 

2005). Furthermore, the limitations of treatment in hypoxic tumours, as well 

as the persistence of treatment-resistant cancer cells, make it clear that the 

development of more targeted therapies are necessary (Barker et al., 2015; 

Hanahan and Weinberg, 2011; Holohan et al., 2013).  

One method of targeted treatment, cancer immunotherapy, seeks to utilise 

the patient’s own immune system to detect and destroy cancerous cells 

(Farkona et al., 2016; de Visser et al., 2006). In 2011 the FDA granted 

approval for the use of ipilimumab, a monoclonal antibody, as a treatment 

for metastatic melanoma patients (Farkona et al., 2016; Mellman et al., 

2011). The development of this treatment, which targets the over-expressed 

immune system down-regulatory protein CTLA-4, earned researcher James 

P. Allison the prestigious Wolf Prize in Medicine, to be presented later this 

year. Some other immunotherapy strategies, such as cancer vaccines and 

immune checkpoint inhibitors, have also shown promise in clinical trials 

(Farkona et al., 2016).  

Alternatively, a form of targeted chemotherapy that has reached Phase III 

trials involves the use of hypoxia-activated prodrugs, which allows for the 

administration of chemically inert compounds that become potent cell-

killing toxins upon activation solely in anoxic regions, i.e. in hypoxic cores 

of tumours (Hunter et al., 2016; Wilson and Hay, 2011). 

Another type of targeted cancer therapy involves the administration of 

exogenous agents, such as viruses and bacteria, which possess the ability to 

target and kill tumour cells. 
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1.1.1 Oncolytic viruses as targeted anti-cancer therapeutics 

Oncolytic viruses exhibit selective targeting of cancerous cells over normal 

tissue, in part due to their ability to exploit phenotypic changes in these 

cells that occur upon malignant transformation (Seymour and Fisher, 2016). 

The ability of oncolytic viruses to both selectively destroy cancerous cells 

and induce the host immune response make them an ideal candidate for 

synergistic therapy with cancer immunotherapies, which could assuage the 

tumour microenvironment’s suppression of this response (Chiocca and 

Rabkin, 2014; Slaney and Darcy, 2015). Oncolytic viruses can be divided into 

two main types: viruses that are non-virulent in humans but replicate 

preferentially in cancer cells, such as reovirus; and viruses that naturally 

infect human cells but have been further genetically engineered to be 

cancer-specific, such as adenovirus and herpes simplex virus (Chiocca, 2002; 

Chiocca and Rabkin, 2014; Everts and van der Poel, 2005; Fukuhara et al., 

2016; Russell et al., 2012).  

In 2005 the E1B deleted adenovirus H101 was approved for treatment of 

advanced nasopharyngeal carcinoma in combination with chemotherapy in 

China following Phase III clinical trials showing improved responses in 

patients over chemotherapy alone, making it the first approved oncolytic 

viral cancer treatment on the market (Garber, 2006; Yu and Fang, 2007). 

Following this success, there has been renewed pharmaceutical interest in 

the use of oncolytic virotherapy to combat cancer, with recent clinical trials 

showing promising results (Fukuhara et al., 2016; Pol et al., 2016; Seymour 

and Fisher, 2016). However, an ongoing limitation is the inability to 

successfully achieve systemic spread of the therapy beyond local 

intratumoural injection, which limits the efficacy of these treatments for 

treating hard-to-access and metastatic cancers (Parato et al., 2005; Russell 

et al., 2012). Despite this, some therapies have shown enough promise in 

clinical trials to be approved for patients as a last resort following failure of 

traditional cancer treatments, and a few of these will be described in the 

following sections. 
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1.1.1.1 Talimogene laherparepvec (T-Vec; or Imlygicâ, formerly OncovexGM-CSF) 

T-Vec is a modified HSV-1 virus with deletions in the g34.5 and a47 genes 

and insertion of human granulocyte-macrophage colony-stimulating factor 

(GM-CSF). Collectively these modifications enhance its replication in cancer 

cells and the host anti-tumour response while rendering it unable to 

replicate in normal tissue (Chiocca, 2002; Fukuhara et al., 2016). T-Vec was 

evaluated in a Phase III trial for patients with stage IIIb/IV melanoma and 

the results from intralesional administration, when compared to GM-CSF 

administration alone, showed an improvement in median survival rate by 

four months, with 11% of patients going into remission (Andtbacka et al., 

2015). This led T-Vec to be approved as a treatment for unresected 

melanoma in the USA in 2015 and Europe in 2016 (Fukuhara et al., 2016). T-

Vec is currently undergoing Phase Ib/II trials in combination with 

ipilimumab to further stimulate the host immune response (Dolgin, 2015). 

 

1.1.1.2 G47D 

The second-generation HSV-1 virus G207 was created through deletion of 

the ICP6 gene, which is involved in viral DNA synthesis, deletion of g34.5, 

and insertion of an E. coli lacZ gene in place of the latter (Mineta et al., 

1995). G47D was created from G207 through further deletion of the a47 gene 

to enhance MHC Class I presentation and viral replication (Fukuhara et al., 

2016; Todo et al., 2001). Successful completion of a Phase I/IIa trial with 

recurrent glioblastoma conducted in Japan, showing good tolerance of 

intratumoral injection of the virus (Todo et al., 2014), was followed by an 

ongoing Phase II study in 2015 for recurrent glioblastoma patients, with 

injection of G47D into the brain tumour (Fukuhara et al., 2016). G47D was 

designated a ‘Sakigake’ breakthrough therapy drug by the Japanese 

government in February 2016, which would fast-track approval for its use 

following successful completion of the Phase II trial (Fukuhara et al., 2016). 
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1.1.1.3 JX-594 (Pexastimogene devacirepvec; Pexa-Vec) 

JX-594 is a modified vaccinia virus, with the thymidine kinase gene replaced 

by human GM-CSF and lacZ, allowing for cancer-selective replication and 

improvement of the anti-tumour immune response (Chiocca, 2002; Kim et 

al., 2006; Kirn and Thorne, 2009; Parato et al., 2012). A randomized Phase II 

trial in patients with advanced hepatocellular carcinoma (HCC) showed 

intratumoral injection of high-dose JX-594 improved survival by over seven 

months over a low-dose treatment (Heo et al., 2013). A Phase III trial with 

advanced HCC in 2015 is still ongoing (Fukuhara et al., 2016).  

 

1.1.1.4 CG0070 

CG0070 is an engineered A5 adenovirus containing a human E2F-1 promoter 

driving the E1A gene, restricting viral replication to Rb (retinoblastoma 

tumour suppressor protein) mutated cells, which are commonly seen in 

bladder cancer (Chiocca, 2002; Ramesh et al., 2006). It also contains the GM-

CSF gene inserted behind a E1A-activated promoter, further stimulating the 

patient’s immune response (Ramesh et al., 2006). Results from a randomised 

Phase II/III trial of 15 patients with non-muscle-invasive bladder cancer, 

where CG00070 was compared with other standard intravesical therapies, 

showed no significant difference in patient response (Fukuhara et al., 2016). 

However, patients presenting with Rb-defective cancer exhibited a better 

durable response to CG00070 than patients with non-Rb-defective cancer 

(Fukuhara et al., 2016). A single-arm Phase III trial with patients with non-

muscle invasive bladder cancer (NMIBC) is currently ongoing (Dolgin, 2015). 

 

1.1.1.5 Reolysinâ 

Reolysin is a replication-competent form of the T3D strain of reovirus, a 

double-stranded RNA virus that preferentially targets cells with an activated 

Ras signalling pathway (Gollamudi et al., 2010). A Phase II trial of metastatic 

melanoma patients showed Reolysin replication in melanoma tissue 
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following intravenous administration of the treatment; however efficacy of 

the treatment was not established (Galanis et al., 2012). A Phase III trial 

comparing intravenously administered Reolysin in combination with the 

chemotherapeutics paclitaxel and carboplatin, vs. the latter two compounds 

on their own, was conducted on patients with recurrent and/or metastatic 

head and neck cancer, and improved overall survival was observed in 

patients without metastatic disease (Fukuhara et al., 2016). Reolysin was 

granted orphan drug approval by the FDA for treatment of malignant 

glioma, ovarian and pancreatic cancers in 2015 (Fukuhara et al., 2016). 

 

1.1.2 Bacteria as targeted anti-cancer therapeutics 

In the late 19th century, physician William Coley developed ‘Coley’s toxins’, 

a mixture of two heat-killed bacteria species, Streptococcus pyogenes and 

Serratia marcescens, which he administered to the tumour site of inoperable 

sarcoma patients (Felgner et al., 2016; Patyar et al., 2010). In many patients 

he observed fever, followed by tumour regression and occasionally complete 

disappearance of the tumour, which we now know was caused by stimulation 

of the host immune response (Felgner et al., 2016; Kucerova and Cervinkova, 

2016).  

In a different application of bacteria as anti-cancer therapeutics, some 

facultative and obligate anaerobe bacterial species possess a natural 

inclination for migration towards, growth, and proliferation in the anaerobic 

tumour microenvironment and in cancer cells (Felgner et al., 2016; Forbes, 

2010; Lehouritis et al., 2013; Van Dessel et al., 2015).  

 

1.1.2.1 Salmonella 

Salmonella is a facultative anaerobe that exhibits chemotaxis to the tumour 

microenvironment (Kasinskas and Forbes, 2007). Due to the ability of 

Salmonella to colonise both aerobic and anaerobic tissue, they have the 

innate potential to accumulate in healthy organs such as the liver and spleen 
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and must be engineered for tumour specificity (Felgner et al., 2016). For 

example, some strains of Salmonella have been made auxotrophic for factors 

found in abundance in the tumour microenvironment (Felgner et al., 2016). 

An attenuated strain of engineered Salmonella, VNP20009, showed rapid 

clearance from the blood to undetectable levels within 24 hours in both mice 

and primates, and accumulated in the immune-privileged tumour 

microenvironment at ratios of 1000:1 relative to accumulation in the liver in 

mice (Clairmont et al., 2000). Unfortunately the testing of VNP20009 as a 

sole cancer agent administered intravenously in a Phase I clinical trial 

showed limited tumour colonisation and no tumour regression (Toso et al., 

2002). 

 

1.1.2.2 Listeria 

An attenuated form of the facultative anaerobe Listeria monocytogenes, CRS-

207, was administered to metastatic pancreatic cancer patients in a Phase II 

study alongside the cancer vaccine GVAX, the immunosuppressant 

cyclophosphamide, and a protein overproduced in certain cancers 

(mesothelin). These patients showed a 2.2 month improvement in overall 

survival over those receiving the control combination treatment (Le et al., 

2015). However, a follow-up Phase II trial showed no improvement following 

sole CRS-207 treatment over standard chemotherapy, and future trials 

intend to combine the bacteria with immune checkpoint inhibitors 

(Maxmen, 2017). 

 

1.1.2.3 Clostridia 

Clostridium species, which are obligate anaerobes, can be injected into a 

patient as spores and will only germinate in hypoxic conditions i.e. within 

the solid core of a tumour (Kubiak and Minton, 2015; Lee, 2012; Lehouritis 

et al., 2013; Mowday et al., 2016a). One of the most currently promising 

Clostridium strains, C. novyi-NT, which lacks the gene coding for the 



37 

 

 

neurotoxic α-toxin, has shown promise following intratumoral injection of 

spores, with a 21% complete response in dogs, and a sole human patient 

with advanced leiomyosarcoma showing tumour colonization and shrinkage 

(Roberts et al., 2014). However in dogs treated by intravenous spore 

administration, stable disease was the best outcome achieved at doses 

having acceptable toxicity, which indicated that the limitation for the 

treatment is still the inability to achieve high levels of tumour colonisation 

following distal administration of spores (Krick et al., 2012). It is also 

acknowledged that the ability of Clostridium to only colonise anaerobic 

regions may limit its efficacy in smaller tumours that lack a dense hypoxic 

core (Felgner et al., 2016).  

 

1.2 Gene directed enzyme prodrug therapy 

There has been interest over the past few decades in using viral and bacterial 

vectors for their tumour-targeting and gene-delivery properties, giving rise 

to a form of targeted cancer treatment called gene-directed enzyme prodrug 

therapy (GDEPT) (Baban et al., 2010; Hermiston and Kuhn, 2002). In GDEPT, 

a foreign gene is delivered to cancer cells and the subsequently expressed 

enzyme converts a systemically administered, non-toxic prodrug into its 

cell-killing active form (Figure 1-1; Karjoo et al., 2016; Malekshah et al., 

2016; Portsmouth et al., 2007; Zhang et al., 2015). Due to the inability of 

gene delivery vectors to transduce more than 10% of tumour cells (Hamstra 

et al., 1999), the activated drug should also be able to diffuse short distances 

to kill closely neighbouring cancer cells, which allows for greater damage to 

the tumour. This is commonly called the ‘bystander effect’ (Xu and McLeod, 

2001).  
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Figure 1-1 Schematic showing principle of gene directed enzyme prodrug therapy. 

 

Many different enzyme/prodrug combinations have been investigated for 

GDEPT, with some advancing to clinical trials. Three of the most promising 

systems: herpes simplex virus-thymidine kinase (HSV-TK) and ganciclovir; 

cytosine deaminase and 5-fluorouracil; and nitroreductase and CB1954 will 

be discussed in the following sections.  

 

1.2.1 HSV-TK and ganciclovir 

One of the earliest GDEPT enzyme/prodrug pairings investigated involved 

the HSV-TK enzyme and the antiviral drug ganciclovir. HSV-thymidine 

kinase phosphorylates ganciclovir to ganciclovir monophosphate, which is 

then converted by endogenous human kinases into ganciclovir triphosphate 

(GCV-TP; Duarte et al., 2012; Zhang et al., 2015). GCV-TP competes with 

the nucleotide precursor dGTP for subsequent incorporation into DNA 

during replication, which leads to inhibition of DNA polymerase as well as 

single strand break formation in the replicated DNA strand, causing cellular 

apoptosis (Dachs et al., 2009). The bystander effect of the activated 

metabolites is mediated through cellular gap junctions (van Dillen et al., 

2002). Clinical trials of this enzyme/prodrug combination as a sole treatment 

have shown limited success, with a Phase III trial in metastatic glioblastoma 
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multiforme patients combining intratumoral injection of hsv-tk encoding 

retroviral vector, ganciclovir and standard treatment (surgery and 

radiotherapy) showing no improvement in survival over standard treatment 

alone (Rainov, 2000). Problems encountered with this system include a lack 

of functioning gap junctions in many tumour tissues, and a requirement for 

a prohibitively high dose of ganciclovir to patients to compete with HSV-

TK’s high affinity for its natural substrate, thymidine (Karjoo et al., 2016). 

Recently, alternative prodrugs such as valacyclovir have been paired with 

HSV-TK, and different clinical trials involving prostate cancer, leukemia and 

malignant glioma patients are currently underway using these new pairings 

(Zhang et al., 2015). 

 

1.2.2 Cytosine deaminase/5-fluorocytosine 

Bacterial or fungal cytosine deaminase enzymes can convert the prodrug 5-

fluorocytosine into the anticancer agent 5-fluorouracil (5-FU), which is then 

further converted by intracellular enzymes into metabolites that form 5FU-

DNA and 5FU-RNA and interfere with thymidine synthesis to cause cellular 

apoptosis (Karjoo et al., 2016). 5-FU also readily diffuses to neighbouring 

cells to cause a bystander effect (Karjoo et al., 2016). One of the main 

limitations of cytosine deaminase enzymes used in this combination therapy 

is their natural high preference for cytosine, and high doses of 5-

fluorocytosine must be administered to patients to allow for enough 

conversion to 5-FU to have a therapeutic effect (Karjoo et al., 2016). In a 

Phase I trial of recurrent glioma patients, administration of Toca 511 

(codon-optimized yeast cytosine deaminase delivered by a retroviral vector 

via intratumoural injection) together with an extended-release form of 5-

fluorocytosine yielded a six-month increase in median overall survival 

(Cloughesy et al., 2016). The same treatment is currently undergoing Phase 

II/III trials in recurrent glioblastoma and anaplastic astrocytoma patients 

(Cloughesy et al., 2016).  
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1.2.3 Nitroreductases and CB1954 

Nearly half a century ago, the prodrug 5-(aziridin-1-yl)-2,4-

dinitrobenzamide (CB1954) was found to inhibit the growth of Walker 256 

rat carcinoma (Cobb et al., 1969). Subsequent studies showed that this was 

due to high tumour expression of the enzyme DT diaphorase, a quinone 

reductase that promiscuously and selectively reduces the 4-nitro group of 

CB1954 to a hydroxylamine group, which is then further reduced by cellular 

enzymes to a toxic, DNA interstrand cross-linking agent (Figure 1-2; Knox 

et al., 1988a, 1991). However attempts to generate the same effect in human 

cancer lines fell short due to a 10-fold lower efficiency (kcat/KM) of human DT 

diaphorase with the prodrug, largely due to a single amino acid difference 

between the two enzymes (Boland et al., 1991; Chen et al., 1997). It was 

discovered soon after that the E. coli NfsB nitroreductase enzyme was able to 

activate CB1954, with a 86-fold increase in kcat/KM over rat DT diaphorase 

(Anlezark et al., 1992; Knox et al., 1992). E. coli NfsB reduces CB1954 at 

either the 4-nitro or the 2-nitro position in an approximately equimolar 

ratio (Figure 1-2; Knox et al., 1992), but downstream products of the 2-

hydroxyamine, as well as exerting similar cytotoxic effects in repair-

competent human tumour cell lines, also exhibit an improved bystander 

effect (Helsby et al., 2004).  

A Phase I trial demonstrated that the recommended dosing for intravenous 

administration of CB1954 for the prodrug was 24 mg/m2, with an AUC of 5.8 

µM/h and a mean peak serum concentration of 6.3 µM (Chung-Faye et al., 

2001). A following Phase I trial demonstrated the safety of intratumoral 

administration of a replication-deficient adenovirus expressing 

nitroreductase (CTL102) to patients with secondary liver cancer (Palmer et 

al., 2004). A Phase I/II trial with localised prostate cancer patients utilising 

CTL102 and 24 mg/m2 CB1954 yielded similar blood levels of CB1954 (mean 

AUC of 6.3 µM/h, mean peak serum concentration of 7.8 µM) and showed 

evidence of nfsB expression in tumours across all dose levels of CTL102; 

however only limited evidence of anti-tumour activity was observed (Patel et 

al., 2009). The major factor limiting success of this human trial was likely 
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due to the KM of E. coli NfsB with CB1954 being significantly greater than the 

maximum achievable serum concentrations – purified protein kinetics 

conducted with this pairing by multiple research groups indicate that the KM 

of NfsB for CB1954 may be as much as 500-fold higher than the achievable 

peak serum concentration of CB1954 in patients (Williams et al., 2015). 

Thus, improvements to this gene/prodrug pairing may be necessary for 

successful clinical trial outcomes. Potential strategies for this are discussed 

in Section 1.4. 

 

Figure 1-2 Mechanism of activation and genotoxicity of CB1954. 

 

1.3 Nitroreductase enzymes 

Nitroreductases are a widely distributed bacterial family of flavin-utilising, 

primarily homodimeric oxidoreductase enzymes that can utilise NADH or 

NADPH to reduce the nitro group on aromatic rings (Williams et al., 2015). 

The nitro group is a strongly electron-withdrawing group that, upon 
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reduction to a hydroxylamine or amine group, is converted to a strong 

electron-donating moiety. When located on an aromatic ring, the 

redistribution of electrons around the ring allows for the activation of 

genotoxic side chains (Siim et al., 1997).  

Type II nitroreductases are oxygen-sensitive, meaning that they reduce the 

nitro group in a one-electron step to a nitroanion radical, which in the 

presence of oxygen is back-oxidised back to its starting substrate, generating 

a superoxide anion in the process (Figure 1-3; Roldán et al., 2008). The 

generation of nitroso, hydroxylamine and/or amine products by these 

enzymes can therefore only occur under anaerobic conditions (Roldán et al., 

2008). Type I nitroreductases, on the other hand, are oxygen-insensitive and 

reduce the nitro group via concerted two-electron transfers, bypassing the 

requirement for anoxic conditions, to ultimately form the hydroxylamine or 

amine products irrespective of whether oxygen is present (Figure 1-3; de 

Oliveira et al., 2010).  

 

Figure 1-3 Schematic of type II (oxygen-sensitive; blue) versus type I (oxygen-
independent; green) reduction of the nitroaromatic ring. Type II reduction 
proceeds via consecutive 1e- steps, and back-oxidation of the nitroanion radical 
occurs in the presence of oxygen (generating a superoxide anion). Type I 
reduction proceeds via consecutive 2e- steps and is oxygen-insensitive. 

 

This reaction is undertaken via a ping pong bi-bi kinetic mechanism, where 

first NAD(P)H binds to and transfers 2 e- to the FMN cofactor and then 

leaves the active site, followed by binding of the nitroaromatic compound 
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near the reduced FMN, and transfer of these 2 e- to reduce the substrate 

(Koder and Miller, 1998; Pitsawong et al., 2014; Zenno et al., 1996).  

As nitroaromatic compounds are relatively rare in nature (Ju and Parales, 

2010), it is proposed that nitro-reduction is in fact a promiscuous activity; 

and that in most cases the primary biological role of nitroreductases 

involves the reduction of quinones to maintain a pool that contribute to 

antioxidant defence (Green et al., 2014; Wang and Maier, 2004). Consistent 

with this, it has been shown that nfsA from E. coli is part of the soxRS 

regulon, which is induced in response to oxidative stress (Liochev et al., 

1999; Paterson et al., 2002). In bioluminescent bacteria an additional or 

alternative role has been identified in which these enzymes can reduce free 

flavin to FMNH2 to power bioluminescence reactions (Zenno et al., 1994). 

Some nitroreductases have also been found to have the capacity to reduce 

iron (Takeda et al., 2010), azo dyes (Rafii and Cerniglia, 1995) or the 

environmental pollutant hexavalent chromium [Cr(VI)] (Ackerley et al., 

2004; Robins et al., 2013; Zheng et al., 2015).  

The ability of nitroreductases to reduce a wide range of structurally diverse 

non-native nitroaromatic substrates indicates their potential to reduce 

engineered prodrugs that possess more promising properties for GDEPT 

than CB1954. Furthermore, the natural promiscuity of these enzymes could 

enable rapid evolution for improved activation of CB1954 or other prodrugs 

through the alteration of a few residues, as has been seen with other 

promiscuous enzymes (Aharoni et al., 2005; Gould and Tawfik, 2005; 

Tracewell and Arnold, 2009). 

 

1.3.1 Challenges associated with evolution of nitroreductase enzymes 

Within different nitroreductase directed evolution projects conducted within 

the Ackerley group, we have observed the selection of nitroreductase 

variants that, although exhibiting substantial improvements in sensitising 

an E. coli host to a nitroaromatic compound, frequently do not demonstrate 

improved activity with the compound in vitro. Our lab postulates that this is 
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often due to the other promiscuous roles that the over-expressed 

nitroreductase plays in the host, e.g. the reduction of intracellular quinones. 

Evolved variants may therefore not be directly improved with the 

nitroaromatic substrate, but instead have reduced activity with other 

competing cytosolic metabolites (Copp et al., 2017). Further directed 

evolution of these variants may subsequently allow for direct enzyme 

improvement with nitroaromatic substrate. 

 

1.4 Strategies to improve nitroreductase based GDEPT 

1.4.1 Alternative bacterial nitroreductases for GDEPT 

A decade after the discovery of E. coli NfsB’s ability to activate CB1954, a 

second nitroreductase, YwrO from the bacterial species Bacillus 

amyloliquefaciens, was also found to have activity with CB1954 (Anlezark et 

al., 2002). Purified YwrO protein showed a 1.5-fold improvement in kcat/KM 

over E. coli NfsB, however it reduced CB1954 exclusively at the 4-nitro 

position (Anlezark et al., 2002) which could limit its efficacy in generating a 

bystander effect. B. amyloliquefaciens YwrO and homologues of either itself 

or E. coli NfsB were investigated in a later study, in which the most 

promising enzyme, NfsB from Haemophilus influenzae, reduced CB1954 

exclusively at the 4-nitro position but exhibited a 9-fold increase kcat/KM over 

E. coli NfsB (Theys et al., 2006). H. influenzae NfsB only exhibited a modest 

improvement when co-incubated as a purified enzyme with V79 Chinese 

hamster ovary cells, CB1954 and NAD(P)H cofactor (Anlezark et al., 2002; 

Theys et al., 2006); however when the enzyme was integrated into a C. 

sporogenes vector it exhibited repeated strong antitumour responses in 

combination with CB1954 in a mouse xenograft model (Theys et al., 2006).  

Other members of the NfsB family that exhibit improved kcat/KM activity over 

E. coli NfsB have also been discovered by other research groups (Heap et al., 

2014; Prosser et al., 2013). NfsB from Neisseria meningitidis was measured as 

having an 880-fold improvement in kcat/KM over E. coli NfsB, and it also 

exhibited improvement over E. coli NfsB when delivered via C. sporogenes 
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vectors to xenograft mice, showing both increased tumour growth delay and 

overall survival following CB1954 administration (Heap et al., 2014). In this 

study, complete tumour cure was achieved in four out of sixteen mice 

administered N. meningtidis NfsB (Heap et al., 2014). Unlike previously 

investigated nitroreductases, N. meningtidis NfsB was measured as having a 

KM of 2.47 µM (Heap et al., 2014), which could allow it to efficiently activate 

clinically relevant doses of CB1954 below the human maximum-tolerated 

dose (MTD). 

The NfsA family of nitroreductases, exemplified by E. coli NfsA, are also able 

to reduce CB1954; they do so almost exclusively at the 2-nitro position 

(Barak et al., 2006a; Prosser et al., 2010a; Vass et al., 2009). E. coli NfsA has 

been measured as having (on average) a 12-fold improvement in kcat/KM over 

E. coli NfsB (Williams et al., 2015).  E. coli NfsA has also been shown to 

exhibit a 20-fold greater cell killing over E. coli NfsB as a purified enzyme in 

co-culture with SKOV3 human ovarian carcinoma cells, CB1954 and NADPH 

(Vass et al., 2009). E. coli NfsA, following integration into a replication-

deficient adenovirus (AdSVO42) and transfection into 6.25% of a SKOV3 

population, generated a 7-fold lower IC50 than E. coli NfsB in the same 

culture conditions (Vass et al., 2009). However, our group has seen reduced 

sensitivity of HCT-116 cell lines stably expressing E. coli NfsA to CB1954 

relative to E. coli NfsB, which is most likely due to lower levels of NfsA 

enzyme expression in these cells (Prosser et al., 2010a, 2013). Other 

members of the NfsA family investigated by our group were consistently 

found to possess a much lower KM with CB1954 than members of the NfsB 

family, leading to a higher kcat/KM on average. The most active purified NfsA 

variant investigated by our group, NfsA from Vibrio fischeri, exhibited a 10-

fold higher kcat/KM than the most active NfsB variant, YfkO from Bacillus 

subtilis (Prosser et al., 2013). However, as with E. coli NfsA, these 

improvements in vitro did not consistently translate to increased 

sensitisation of stably expressed human cell lines to CB1954, due to highly 

variable enzyme expression (Prosser et al., 2010a, 2013; Williams et al., 

2015). Another drawback of the NfsA family for GDEPT could be their 



46 

 

 

preference for NADPH over NADH, as there is evidence suggesting a lower 

concentration of the former cofactor in both mammalian and bacterial cells 

(Klaidman et al., 1995; London and Knight, 1966; Ying, 2008).  

Our group has also discovered multiple other minor Type I nitroreductases 

that possess some activity with CB1954; including Pseudomonas aeruginosa 

MsuE (Green et al., 2013), E. coli NemA (Prosser et al., 2010a; Robins et al., 

2013), E. coli AzoR (Prosser et al., 2010a) and homologues of the latter two 

enzymes (Prosser et al., 2013). However, none of these enzymes have 

activity approaching the level of the NfsA or NfsB family members, so they 

do not generally appear to be attractive prospects for CB1954 GDEPT 

(Williams et al., 2015).  

 

1.4.2 Directed evolution of bacterial nitroreductases for GDEPT 

An alternative to the search for new nitroreductase enzymes is the 

engineering of existing ones to improve their capacity to activate CB1954. 

The Searle group at the University of Birmingham first looked to improve E. 

coli NfsB activity with CB1954 using a semi-rational approach, where they 

targeted nine residues in the substrate binding pocket of the solved crystal 

structure (Lovering et al., 2001). Saturation mutagenesis was utilised to 

individually alter the codons of these nine residues, allowing all 20 

proteinogenic amino acids to be substituted in place of the wild-type residue 

at each site (Grove et al., 2003). Chromosomal integration of these variants 

into an E. coli nfsB-deletion strain was followed by negative selection using 

CB1954, where improved variants were selected for their inability to grow at 

concentrations of CB1954 that cells expressing wild-type NfsB could 

tolerate. The top selected variants were subsequently transfected into 

SKOV3 cells to evaluate their activity within human tumour cells (Grove et 

al., 2003). The lead variant, F124K, sensitised SKOV3 cells to a five-fold 

lower concentration of CB1954 than NfsB (Grove et al., 2003), and the 

purified protein was also shown to have a 2.4-fold higher kcat/KM than NfsB 

(Race et al., 2007). The Searle group also looked into the combination of 
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beneficial individual mutations, and found two amino acid substitutions, 

F124K and N71K, that combined in a synergistic fashion (Race et al., 2007). 

Further evolution work conducted on E. coli NfsB led to the triple mutant 

T41Q/N71S/F124T, which showed a 45-fold improvement in kcat/KM (Jarrom 

et al., 2009); and the double mutant T41L/N71S which exhibited a 100-fold 

improvement in kcat/KM over wild-type NfsB (Jaberipour et al., 2010; Jarrom 

et al., 2009). Transfection of T41L/N71S and another double mutant 

T41L/F70A into SKOV3 cells using an adenovirus vector sensitised these 

cells to 17-fold and 14-fold lower concentrations of CB1954 than E. coli 

NfsB, respectively (Jaberipour et al., 2010). Another group later generated 

the triple mutant T41L/N71S/F124W and reported a 1.5-fold higher kcat/KM 

over the T41L/N71S double mutant; however no human cell transfections 

appear to have been conducted with this mutant thus far (Bai et al., 2015a).  

Our group’s primary attempt to improve nitroreductase activity with CB1954 

centred on the targeting of active site residues of another NfsB family 

enzyme, FRase I from V. fischeri (Swe et al., 2012). Three lead variants were 

generated from this research - F124W, A120V/F124G and 

A120V/K123N/F124W - the first exhibiting an 8-fold improvement in kcat/KM 

over wild-type FRase I, and the latter two showing substantially lower kcat 

than FRase I, leading to only up to a 2-fold improvement in kcat/KM (Swe et 

al., 2012). Co-cultures of E. coli over-expressing these three variants with 

HCT-116 cells showed improved sensitivity to CB1954, with the double 

mutant generating a 2-fold lower IC50 than wild-type FRase I (Swe et al., 

2012). Unfortunately the inability to stably express FRase I in HCT-116 cells 

limited our capacity to compare enzyme efficacy within the human tumour 

cell environment (Swe et al., 2012). 

One final example of an enzyme engineered to have improved activity with 

CB1954 is YieF which, as a consequence of directed evolution to improve its 

ability to reduce the heavy metal pollutant Cr(VI) (Barak et al., 2006b), was 

found to have serendipitously gained activity with CB1954 as a substrate 

(Barak et al., 2006a). The mutant ChrR6 was found to sensitise cultured HeLa 
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cervical cancer cells to an ~10-fold lower concentration of CB1954 than E. 

coli NfsA when both were delivered via an attenuated tumour-trophic 

Salmonella typhymurium vector (Barak et al., 2006a). 

 

1.4.3 Alternative nitroaromatic prodrugs 

Reduction of the nitro groups of prodrugs such as CB1954 can also be 

catalysed under hypoxic conditions by the human Type II nitroreductase 

enzyme, cytochrome P450 reductase. Reduction by this enzyme occurs in 

one-electron steps, the first step generating an unstable radical which is 

rapidly back-oxidised in the presence of oxygen to the starting substrate, 

meaning that full reduction to a DNA cross-linking metabolite can occur 

only in the absence of oxygen ( Figure 1-3; Stratford et al., 1981). SN23862, 

a nitrogen mustard analogue of CB1954 (chemical structure shown in Figure 

1-4), was developed with the specific aim of recapitulating this mechanism 

to provide a hypoxia-activated prodrug (Siim et al., 1997). Reduction of 

either nitro group of SN23862 activates the DNA-crosslinking nitrogen 

mustard moiety (Brown and Wilson, 2004; Siim et al., 1997). 

 

Figure 1-4 Chemical structures of prodrugs CB1954, SN23862, and PR-104A. 

 

An analogous hypoxia-activated nitrogen mustard, PR-104A (chemical 

structure shown in Figure 1-4), is administered to patients as a pre-prodrug, 

PR-104, which is rapidly hydrolysed in the patient’s body to the prodrug 



49 

 

 

form (McKeage et al., 2011). PR-104A progressed to Phase II clinical trials as 

a sole agent but was found to be activated aerobically by the human enzyme 

aldo-keto reductase 1C3 (AKR1C3; Guise et al., 2010), which acted as a Type 

I nitroreductase and limited the efficacy of PR-104 as an independent 

prodrug due to off-target activation in other tissues such as the bone 

marrow (McKeage et al., 2011). PR-104A was shown to be well-tolerated at 

doses up to 1,100 mg/m2, with an AUC of 20 mM/h, however a Phase I/II trial 

in leukaemia patients showed tumour response to treatment only upon 

dosing at three to four-fold the MTD of PR-104A, generating grade 3/4 

adverse effects in up to half of these patients (Konopleva et al., 2015). 

PR-104A has a higher MTD and likely dose-potency than CB1954, making it 

an attractive candidate for repurposing as a nitroreductase GDEPT prodrug 

(Williams et al, 2015). Our research group have shown that a number of 

nitroreductases from the NfsA and NfsB families are capable of activating 

PR-104A independent of the oxygen status of the host cell (Prosser et al., 

2013). Furthermore, HCT-116 human cell lines stably expressing NfsA from 

E. coli, NfrA from B. subtilis or NfsB from V. vulnificus were sensitised nearly 

3000-fold to PR-104A relative to an untransfected control line (Prosser et 

al., 2013). Directed evolution of E. coli NfsA generated a variant that 

sensitised E. coli to up to 3.8-fold lower concentrations of PR-104A and 

showed a modest improvement (1.5-fold) in sensitising stably transfected 

human cell lines to the prodrug (Copp et al., 2017). 

Building on this work, an analogue of PR-104A (SN34507; chemical structure 

shown in Figure 1-5) was rationally designed to limit off-target activation 

by AKR1C3, with the aim of increasing its human MTD for GDEPT 

applications. It was shown by our group to be activated by many different 

NfsA and NfsB family enzymes, including E. coli NfsA (Mowday et al., 

2016b). In general, our lab group has found that orthologues of E. coli NfsB 

tend to exhibit substantially higher kcat and KM with nitroaromatic prodrugs 

than orthologues of E. coli NfsA (Prosser et al., 2013). 
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Mouse HCT-116 xenograft models comprising 30% E. coli NfsA-expressing 

cells, following intraperitoneal administration of the pre-prodrug of 

SN34607, exhibited a doubling in tumour growth delay and a three-fold 

increase in median survival compared to PR-104 administration (Mowday et 

al., 2016b).  

 

Figure 1-5 Chemical structure of the nitrogen mustard prodrug SN34507. 

 

A final possible application of GDEPT involves the targeting of tumour 

endothelial cells to induce collapse of the already instable vasculature 

around a solid tumour and reduce the flow of nutrients and oxygen that help 

sustain its growth (Hunt et al., 2012). The advantage of this target involves 

the much lower level of vector-mediated gene delivery required to generate 

the same therapeutic benefit as in targeting tumour epithelium (Hunt et al., 

2012). In this regard, the investigation of nitroreductase/CB1954 and 

nitroreductase/metronidazole have yielded promising results in the collapse 

of tumour vascular network disruption following transient expression in 

human endothelial cell lines (Hunt et al., 2012). The latter prodrug, 

metronidazole, is a 5-nitroimidazole compound (chemical structure shown 

in Figure 1-6) that also cross-links DNA upon reduction of the nitro group; 

however downstream products of this reduction are not cell-permeable and 

do not cause a bystander effect (Bridgewater et al., 1997). This is an 

advantage in vascular-targeting GDEPT as metabolite escape in endothelial 

cells into the main circulation could lead to systemic exposure to cytotoxic 

metabolites (Hunt et al., 2012).  
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Figure 1-6 Chemical structure of the 5-nitroimidazole prodrug metronidazole. 

 

1.5 Non-invasive imaging strategies 

One current limitation of GDEPT clinical trials is the inability to non-

invasively determine the location of the gene prior to prodrug 

administration, to minimise the risk of prodrug activation in off-target 

tissues (Belmar et al., 2007; Bhaumik, 2011; Penet et al., 2012; Yaghoubi et 

al., 2012). Currently, monitoring of the therapeutic vector in clinical trials 

still involves tissue biopsies or polymerase chain reaction (PCR)-based 

analysis of blood, urine and other body fluids (Heo et al., 2013; Morris et al., 

2013; Roulstone et al., 2015). However, the invasive nature of taking biopsy 

samples limits the number of organs that can be sampled, and measurement 

of systemic viral or bacterial vector levels give no indication on vector 

localisation. Non-invasive whole-cell imaging would enable accurate, real-

time determination of gene and vector localisation, and allow clinicians to 

assess the ideal time-point for prodrug administration. 

  

1.5.1 Optical imaging 

Fluorescent and bioluminescent imaging involves the emission and 

subsequent detection of a fluorescent or bioluminescent signal, either 

through oxidation of substrate (bioluminescence) or after excitation with a 

particular wavelength of light (fluorescence), and both are cost-effective 

options for gene imaging (Belmar et al., 2007; Brader et al., 2013; 

Saadatpour et al., 2016). Advantages of bioluminescence include its high 

signal-to-background ratio and absence of autofluorescence (Belmar et al., 



52 

 

 

2007). It has been utilised for real-time imaging of gene expression in small 

animals such as rodents, however its inability to be imaged more than a few 

centimetres into tissue would limit its efficacy in imaging human patients 

(Cronin et al., 2012; Kuo et al., 2007). Fluorescent proteins, such as GFP, fare 

even worse, with shallower imaging depth than bioluminescence, and their 

signals can also be confounded by autofluorescence and photon scattering 

within tissues (Belmar et al., 2007; Leblond et al., 2010). 

 

1.5.2 Magnetic resonance imaging (MRI) 

MRI detects the time taken for unpaired nuclear spins to return to their 

alignment in a magnetic field after being disturbed by a radio-frequency 

pulse (Kristian Räty et al., 2007). The use of MRI can provide very high 

spatial resolution and is not restricted by depth of signal; it is also a much 

more widely used and accepted technique by clinicians (Belmar et al., 2007; 

Brader et al., 2013; Saadatpour et al., 2016). However it has lower sensitivity 

than nuclear imaging, and would require both cellular amplification and 

very high doses of MRI contrast agents to be administered to be clinically 

useful for GDEPT (Brader et al., 2013; Kristian Räty et al., 2007).  

 

1.5.3 Nuclear imaging 

Positron-emission tomography (PET) imaging detects the emission of 

positrons during the decay of radioisotopes such as 14O and 15O, 13N, and 18F 

(Belmar et al., 2007). In a GDEPT context, radiolabelled probes would be 

activated by a reporter enzyme to a cell-entrapped form, and following 

elimination of the non-bound probe from a patient’s body, the residual 

signal would then report on the location of the gene (Figure 1-7). To date 

this has shown the most promise for cancer gene therapy due to its high 

sensitivity. Limitations of this treatment involve both the requirement for a 

PET scanning machine, which comes with a significant operating cost, and 

the very short half-life of the most useful radioisotopes, which would require 
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both the synthesis and administration of the probe to be conducted within a 

short time-frame of each other (Kristian Räty et al., 2007).  

 

 

Figure 1-7 Schematic showing the nuclear imaging of a reporter gene/probe 
following activation by a nitroreductase. 

 

1.6 Imaging of GDEPT 

1.6.1 Nuclear imaging of HSV1-TK therapies 

In addition to ganciclovir, HSVI-TK is capable of phosphorylating 

radiolabelled thymidine analogues such as 124I/18F-FIAU [2’-fluoro-2’-deoxy-

1-b-D-arabinofuranosyl-5-iodouracil] and 18F-FHBG [9-[4-fluoro-3-

(hydroxymethyl)butyl]guanine], both of which have the capacity to be 

detected as cell-entrapped forms in a PET scan. Researchers have shown 

increased entrapment of these probes in tumours expressing HSV1-TK or its 

engineered mutant derivative HSV1-sr39TK over other organs in mice 

(Tjuvajev et al., 2002; Yaghoubi et al., 2006) and in humans (Yaghoubi and 

Gambhir, 2006).  
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A very recent study examining the use of 18F-FHBG to monitor cytotoxic T 

lymphocytes (CTL) expressing HSV1-tk in seven recurrent glioma patients, 

provided a rudimentary proof-of-principle for the ability to track CTLs to 

tumour sites (Keu et al., 2017). However, accurate delivery of CTLs could not 

be assessed and researchers suggested that the use of HSV1-sr39TK, which 

has higher affinity for the probe, in future trials might allow for increased 

imaging sensitivity (Keu et al., 2017). 

 

1.6.2 Nuclear imaging of CD therapies 

There has been less success creating a CD-imageable reporter probe, with 

attempts at utilizing 3H-labelled 5-FC for both gene therapy and PET 

imaging showing no difference in uptake of 5-FC between a human 

glioblastoma cell line stably expressing bacterial CD, and control cells 

(Haberkorn et al., 1996). Some imaging success has been achieved by 

indirect measurement of CD localisation through intratumoural injection of 

a somatostatin receptor subtype 2 (SSTR2)-CD fusion protein in a 

replication-deficient adenovirus to mice xenograft tumours (Lears et al., 

2015). Administration of the PET imaging probe 64C-CB-TE2A-Y3-TATE 

showed activation to a cell-entrapped form by SSTR2 in mice administered 

the adenovirus containing the fusion protein, and activation of 3H-5-FC by 

the CD enzyme could also be detected, showing that both parts of the fusion 

protein were still active (Lears et al., 2015). 

 

1.6.3 Optical imaging of nitroreductases 

Most of the work conducted on the development of nitroreductase-activated 

probes for gene therapy imaging has focused on fluorescent probes in which 

the fluorescence is quenched by the presence of the nitro group in the 

structure, and restoration of fluorescence occurs following nitroreductase 

reduction of the compound. One class of probes investigated is the near-

infrared fluorescent probes (Guo et al., 2013; Li et al., 2015a, 2015b), 
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including CytoCy5 (Bhaumik et al., 2012; McCormack et al., 2013; Stanton et 

al., 2015), which have shown detectable nitroreductase-specific fluorescence 

in mice and zebrafish. Development of bioluminescent probes (Vorobyeva et 

al., 2015) and chemiluminescent probes (Cao et al., 2016) have also shown 

promise for imaging in animals. However as previously discussed in Section 

1.5.1, clinical application of these probes in humans would be limited by the 

poor tissue penetrating properties of visible wavelengths of light. 

 

1.6.4 Nuclear imaging of nitroreductases  

Previous members in the Ackerley group have explored the possibility of 

PET imaging of nitroreductases, through the repurposing of probes 

originally developed to image hypoxia. Much like the hypoxia-activated 

prodrugs described in Section 1.4.3, hypoxia-activated 2-nitroimidazole 

imaging probes can be activated by endogenous one-electron reductases to 

intermediates that are oxidized back to the starting substrate by molecular 

oxygen. Only in hypoxic conditions are these probes further converted to 

alkylating products that react with intracellular thiols and become cell-

entrapped (Krohn et al., 2008; Lapi et al., 2009). Three of these probes, EF5 

[2-(2-nitro-(1)H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)-acetamide] 

(Koch et al., 2001, 2010), F-MISO (fluoro-misonidazole) (Rajendran et al., 

2006; Thorwarth et al., 2005), and acr(van Loon et al., 2010), can be 

radiolabelled with 18F (Krohn et al., 2008; Lapi et al., 2009), and have all been 

evaluated clinically for detection of hypoxia (chemical structures of all three 

radiolabelled probes shown in Figure 1-8).  

Research conducted by our group showed that multiple NfsA (but not NfsB) 

enzymes from different bacterial species could reduce EF5, F-MISO, and HX4 

(Williams, 2013). Based on this, our collaborators at the Auckland Cancer 

Society Research Centre (ACSRC) determined that a HCT-116 cell line stably 

expressing E. coli NfsA exhibited significantly increased EF5 entrapment 

over HCT-116 cells alone or cells expressing E. coli NfsB (Figure 1-9; 

Williams, 2013). 
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Figure 1-8 Chemical structures of 18F 2-nitroimidazole hypoxia imaging agents F-
MISO, EF5 and HX4. 

 

 

Figure 1-9 In vivo binding of EF5 in HCT-116:nitroreductase tumour xenografts. 
HCT-116 tumours were established in NIH III nude mice via subcutaneous 
injection of 10 x 106 cells in 100 µL serum free media. Cells added comprised A) 
100% wild type HCT-116 cells B) 25% HCT-116:NfsA_Ec cells C) 25% HCT-
116:NfsB_Ec cells. Mice were treated with 60 mg/kg EF5 by intraperitoneal 
injection and left for three hours. Tumours were then excised and fixed in 10% 
formalin for 48 h, then paraffin embedded, sectioned and mounted on glass 
slides for immunohistochemical analysis with anti-EF5 antibody Alexa-488 
ELK3.51 (100 µg/ml). Sections were scanned on a Nikon 2000E Inverted 
microscope. Reproduced with permission from Williams, 2013. 

 

Subsequently, our collaborators at the University of Maastricht showed in 

18F-HX4 micro-PET experiments that mouse tumour xenografts comprising 

100% NfsA-expressing HCT-116 cells possessed significantly higher tumour-

to-blood ratios of 18F than tumours comprising 100% NfsB-labelled or 

untransfected HCT-116 cells (p<0.005; unpublished data). Nevertheless, the 

lowest recorded ratios from individual NfsA-labelled tumours were lower 

than the highest recorded ratios for the untransfected control tumours, 

suggesting that the background signal due to hypoxia might prove 

confounding (i.e., that it might not be possible to conclusively determine the 

NfsA-expression status of a tumour based on isolated PET scans). As an 

alternative strategy, our ACSRC collaborators have developed bespoke 5-
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nitroimidazole PET-capable analogues of EF5 that are non-responsive to 

endogenous human nitroreductases even under hypoxic conditions 

(Anderson et al., 2014). Identification and optimization of nitroreductases to 

partner with these molecules was a primary focus of the research described 

in this thesis.  

 

1.7 Aims of this study 

The research described in this thesis initially sought to utilise specialised E. 

coli screening strains and production of b-galactosidase or green fluorescent 

protein (GFP) to select for variants from nitroreductase candidate libraries 

with improved abilities to activate novel 5-nitroimidazole PET imaging 

probes. However, over the course of this work various issues with these 

systems emerged, including the high selection of false positives during 

screening.  

I therefore tested and implemented an alternative strategy for selection of 

superior nitroreductase variants, based on our discovery of two positive 

selection substrates whose cytotoxic effects on E. coli could be mitigated by 

the presence of an over-expressed nitroreductase, and that I showed could 

be used to eliminate inactive or poorly-active nitroreductase variants from a 

large pool of mutants. I then used this strategy for the selection of active 

nitroreductases from nitroreductase variant libraries and from randomly 

cloned metagenomic DNA fragments. 

The final aims were to: 

• Evaluate the ability of wild-type nitroreductase enzymes to activate 

novel 5-nitroimidazole PET imaging probes, and screen site-targeted 

libraries of the most promising enzymes for improved variants. 

• Utilise an error-prone directed evolution approach to engineer 

promising nitroreductase enzymes for further specificity with 5-

nitroimidazole PET imaging probes. 
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• Validate the ability of nitroreductase-selective compounds 

niclosamide and chloramphenicol to select for nitroreductases active 

with both 5-nitroimidazole PET imaging probes and other 

nitroaromatic compounds of interest. 

• Utilise nitroreductase-selective compounds for the discovery of 

nitroreductases from metagenomic DNA. 
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Chapter 2.  Methods 

2.1 Chemical reagents and enzymes 

The compounds S33, SN36506 and SN37519 were characterised by 1H NMR 

and mass spectrometry and provided for this study by Dr Jeff Smaill 

(University of Auckland, New Zealand). All other nitroaromatic compounds 

including metronidazole, 4(5)-nitroimidazole, 2-methyl-4(5)-

nitroimidazole, niclosamide, chloramphenicol, azomycin, nitrofurazone, 

nitrofurantoin, and CB 1954 were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Unless otherwise stated, stock solutions of all drug and imaging 

agent compounds were made up in dimethyl sulfoxide (DMSO) and stored at 

-80 °C.  

Restriction enzymes were purchased from New England Biolabs (NEB; 

Ipswich, MA, USA) and Thermo Fisher Scientific (Waltham, MA, USA). 

BioMix™ Red Polymerase Mastermix was purchased from Bioline (London, 

UK). Phusion™ high-fidelity DNA polymerase was purchased from New 

England Biolabs (NEB; Ipswich, MA, USA). Agilent Technologies 

GeneMorphâ II Random Mutagenesis Kit was purchased from Integrated 

Sciences (Sydney, NSW, AU). Bugbusterâ HT Protein Extraction Reagent was 

purchased from Merck Millipore (Billerica, Massachusetts, USA). Unless 

otherwise stated, all other chemicals and reagents were purchased from 

Sigma-Aldrich (St. Louis, MO, USA), Thermo Fisher Scientific (Waltham, MA, 

USA), or Total Lab Systems (Auckland, NZ). 

 

2.2 Oligonucleotide primers 

Oligonucleotide primers used in this study were supplied as lyophilised 

powders by Integrated DNA Technologies (IDT; Coralville, IA, USA). Stock 

solutions of 100 µM were made up in Tris-EDTA (TE; 10 mM Tris-HCl pH 

8.0, 0.1 mM EDTA) and 10 µM working solutions were diluted in diH2O. 

Working and stock solutions were stored at -20 °C. The sequences of all 

primers used in this study are listed in Table 2-1. 
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Table 2-1 Primers used in this study 

Primer name Sequence (5’®3’) (underlined text indicate 
restriction sites used for cloning) 

pmmB_Fw GGCTCGTATAATGTGTGG 
pmmB_Rv GACCGCTTCTGCGTTCTGAT 
pUCX_Fw GACATCATAACGGTTCTG  
pUCX_Rv GTTTCACTTCTGAGTTCG  
YcnD_Bs_Fw CCCCCATATGAATGAAGTGATTAAATC 
YcnD_Bs_Rv CCCCGTCGACTTATTTTTCAACTTTAAATC 
YfkO_Bs_Fw GGGGCATATGGCAGATCTAAAGACACA 
YfkO_Bs_Rv CCCCGTCGACTTAAACCCACTTCACAACAT 
NfsA_Ec_Fw GGCATATGACGCCAACCATTGAAC 
NfsA_Ec_Rv GGGTCGACTTAGCGCGTCGCCCAACCCTG 
T7_promoter TAATACGACTCACTATAGGG 
T7_terminator GCTAGTTATTGCTCAGCGG 
ACYCDuetUP1 GGATCTCGACGCTCTCCCT 
DuetDOWN1 GATTATGCGGCCGTGTACAA 
GFP_UPSphI ATATAGCATGCGTAAAGGAGAAGAACTTTTCA 
GFP_DOWNHindIII CTCTCAAGCTTATTTGTATAGTTCATCCATGC 
GFP_DOWN_LVA CTCTCAAGCTTATTAAGCTGCTAAAGCGTAGTTTT

CGTCGTTTGCTGCTTTGTATAGTTC 
GFP_DOWN_LAA CTCTCAAGCTTATTAAACTGCTGCAGCGTAGTTTT

CGTCGTTTGCTGCTTTGTATAGTTC 
GFP_DOWN_ASV CTCTCAAGCTTATTAAGCTACTAAAGCGTAGTTTT

CGTCGTTTGCTGCTTTGTATAGTTC 
GFP_DOWN_AAV CTCTCAAGCTTATTAAACTGATGCAGCGTAGTTTT

CGTCGTTTGCTGCTTTGTATAGTTC 
NfsA_Es_Fw CCCCCATATGACGCCAACGATTGAGCTGC 
NfsA_Es_Rv GGGGCTCGAGTTAGCGTGTCGCCCAGCCCTG 
NemA_St_Fw CCCATTAATATGTCATCAGCAAAACTG 
NemA_St_Rv CCCGGTCGACTTACAGAGTAGGGTAGTC 
YwrO_Bs_Fw CCCATTAATATGAAAATATTGGTTTTGGCA 
YwrO_Bs_Rv CCCGTCGACTTAAACAAAAGGCTGCTG 
YwrO_Li_Fw CCCCCATATGAAAACATTAGTTATTAT 
YwrO_Li_Rv CCCGTCGACCTAATTTAACGTTTTAATA 
NfsB_Nme_Fw CCCCATATGACAGTATTATCT 
NfsB_Nme_Rv CCCGTCGACTTAAGCCCATATTA 
YfkO_Bli_Fw GGGGCATATGACAGAGCAATCCAAG 
YfkO_Bli_Rv CCCCGTCGACTTATTCGACCCATTTC 
YcnD_Bli_Fw CCCCATATGAATGAAGTATTGAA 
YcnD_Bli_Rv CCCGTCGACTTATTCGAGTTTAAATCC 

NfrA_Bli_Fw CCCCATATGAATAAAACGATTG 
NfrA_Bli_Rv CCCGTCGACTTACCTTTTGTTCAAAC 

YwrO_Bam_Fw CCCCCATATGAAAGTATTGGTA 
YwrO_Bam_Rv CCCCGTCGACTTAAAATGATTT 
YcnD_Bs_19G_Fw TCGATTCGCAGCTATACAGGTGAACCT 
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Primer name Sequence (5’®3’) (underlined text indicate 
restriction sites used for cloning) 

YcnD_Bs_19Rv TGTATAGCTGCGAATCGA 
YcnD_Bs_163V_Fw CCTGTATCCGGCCTTGTCGTCGGCCAT 
YcnD_Bs_163Rv AGCAAGGCCGGATACAGG 
YcnD_Bs_227V_Fw GGTCACAGGGCATCGCATCCGTGTATGAG 
YcnD_Bs_227L_Fw GGTCACAGGGCATCGCATCCTTGTATGAG 
YcnD_Bs_227Rv GGATGCGATGCCCTGTGACC 
YcnD_Bs_239VRv CCCCGTCGACTTATTTTTCAACTTTAA 

 

2.3 Software used for creation of figures, sequence alignments and enzyme 

active site modelling 

2.3.1 Creation of figures 

Plasmid maps were generated using the open-source visualisation software 

AngularPlasmid (http://angularplasmid.vixis.com/; Vixis, LLC). Graphs were 

generated using either GraphPad Prism 7.0 (GraphPad Software Inc.; La Jolla, 

CA, USA), or the open source software RStudio (RStudio, Inc., Boston, MA, 

USA). 

 

2.3.2 Sequence alignments 

All nucleotide or amino acid sequence alignments were generated using 

Geneious 8.0 (Biomatters Ltd; Auckland, NZ). 

 

2.3.3 Enzyme active site modelling 

Enzyme crystal structures were downloaded from RSCB Protein Database 

(PDB; http://www.rcsb.org/) and visualised using USCF Chimera (Resource 

for Biocomputing, Visualization, and Informatics (RBVI); University of 

California, San Francisco, USA). The YcnD_Bs dimer was generated from a 

monomer crystal structure (PDB structure ID 1ZCH; Morokutti et al., 2005) 

by visualizing all symmetry mates in PyMOL (Schrödinger, LLC; New York 

City, New York, USA) and selection of the match that most resembled the 

structure of a nitroreductase. Amino acid residue substitutions were created 
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using the Rotamers function in Chimera and the Dunbrack rotamer library 

(Dunbrack, 2002) and the amino acid rotation that had the highest 

probability of occurrence was selected. 

 

2.4 Strains and plasmids used in this study 

2.4.1 Bacterial strains 

All E. coli expression and screening strains used in this study are described in 

Table 2-2, and all bacterial strains used as sources of genomic DNA in this 

study are listed in Table 2-3. 

 

Table 2-2 Escherichia coli strains used in this study 

Strain Description Source 
SOS-R2 ADA-510 ΔnfsA ΔnfsB ΔazoR ΔnemA 

ΔtolC  
(Prosser et al., 
2013) 

7NT W3110 ΔnfsA ΔnfsB ΔyieF ΔycaK ΔmdaB 
ΔazoR ΔnemA ΔtolC 

(Copp et al., 2014) 

SOS-R4 7NT bearing pANODuet-1:GFPmut3b (Copp et al., 2014) 
DH5α F–Φ80lacZΔM15 Δ(lacZYA-

argF)U169 recA1 endA1 hsdR17(rK
–mK

+) 
nupG supE44(glnV44) 
λ– thi1 gyrA96 relA1 

Invitrogen 

BL21 
(DE3) 

 F- ompT gal dcm lon hsdSB (rB
- mB

-) 
λ(DE3) 

Novagen 

7TL 7NT l(DE3) (Little, 2015) 
EC100 F- mcrA Δ(mrr-hsdRMS-mcrBC) 

Φ80dlacZΔM15 ΔlacX74 recA1 endA1 
araD139 Δ(ara, leu)7697 galU galK 
λ- rpsL (StrR) nupG 
 

Epicenter 

Table 2-3 Bacterial strains used as sources of genomic DNA in this study 

Strain Source 
Escherichia coli W3110 Lab stock 
Bacillus subtilis subsp. subtilis str. 168 Brady lab 
Citrobacter koseri ATCC 27156 Lab stock 
Pseudomonas putida KT2440 Lab stock 
Burkholderia thailandensis E264 Brady lab 
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2.4.2 Plasmids 

All plasmids used for transformation of E. coli cells are listed in Table 2-4. 

Also shown are plasmid maps of the vectors used for expression of bacterial 

nitroreductase (NTR) enzymes, metagenomic fragments, and GFP in E. coli. 

 

Table 2-4 Plasmids used for cloning in this study 

Plasmid Resistance Description Source 
pUCX AmpR Nitroreductase expression 

vector. pUC ori, lacI gene, 
tac promoter, lac operator, 
pET28a+ RBS, rrnB 
terminator. 

(Prosser et 
al., 2010a) 

pUCX:KG AmpR, KanR pUCX with nitroreductase 
gene insert which 
reconstitutes truncated 
kanR gene downstream of 
MCS. 

(Prosser et 
al., 2015) 

pET28a+ KanR Expression vector for His6-
tagged enzyme 
purification. pBR322 ori, 
T7 promoter, lac operator. 

Novagen 

pCDFDuet-1 SpecR Expression vector for co-
expression of two target 
ORFs, each preceded by T7 
promoter, lac operator and 
rbs. pCDF ori. 

Novagen 

pANODuet-
1:GFP 

SpecR, CmR GFPmut3b under control of 
sulA SOS promoter, and 
cmR cloned into MCS1 of 
pCDFDuet-1. 

(Copp et al., 
2014) 
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2.4.2.1 Plasmid map of expression vector pUCX:AzoR_Ec (high expression) 

 

Figure 2-1 Plasmid map of nitroreductase expression vector pUCX:AzoR_Ec (high 
expression). Numbers denote the base pair location of genes of interest. Key 
features of the plasmid include the ampicillin resistance cassette (green), pUC 
ori (red), lacI repressor (blue), AzoR_Ec nitroreductase in the MCS (pink), and 
the rrnB terminators (orange). Differences between low-expressing and high-
expressing pUCX vectors are explained in Section 3.3.1.1. 
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2.4.2.2  Plasmid map and multiple-cloning site of expression vector pUCX 

(low expression) 

 

Figure 2-2 Plasmid map of nitroreductase expression vector pUCX (high 
expression). Numbers denote the base pair location of genes of interest. Key 
features of the plasmid include the ampicillin resistance cassette (green), pUC 
ori (red), lacI repressor (blue), multiple cloning site (includes promoter, operator 
and ribosome binding sites, shown in greater detail in Figure 2-3), and the rrnB 
terminators (orange). Differences between low-expressing and high-expressing 
pUCX vectors are explained in Section 3.3.1.1. 
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Figure 2-3 Multiple-cloning site of nitroreductase expression vector pUCX (low expression). Numbers denote the base pair location of sequences 
of interest. Key features of the multiple-cloning site (MCS) include the tac promoter (light green), pmmB_Fw primer binding site (dark green), 
lac operator (red), ribosome binding site (purple), pmmB_Rv primer binding site (green), rrnB and rrnB T1 terminators (orange), and 
restriction enzyme sites. NdeI, BamHI, SalI, PstI, SphI, and HindIII restriction enzyme cleavage sites are unique to the MCS.  
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2.4.2.3 Multiple-cloning site of E. coli expression vector pUCX (high expression) 

 

Figure 2-4 Multiple-cloning site of nitroreductase expression vector pUCX (high expression). Numbers denote the base pair location of sequences 
of interest. Key features of the MCS include the tac promoter (light green), pmmB_Fw primer binding site (dark green), lac operator (red), 
ribosome binding site (purple), pmmB_Rv primer binding site (green), rrnB and rrnB T1 terminators (orange), and restriction enzyme sites. 
NdeI, BamHI, SalI, and HindIII restriction enzyme cleavage sites are unique to the MCS.  
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2.4.2.4 Plasmid map and multiple-cloning site of E. coli SOS plasmid pANODuet-

1:GFP 

 

Figure 2-5 Plasmid map of SOS-inducible GFP plasmid pANODuet-1:GFP. Numbers 
denote the base pair location of genes of interest. Key features of the plasmid 
include the sulA’ SOS promoter (yellow), GFPmut3b gene (green), lambda T0 
and rrnB T1 terminators (orange), chloramphenicol (cm) and spectinomycin 
(spec) resistance cassettes (pink), MCS2 of pCDFDuet-1 (grey), pCDF ori (red), 
and lacI repressor (blue).  
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2.4.2.5 Plasmid map and multiple-cloning site of E. coli expression vector 

pET28a+ 

 

Figure 2-6 Plasmid map of expression vector pET28a+, used for His6-tag protein 
expression and expression of multi-genomic DNA in this study. Numbers denote 
the base pair location of genes of interest. Key features of the plasmid include 
the kanamycin (Kan) resistance cassettes (green), f1 origin (orange), lacI 
repressor (blue), MCS (grey, includes promoter, operator and ribosome binding 
sites, shown in greater detail in Figure 2-7), pBR322 ori and ROP regulatory 
protein (red). 
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Figure 2-7 Multiple-cloning site of expression vector pET28a+. Numbers denote the base pair location of sequences of interest. Key features of 
the MCS include the T7 promoter binding site (light green), lac operator (red), rbs (purple), His6- and T7 tags (yellow), T7 terminator 
(orange), and restriction enzyme sites. All restriction enzyme sites listed are unique to the multiple-cloning site. 
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2.5 Bacterial growth and maintenance 

2.5.1 Growth media 

Unless otherwise stated, all media were made up in ddH2O and sterilised by 

autoclaving at 121°C for 30 min, and stored at room temperature. 

2.5.1.1 Liquid media 

Table 2-5 Liquid media recipes 

Lysogeny broth (LB)a,b 
Superoptimal broth 
(SOB) (-)b,c M9 minimal media 

Tryptone 10 g.L-1  Tryptone 20 g.L-1 1x M9 salts (6.78 g.L-1 
Na2HPO4, 3 g.L-1 KH2PO4, 
1 g.L-1 NH4Cl,  
0.5 g.L-1 NaCl) 

Yeast extract 5 g.L-1 Yeast extract 5 g.L-1 
NaCl 5 g.L-1  NaCl 10 mM 

 KCl 2.5 mM 2 mM MgSO4
d 

 MgCl2 10 mMd 100 µM CaCl2
d 

 Glucose 20 mMd 0.4% glucosed 
 MgSO4 10 mMd  
aLB was provided as a premixed powder by manufacturer 
bAdjusted to pH 7.0 using NaOH  
cSuperoptimal broth, when lacking Mg2+ ions and glucose, was denoted SOB (-
). After these extra reagents were added post-autoclave the media was renamed 
SOC. 
dFilter-sterilized and added post-autoclave 

 

2.5.1.2 Solid media 

Agar plates for growth on solid media were made by addition of 1.5% (w/v) 

agar to LB prior to autoclaving. Any necessary antibiotics were added post 

autoclave once the media had cooled to <50 °C.  

 

2.5.2 Bacterial antibiotics and induction agents 

Antibiotics were made up in diH2O as stock solutions at 1000x final 

concentration, filter sterilised using a 0.22 µM filter and stored in aliquots at 

-20 °C. Final concentrations of antibiotics used to propagate plasmids in this 

study are described in Table 2-6.  
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Table 2-6 Antibiotic final concentrations 

Antibiotic Final concentration 
Ampicillin (Amp) 100 µg.mL-1 
Spectinomycin (Spec) 50 µg.mL-1 
Kanamycin (Kan) 50 µg.mL-1 
Gentamicin (Gen) 20 µg.mL-1 

 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) for induction of genes from 

the lac operator was made up in diH2O to a concentration of 420 mM (10% 

w/v), filter sterilised using a 0.22 µM filter and stored in aliquots at -20°C. 

 

2.5.3 Growth and storage 

Unless otherwise stated, bacteria were grown at 37 °C, in a static incubator 

on solid media or at 200 rpm in liquid media. For short term storage, strains 

were kept at 4 °C on solid agar plates. For long term storage, liquid cultures 

were mixed 1:1 with autoclaved 80% (v/v) glycerol and stored indefinitely at 

-80 °C.  

 

2.6 Standard molecular biology protocols 

2.6.1 Isolation of plasmid DNA 

2.6.1.1 Miniprep 

Preparation of plasmid DNA was carried out using the High-Speed Plasmid 

Mini Kit (Geneaid Biotech Ltd; New Taipei City, Taiwan) according to the 

manufacturer’s instructions.  

 

2.6.1.2 Midiprep 

DNA midipreps were carried out using the Qiagen Plasmid Midi Kit (Qiagen 

N.V., Hilden, Germany) according to the manufacturer’s instructions.  
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2.6.2 Polymerase chain reaction (PCR) 

Where PCR products were to be used in downstream cloning applications, 

amplification was carried out using Phusion™ high-fidelity polymerase. For 

colony screening and diagnostic PCR purposes Biomix Red™ was used. For 

the creation of error-prone libraries we used GeneMorphÒ II. PCR 

components and standard amplification protocols are shown below. 

Protocols for overlap PCR are described in Section 2.9. 

 

2.6.2.1 PCR components and protocol using Biomix Red 

For colony screens and diagnostic PCRs, a 10 µL reaction consisting of 1x 

Biomix Red™, 10 – 50 ng plasmid DNA (or toothpick stab of a colony) and 

0.5 µM forward and reverse primers was used. The standard PCR protocol 

used is shown in Table 2-7. 

 

Table 2-7 PCR protocol for Biomix Red 

Temperature Time  
98 °C 3 min  
95 °C 30 s  
TA

a 30 s 30 cycles 
72 °C 30 s per kb DNA  
72 °C 10 min  

aTA 2 °C below lowest TM of primers 

 

2.6.2.2 PCR components and protocol using Phusion™ 

For high-fidelity PCRs, a 20 - 200 µL PCR using Phusion™ polymerase was 

used. Use of the HF buffer was preferred; however, if there were difficulties 

generating a PCR product, a switch to the GC buffer (which provides an error 

rate of 9.5 x 10-7, compared to an error rate of 4.4 x 10-7 for HF buffer) was 

used. All gene products amplified by Phusion™ PCR and cloned into a 

plasmid were sequence verified before use in downstream applications. PCR 

components and protocol are detailed in Table 2-8. 
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Table 2-8 PCR components and protocol for Phusion™ 

PCR component Final 
concentration 

PCR 
temperature 

Time  

DNA template 1 – 25 ng 98 °C 30 s  
Phusion™ 
polymerase 

1 U/50 µL PCR 98 °C 10 s 
30  
cycles Forward primer 0.5 µM TA

a 20 s 
Reverse primer 0.5 µM 72 °C 20 s per kb DNA 
5x HF or GC 
buffer 

1x 
72 °C 10 min  

DMSO 3%  
dNTPs 200 µM    
diH2O To volume    

  
aTA lowest TM of primers 

 

2.6.2.3 PCR components and protocol using GeneMorphÒ II 

For creation of error-prone gene libraries, the GeneMorphÒ II Random 

Mutagenesis Kit was used, which is formulated to provide minimal 

mutational bias in its libraries. Error rate is controlled by the amount of 

initial template DNA added to the PCR, and for most libraries generated we 

used approximately 10 ng starting template and 30 – 40 cycles, which gives 1 

– 10 mutations per gene. PCR components and protocol are listed in Table 

2-9. 

 

Table 2-9 PCR components and thermocycling parameters for GeneMorphÒ II 

PCR component Final 
concentration 

PCR 
temperature 

Time  

DNA template 1 – 10 ng 95 °C 2 min  
Mutazyme II 
polymerase 

2.5 U/50 µL 
PCR 

95 °C 30 s 30 – 
10,000 
cycles 

Forward primer 250 nM TA
a 30 s 

Reverse primer 250 nM 72 °C 1 min per kb DNA 
10x Mutazyme II 
buffer 

1x 72 °C 10 min  

dNTPs 800 µM    
diH2O To volume    

  aTA 5 °C below lowest TM of primers 
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2.6.3 Agarose gel electrophoresis 

When analysis of DNA samples was necessary, e.g. for examining results of 

PCR reactions or restriction digests, aliquots of DNA were mixed 6:1 with 6x 

DNA loading dye (30% (v/v) glycerol, 0.25% (w/v) bromophenol blue) where 

necessary and run on agarose gels (1% w/v agarose in 1x TAE buffer (40 mM 

Tris-acetate, 1 mM EDTA, pH 8.3), 1 µg.mL-1 ethidium bromide) covered 

with 1x TAE in a suitable horizontal electrophoresis tank at 120-140 V for 

20-40 min. DNA was visualised under UV light and size determined by 

comparison to Hyperladder I (Bioline, London, UK).  

 

2.6.4 DNA quantification 

Where required, purity and concentration of DNA products were determined 

using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific; 

Waltham, MA, USA), according to the manufacturer’s instructions.  

 

2.6.5 DNA product purification 

DNA products were purified using the DNA Clean and Concentrator™-5 Kit 

(Zymo Research; Irvine, CA, USA) according to manufacturer’s instructions. 

DNA products that required purification included PCR products and DNA 

following restriction digests for cloning reactions. Following purification the 

DNA concentration was determined as per Section 2.6.4. 

 

2.6.6 Restriction enzyme digest 

When restriction digests were required for standard gene cloning and 

diagnostic purposes, digests were carried out as per manufacturer’s 

instructions and heat inactivated if possible, then 50-200 ng of DNA was run 

on an agarose gel as per Section 2.6.3 to confirm successful cleavage. If 

digests were to be used in downstream cloning reactions, they were purified 

using DNA Clean and Concentrator™-5 columns (Section 2.6.5).  
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2.6.6.1 Restriction digest for mutant gene libraries 

For cloning of mutant gene libraries, which ideally required >85% of 

plasmids to carry the mutant gene insert, certain modifications to restriction 

digest protocols were made. Prior to digestion, the vector was heated to 70 

°C for 10 minutes before cooling to 37 °C to relieve any backbone 

supercoiling and allow restriction enzymes unimpeded access to the 

restriction sites. Vector and insert were digested to the upper limit of 

recommended time according to manufacturers’ instructions. When 

digesting a vector where a small region of DNA (> 100 bp) from the MCS was 

‘dropped out’ following double restriction enzyme cleavage, the vector was 

purified as per Section 2.6.5 using a Geneaid miniprep column to capture 

the vector DNA, and the drop-out would not be bound due to its much 

smaller negative charge. Digested inserts were cleaned up on a DNA Clean 

and Concentrator™-5 column as per Section 2.6.5. DNA was stored in 

single use aliquots at -20 °C (to minimise free-thaw cycles) or used 

immediately in ligation protocols. 

 

2.6.7 Ligation 

Invitrogen T4 DNA Ligase was used for ligation reactions as shown in Table 

2-10. Ligations were incubated overnight at 16 °C before being used to 

transform cells. 

Table 2-10 Ligation protocol with T4 DNA ligase 

Component Final concentration 

Linear vector DNA > 100 ng 
Insert For small inserts: 6:1 molar ratio over vector 

For large inserts: 3:1 molar ratio over vector 
10x ligase buffer To 1x final concentration 
Ligase (1 U.µL-1) 1 µL per 200 ng total DNA 
diH2O To make to 20 µL total volume per 100 ng total 

DNA 
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2.6.8 DNA sequencing 

Sequencing was carried out by Macrogen Inc. (Seoul, South Korea) to 

determine the sequence of any mutants of interest and verify correct 

insertion and sequence of every gene post insertion into a new vector 

backbone.  

 

2.6.9 Transformation of competent E. coli 

2.6.9.1 Preparation of chemically competent cells 

An overnight culture of the strain to be made competent was grown in 2 ml 

LB amended with any relevant antibiotics at 37 °C, 200 rpm overnight. The 

overnight culture was diluted 100-fold into a 20-50 mL flask of LB and the 

culture was grown at 37 °C, 200 rpm until an OD600 of 0.4-0.6 was reached. 

The culture was then placed on ice for 10 minutes in a 50 mL centrifuge 

tube, spun down at 4000 rpm 4 °C, for 10 min, the supernatant removed and 

the cell pellet resuspended in 0.1x volume of ice cold TSS buffer (Table 

2-11). Aliquots of the cells were then transferred into ice cold 

microcentrifuge tubes and either immediately transformed with plasmid 

DNA (Section 2.6.9.2) or snap frozen and stored at -80 °C until required.  

 

Table 2-11 TSS Buffer recipe 

TSS buffer 
PEG 8000 100g.L-1 
MgCl2 30 mM  
DMSO 0.05% (v/v) 
LB to make to volume 

 

2.6.9.2 Transformation of chemically competent cells 

Frozen aliquots of cells to be transformed were removed from -80 °C storage 

and fully defrosted on ice. DNA to be transformed into the cells was added 

and the mix left on ice for 30 min. The cells were then heat shocked by 

incubation in a 42 °C heat block for 45 s and placed back on ice for 3-5 min. 
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100 – 200 µL of LB or SOC was added to the cell mix and the cells allowed to 

recover at 37 °C, 200 rpm for 60 min. Appropriate dilutions of recovered cells 

were then spread onto an agar plate containing the appropriate antibiotics. 

Plates were incubated overnight at 37 °C.  

 

2.6.9.3 Preparation of electrocompetent cells 

An LB agar plate (containing antibiotics where relevant) was streaked with 

the strain to be made competent and incubated overnight at 37 °C. A single 

colony from this agar plate was used to inoculate 4 mL of LB overnight at 37 

°C, 200 rpm. This overnight was transferred to a 2.5 L flask containing 400 

mL SOB(-) pre-warmed to 37 °C and appropriate antibiotics and the 

resulting culture was grown at 37 °C, 200 rpm until an OD600 of 0.4 – 0.7 

was reached, at which point the culture was transferred into eight 50 ml 

centrifuge tubes and placed in an ice/water bath for 15-30 minutes with 

occasional swirling. The cells were then collected by centrifugation (4000 

rpm, 10 min, 4 °C), supernatant discarded and the pellets resuspended in a 

total volume of 400 mL ice cold sterile diH2O by gentle pipetting. The cells 

were again collected by centrifugation (4000 rpm, 10 min, 4 °C) and each 

resulting pellet resuspended in 25 ml ice-cold sterile 10% (v/v) glycerol. The 

cells were pelleted by centrifugation (4000 rpm, 15 min, 4 °C) and all the 

resulting pellets resuspended in a total volume of 15 ml ice cold sterile 10% 

v/v glycerol and placed into one 15 mL centrifuge tube. The cells were 

subjected to a final centrifugation (4000 rpm, 15 min, 4 °C) and the 

supernatant fully discarded. The pellet was resuspended in as little 10% 

glycerol as needed to form a liquid suspension of cells, resulting in a 200-

500 µL volume of cells. 40 µL aliquots were distributed into pre-chilled 1.5 

mL microcentrifuge tubes on ice and snap-frozen using a metal tube block 

cooled to -80 °C, and stored at -80 °C until needed.  
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2.6.9.4 Transformation of electrocompetent cells 

Aliquots of frozen cells (40 µL) were defrosted on ice. DNA to be 

electroporated (0.2 to 0.5 µL of a ligation, and up to 10 ng of a purified 

plasmid) was diluted out to 5 µL with diH2O, then added to the cells and 

gently mixed. The cells were then moved to 0.2 mm gap electroporation 

cuvettes pre-chilled on ice and electroporated using a Bio-Rad GenePulser 

Xcell™ (Hercules, CA, USA). The cells were pulsed (2.5 kV, 25 µF, 200 Ω) and 

2 sequential steps of 750 µL room temperature SOC added immediately and 

the cell resuspension transferred to a 15 mL centrifuge tube for recovery. For 

transformation of a ligation where merely a screenable number of colonies 

was required, cells were allowed to recover for 60 minutes at 37 °C, 200 rpm, 

after which multiple dilutions were plated on agar plates containing the 

appropriate antibiotic. For transformation of a library, the post-recovery 

protocol is detailed in Section 2.6.9.5. 

 

2.6.9.5 Recovery of electrocompetent cells transformed with library DNA  

 Following recovery of transformed cells in SOC for 60 min, all 

transformations except for the negative control were combined in a 50 mL 

centrifuge tube, and 0.01 µL, 0.1 µL, 1 µL and 10 µL plated in triplicate on LB 

agar plates containing the appropriate antibiotic and incubated overnight at 

37 °C. The rest of the library was transferred to a suitable sized flask (with a 

5-fold larger volume than the total final volume of growth media) containing 

20 mL LB per transformation and relevant antibiotics and recovered at 37 °C, 

200 rpm for 6 h, then spun in 50 mL centrifuge tubes at 4000 rpm, 4 °C for 10 

min. The supernatant was discarded and each cell pellet resuspended in 100 

– 200 µL LB and the cells combined in a 15 mL centrifuge tube. An OD600 

reading of 5 – 10 µL of resuspended cells was taken to determine the fold 

coverage of the library in the resuspension (an OD600 of 1.0 was determined 

to contain on average 1x 109 cells), with a count of colonies on agar plates 

used to determine the transformed library size.  
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2.7 Nitroreductase candidate library 

The bacterial oxidoreductase enzymes tested for activity with various 

nitroaromatic substrates are shown in Column 1 of Table 2-12. Each had 

been individually PCR amplified from gDNA preparations of indicated 

bacterial species and cloned using restriction digest into the pUCX 

expression vector before transformation into specialised E. coli assay strains 

by previous members of the Ackerley lab (Prosser et al., 2013; Williams, 

2013). To distinguish genes or enzymes having the same family name, each 

oxidoreductase was referred to using standard nomenclature followed by a 

two-letter abbreviation from the genus and species of bacteria the enzyme 

originated from. Enzymes are colour-coded by family (Section 2.7.1). Five 

additional nitroreductases (YcnD_Bli, NfrA_Bli, YfkO_Bli, NfsB_Nme, 

YwrO_Bam) were added to the library over the course of this thesis to 

replace nitroreductases that had little activity with nitroaromatic substrates 

of interest in the core 58 nitroreductase pool (NQO1_Pp, NQO1_Pa, YdjA_Kp, 

YwrO_Vf, KefF_Ec). These five replacement nitroreductases were ordered as 

synthetic genes (gBlocks) from Integrated DNA Technologies (IDT; 

Coralville, IA, USA) with restriction enzyme cleavage sites at either end of 

the gene, and cloned using restriction digest into the pUCX expression 

vector before transformation into specialised E. coli assay strains. 
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Table 2-12 Oxidoreductase enzymes in the expanded nitroreductase candidate library 

 Gene Organism Family Superfamily Accession number 
 NfsA_Ec Escherichia coli NfsA Nitro FMN reductase APC51123.1 
 NfsA_St Salmonella enterica serovar Typhimurium NfsA Nitro FMN reductase WP_000075306.1 
 NfsA_Ck Citrobacter koseri NfsA Nitro FMN reductase WP_012133106.1 
 NfsA_Kp Klebsiella pneumoniae  NfsA Nitro FMN reductase WP_004179133.1 
 NfsA_Es Cronobacter sakazakii NfsA Nitro FMN reductase WP_007848889.1 
 NfsA_Eca Pectobacterium atrosepticum  

(previously Erwinia carotovora) 
NfsA Nitro FMN reductase WP_039295639.1 

 NfsA_Vf Aliivibrio fischeri (previously Vibrio 
fischeri) 

NfsA Nitro FMN reductase WP_054775176.1 

 NfsA_Vv Vibrio vulnificus NfsA Nitro FMN reductase WP_017421853.1 
 Frp_Vh Vibrio harveyi NfsA Nitro FMN reductase WP_038898257.1 
 CO-Frp_Vh Vibrio harveyi NfsA Nitro FMN reductase Q56691.1 
 NfrA_Bs Bacillus subtilis NfsA Nitro FMN reductase WP_003222161.1 
 NfsA_Lw Listeria welshimeri NfsA Nitro FMN reductase WP_011701746.1 
 NfsA_Li Listeria innocua NfsA Nitro FMN reductase WP_003761397.1 
 NfsA_Bc Bacillus coagulans NfsA Nitro FMN reductase WP_029141841.1 
 NfsA_Np Nostoc punctiforme NfsA Nitro FMN reductase ACC79374.1 
 NfsA_Bt Bacillus thuringiensis NfsA Nitro FMN reductase WP_070179995.1 
 NfsA_Ls Lactobacillus sakei NfsA Nitro FMN reductase WP_035146643.1 
 EcD_Pp Pseudomonas putida NfsA Nitro FMN reductase WP_010953425.1 
 YcnD_Bs Bacillus subtilis NfsA Nitro FMN reductase WP_003225013.1 
 NfsA_Ms Mycobacterium smegmatis NfsA Nitro FMN reductase WP_011728689.1 
 YcnD_Bli Bacillus licheniformis NfsA Nitro FMN reductase WP_003178951.1 
 NfrA_Bli Bacillus licheniformis NfsA Nitro FMN reductase WP_003186165.1 
 NfsB_Ec Escherichia coli NfsB Nitro FMN reductase CQR80176.1 
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 Gene Organism Family Superfamily Accession number 
 NfsB_Ck Citrobacter koseri NfsB Nitro FMN reductase WP_047458272.1 
 NfsB_St Salmonella enterica NfsB Nitro FMN reductase WP_000355874.1 
 NfsB_Kp Klebsiella pneumoniae NfsB Nitro FMN reductase WP_004178896.1 
 NfsB_Vv Vibrio vulnificus NfsB Nitro FMN reductase WP_017421465.1 
 NfsB_Pp Pseudomonas putida NfsB Nitro FMN reductase WP_010953384.1 
 NfsB_Es Cronobacter sakazakii NfsB Nitro FMN reductase WP_004384956.1 
 FraseI_Vf Aliivibrio fischeri NfsB Nitro FMN reductase P46072.3 
 NfsB_Vh Vibrio harveyi NfsB Nitro FMN reductase WP_005435698.1 
 YfkO_Bs Bacillus subtilis NfsB Nitro FMN reductase ADE73858.1 
 YfkO_Bli Bacillus licheniformis NfsB Nitro FMN reductase WP_003179779.1 
 NfsB_Nme Neisseria meningitidis NfsB Nitro FMN reductase WP_002225416.1 
 YdgI_Bs Bacillus subtilis Nitroreductase 1 Nitro FMN reductase WP_003225379.1 
 NfsB_Pa Pseudomonas aeruginosa Nitroreductase 1 Nitro FMN reductase WP_003100063.1 
 AzoR_Ec Escherichia coli AzoR FMN reductase WP_000048950.1 
 AzoR_St Salmonella enterica AzoR FMN reductase WP_000048924.1 
 AzoR_Vv Vibrio vulnificus AzoR FMN reductase WP_017421098.1 
 AzoR_Pp Pseudomonas putida AzoR FMN reductase ABQ77513.1 
 NemA_Ec Escherichia coli OYE-like FMN TIM phosphate binding WP_000093589.1 
 NemA_St Salmonella enterica OYE-like FMN TIM phosphate binding WP_000092935.1 
 NemA_Kp Klebsiella pneumoniae OYE-like FMN TIM phosphate binding WP_004148597.1 
 NemA_Vv Vibrio vulnificus OYE-like FMN TIM phosphate binding WP_017421369.1 
 YwrO_Bs Bacillus subtilis MdaB FMN reductase WP_003219573.1 
 YwrO_Li Listeria innocua MdaB FMN reductase WP_003772432.1 
 YwrO_Bam Bacillus amyloliquefaciens MdaB FMN reductase WP_014471115.1 
 YwrO_Vf Aliivibrio fischeri MdaB FMN reductase WP_012534890.1 
 YieF_Ec Escherichia coli SsuE FMN reductase WP_001291268.1 
 YieF_Pa Pseudomonas aeruginosa SsuE FMN reductase WP_003082483.1 
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 Gene Organism Family Superfamily Accession number 
 MdaB_Ec Escherichia coli MdaB FMN reductase WP_050864130.1 
 MdaB_Ps Pseudomonas syringae MdaB FMN reductase WP_011167644.1 
 WrbA_Ec Escherichia coli WrbA FMN reductase WP_001151437.1 
 WrbA_Ps Pseudomonas syringae WrbA FMN reductase WP_004657185.1 
 YdjA_Ec Escherichia coli Arsenite oxidase Nitro FMN reductase EGI21339.1 
 YdjA_Kp Klebsiella pneumoniae Arsenite oxidase Nitro FMN reductase EKF79369.1 
 YcdI_Ec Escherichia coli Nitroreductase 5 Nitro FMN reductase WP_001001176.1 
 YcdI_Kp Klebsiella pneumoniae Nitroreductase 5 Nitro FMN reductase WP_004141442.1 
 YcaK_Ec Escherichia coli MdaB FMN reductase WP_001190363.1 
 YcaK_Pa Pseudomonas aeruginosa MdaB FMN reductase WP_003114232.1 
 NQO1_Pp Pseudomonas putida MdaB FMN reductase WP_010954556.1 
 NQO1_Pa Pseudomonas aeruginosa MdaB FMN reductase WP_003102071.1 
 KefF_Ec Escherichia coli MdaB FMN reductase ERA11253.1 
 Empty 

pUCX 
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2.7.1 Bioinformatics 

Accession numbers were found by entering the oxidoreductase protein 

sequence into the algorithm protein-protein BLAST (blastp; 

http://blast.ncbi.nlm.nih.gov/), run by the National Centre for 

Biotechnology Information (NCBI). Family and superfamily information was 

obtained from BLAST results. 

 

2.7.2 Expanded nitroreductase family tree 

 

Figure 2-8 Phylogenetic tree of enzymes in the expanded nitroreductase candidate 
library. Further detail of enzymes in this tree can be found in Table 2-12. 
Enzymes were aligned by an identity cost matrix using Geneious 8.0, and are 
colour-coded by family (as defined by NCBI BLAST). 

 

Geneious 8.0 (Biomatters Ltd; Auckland, NZ) was used to build a protein 

phylogenetic tree for the nitroreductases listed in Table 2-12, using a global 

alignment with free end gaps, an identity cost matrix, Jukes-Cantor genetic 

distance model and neighbour-joining tree build method. The phylogenetic 

tree (Figure 2-8) shows the enzymes clustered into 2 distinct arms: the first, 
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consisting of enzymes from the Nitro FMN reductase superfamily, contains 

the members from the NfsA, NfsB, Nitroreductase 1 and 5, and Arsenite 

Oxidase families; the second consists of families located in the FMN 

reductase superfamily and the NemA enzyme family. 

 

2.8 NfsA_Ec 7SM site saturation mutagenesis library 

This library was designed by Drs Copp and Williams, and utilised the NDT 

degenerate codon (N: adenine, cytosine, guanine, thymine; D: 

adenine/guanine/thymine, T: thymine) at six selected active site residues 

(S41, F42, F83, S224, R225, F227) as it also allowed for the wild-type amino 

acid to be coded for at that site. For amino acid site K222, as wild-type Lys 

could not be coded for with NDT, the degenerate codon NNK (K: 

guanine/thymine) was utilised instead, which allows for 32 codons and all 20 

proteinogenic amino acids (Reetz et al., 2008). The 7SM library had in total 

nearly 96 million possible codon combinations, and was ordered as a 

synthetic gene cloned into the vector pUCX:empty (low-expressing) by 

GenScript (Piscataway, New Jersey, USA), which guaranteed a total library 

size of 10 million unique variants. The lyophilised library was resuspended 

in 100 µL TE and either used immediately in transformations or aliquoted 

into microcentrifuge tubes and frozen at  

-20 °C indefinitely. 

 

2.9 Overlap PCR for targeted amino acid substitution of a single site residue 

Nitroreductase single site variants were created using overlap PCR as per Dr 

Williams’ protocol which is summarised below (Figure 2-10; Williams et al., 

2014). For each substitution to be made, two internal gene primers were 

designed. The forward internal primer was comprised of three parts, first a 

~18 nucleotide section homologous to the gene section immediately 

upstream of the substitution site, next the actual mutant codon and finally 

~15 nucleotides homologous to the gene region immediately after the 
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substitution site. The reverse internal primer was the reverse complement of 

the first ~18 nucleotides of the forward internal primer. An example of such 

primers can be seen in Figure 2-9. A schematic of how such internal 

primers, in combination with flanking gene primers, can be used to generate 

a full-length gene using overlap PCR can be seen in Figure 2-10. The initial 

gene fragments were amplified in separate PCR reactions from a pUCX: wild 

type nitroreductase gene template (~ 500 pg of plasmid per reaction), using a 

standard Phusion™ protocol (Section 2.6.2.2). PCR products were then 

purified, combined in a 1:1 molar ratio and a full length gene product 

amplified using an overlap PCR protocol (Figure 2-10). Note that for 

targeted residues that occurred within 45 nucleotides from either the start or 

the end of the gene, a longer flanking gene primer which contained the 

desired codon change, combined with the standard reverse gene flanking 

primer, was all that was required, and a standard Phusion™ PCR reaction on 

the gene template (Section 2.6.2.2) was run using these two primers. 

 

 

Figure 2-9 Example of primers used to generate site targeted mutants. Primers 
designed to generate the ycnD_Bs I163V mutant from wild-type ycnd_Bs. The 
site of amino acid substitution is marked in red and primer overlap region in 
blue. Primers are displayed in the 5’-3’ direction. 
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Figure 2-10 Schematic of overlap PCR for generation of site directed mutants.Two 
gene fragments are separately amplified using the wild type gene as template, 
with one internal primer and complementary gene specific primer in each 
reaction. The second fragment contains the amino acid substitution specified by 
the internal primer. 2) These fragments, which have a ~18 base pair overlap due 
to the specific design of the internal primers are combined. A primer-less PCR 
reaction is commenced and due to this overlap region the fragments self- prime. 
3) After a number of PCR cycles gene specific primers are added and increase 
amplification of the full-length gene, which now contains the specified amino 
acid substitution. 

 

2.10 Generation of error-prone nitroreductase libraries 

2.10.1 PCR creation and cloning of error-prone libraries 

2.10.1.1 PhusionÔ and GenemorphÔ II PCR 

Genes that were to be used as template for an error-prone library were first 

amplified using PhusionÔ polymerase as shown in Section 2.6.2.2. 

Following DNA purification and quantification, the PCR product was used 
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for an error-prone PCR as shown in Section 2.10.1. The PCR product was 

cleaned up using a DNA Clean and Concentrator™-5 Column, and 

restriction enzymes used to cleave both the PCR product and plasmid.  

 

2.10.1.2 Ligation 

Small scale ligations (approx. 100 ng total DNA) were performed with 

multiple different insert:vector ratios (as per Section 2.6.7) and transformed 

into electrocompetent E. coli, and the resulting colonies PCR screened to 

determine the insert:vector ratio that generated the highest proportion of 

successfully ligated inserts. A random selection of colonies containing 

ligated inserts were then sequenced to confirm the desired mutation rate, 

after which a ligation was performed using the rest of the digested PCR and 

vector. The ligation was heat-inactivated and either stored at 4 °C for up to 

one month, or 5 – 10 µL aliquoted into microcentrifuge tubes and stored at -

20 °C. Care was taken to thaw each ligation only once prior to 

transformation. 

 

2.10.1.3 Transformation 

Electrocompetent E. coli cells were made according to the protocol in 

Section 2.6.9.3 and the ligation transformed in as per Section 2.6.9.4. For 

libraries where <1 x 106 transformants were achieved upon transformation of 

the ligation into one aliquot of an E. coli screening strain, the ligation was 

first transformed into electrocompetent E. coli EC100 cells (made using the 

same protocol in Section 2.6.9.3), a highly competent strain for ligation 

transformations, and the cells recovered as per Section 2.6.9.5. A miniprep 

of the cells was made and the library transformed into the relevant E. coli 

screening strain.  
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2.11 Selection of nitroreductase libraries using positive selection compounds 

2.11.1 Niclosamide selection of nitroreductase libraries in SOS-R4 cell strain 

In SOS-R4 the transformed gene library, following 1 hour recovery in SOC, 

was plated directly on 150 mm petri dishes containing LB agar + Amp + Spec 

+ 0.5 µM niclosamide, with dilutions of the transformation plated on small 

plates with and without niclosamide to estimate library size and percentage 

niclosamide selection. Colonies that were present the following day on each 

150 mm petri dish were resuspended in 2 mL LB using a glass spreader and 

transferred to a 50 mL centrifuge tube. The cells were spun at 4000 rpm for 

30 minutes and the resulting pellet resuspended in 5 – 10 mL LB and mixed 

1:1 with 80% glycerol (v/v) and the OD600 noted. The resuspension was stored 

at -80 °C in microcentrifuge tubes. For flow cytometry experiments, enough 

of the resuspension to allow for at least 100-fold coverage of the library was 

used as a starter for the overnight culture (see Section 2.15.2 for FACS 

protocol).  

 

2.11.2 Niclosamide or chloramphenicol selection of nitroreductase libraries in 

7NT or 7TL cell strains 

7NT or 7TL cells transformed with the variant library were recovered as per 

Section 2.6.9.5, resuspended in 1:1 LB and 80% (w/v) glycerol and stored as 

aliquots at -80 °C. The resuspended library was plated on large LB agar + 

Amp plates containing concentrations of niclosamide that allowed for 

growth of colonies above that of which wild-type enzymes could grow. If 

issues with growth were observed then varying concentrations of IPTG, 

allowing for upregulation of niclosamide-detoxifying gene expression, were 

also used. These colonies were subjected to further screening with specific 

prodrugs using growth inhibition assays (Section 2.15.3).  
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2.12 Protein purification 

2.12.1 Expression using low temperature LB + supplements 

Cells containing pET28a+:nitroreductase in the expression strain BL21(DE3) 

were used to inoculate a 1 - 4 mL culture of LB + Kan overnight at 37 °C, 200 

rpm. The following day the overnight was diluted 100-fold into 50 – 100 mL 

fresh LB + Kan in a culture flask and incubated at 37 °C, 200 rpm until it 

reached an OD600 of 0.5 – 0.7. The culture and flask were chilled on ice for 20 

minutes, after which IPTG was added to a final concentration of 0.5 M. The 

flask was then incubated in a chilled incubator at 18 °C, 200 rpm for 16 – 18 

hours. The culture was transferred to 50 mL centrifuge tubes and centrifuged 

at 4000 rpm, 4 °C for 15 minutes, after which the supernatant was discarded 

and the pellet was either frozen at -80 °C or processed immediately. 

 

2.12.2 Enzyme purification using His6-tag and Ni-NTA column 

 Cell pellets containing His6-tagged over-expressed protein were 

resuspended in 2.5 mL Bugbusterâ per 50 mL induced culture. The cell 

resuspension was mixed gently on a shaking platform for 30 min, following 

which the solution was transferred into 1.5 mL microcentrifuge tubes and 

placed on ice for 10 min. The tubes were centrifuged at max speed (> 13,000 

rpm), 4 °C for 30 minutes and the yellow soluble protein fractions pooled in 

a 15 mL centrifuge tube on ice. Purification of His6-tagged proteins from the 

soluble fraction was carried out using Ni-NTA His.Bindâ Resin (Merck 

Milipore, MA, USA) and a peristaltic pump. Recipes for protein purification 

buffers used in the following protocol are listed in Table 2-13. 

First, 2 – 4 mL of Ni-NTA resin was added to a Pierce 10 mL disposable 

column (Thermo Fisher Scientific, Waltham, MA, USA) connected to the 

peristaltic pump and excess liquid was left to flow through until the liquid 

level was just above the settled resin bed. 4 mL of ddH20 was added to the 

top of the resin and allowed to flow through until the liquid level was just 

above the resin bed again. 8 mL of Charge buffer was added to the column 
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and allowed to flow through, followed by 6 mL of Bind buffer, which was 

allowed to flow through until liquid level was 1 cm above settled resin bed. 

The soluble protein fraction was added to the column and mixed with the 

remaining Bind buffer and resin by gentle pipetting, then pumped through, 

during which the column turned yellow from binding FMN-containing 

protein. Another 10 mL of Bind buffer was washed through the column, 

followed by 8 mL of Wash buffer, which was pumped through until liquid 

level was level with the top of the resin bed. 4 mL of Elute buffer was added 

to the column, and flow-through was collected in 500 µL fractions until the 

resin bed started to run dry. 4 mL of Strip buffer was then run through the 

column in preparation for the next protein sample, and the protocol starting 

from the addition of ddH20 to the column repeated. If no more protein 

samples were to be purified, the resin beads were stored in Strip buffer at 4 

°C. For each eluted protein, the three most yellow fractions by eye were 

pooled and incubated with 1 mM excess FMN cofactor for 1 hour on ice. 

Buffer-exchange into 40 mM Tris-Cl pH 7.0 was then conducted using a 5 mL 

HiTrapä desalting column (GE Healthcare, Little Chalfont, UK) according to 

the manufacturer’s instructions. Only 1.5 mL of column flow-through was 

collected upon elution to minimize potential contamination with excess free 

FMN. The purified protein was then mixed 1:1 with 80% glycerol prior to 

storage and determination of concentration. His6-tags were not removed 

from purified proteins as tag presence had previously been determined to 

not affect the catalytic activity of purified nitroreductases (Prosser et al., 

2013). 

 

Table 2-13 His-tag purification buffer recipes 

Charge buffer Bind buffer Wash buffer Elute buffer Strip buffer 
50 mM 
NiSO4 

500 mM 
NaCl 

500 mM 
NaCl 

500 mM 
NaCl 

500 mM 
NaCl 

20 mM Tris-
HCl pH 7.9 

20 mM Tris-
HCl pH 7.9 

20 mM Tris-
HCl pH 7.9 

20 mM Tris-
HCl pH 7.9 

 5 mM 
imidazole 

60 mM 
imidazole 

1 M 
imidazole 

100 mM 
EDTA 
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2.12.3 Enzyme concentration determination 

Enzyme concentrations were determined using the Protein A280 setting on a 

NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific; Waltham, 

MA, USA), according to the manufacturer’s instructions. The protein 

concentration (using the reference 1 Absorbance unit = 1 mg.mL-1) was then 

divided by its specific calculated 1 mg.mL-1 Absorbance unit (calculation 

performed by entering the protein amino acid sequence into the online 

software ProtParam http://web.expasy.org/protparam/ using the EXPASY 

server (the proteomic server of Swiss Institute of Bioinformatics)). 

 

2.12.4 Enzyme storage 

Purified proteins (mixed 1:1 with 80% glycerol) were aliquoted into 

microcentrifuge tubes and stored at -80 °C for up to six months. Once 

defrosted, they were stored at -20 °C for up to one week, and disposed of 

after this point to avoid any loss of protein activity. 

 

2.13 In vitro purified protein kinetics 

2.13.1 Determination of S33 and NADPH extinction coefficients 

Both the oxidation of NAD(P)H and the reduction of S33 substrates 

(absorbance maximas typically near 320 nm; Olekhnovich et al., (2009); 

contribute to the decrease in light absorbance at wavelengths ranging from 

320 to 360 nm as the oxidoreductase reaction proceeds; Varghese and 

Whitmore, 1980). As such, combined molar extinction coefficients 

encompassing the change in absorbance due to both compounds were 

derived as previously described (Olekhnovich et al., 2009).  

The molar extinction coefficient for reduction of S33 combined the 350 nm 

extinction coefficient of the S33 (experimentally determined to be 1,610 M-1 

cm-1) with the	assumed oxidation of two moles of NAD(P)H (2 x ɛ= 4,020 M-1 

cm-1) for every mole of S33 reduced, with a final extinction of 9,650 M-1cm-1 

used. The extinction coefficient for S33 was experimentally determined by 
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measuring the decrease in 350 nm absorbance (-0.161) that occurred when 

100 µM of S33 was incubated with 300 µM NADPH and excess NfsA_Ec 

(purified enzyme) for 30 min. NfsA_Ec was used as it possesses low-level 

NADPH oxidase activity, such that it slowly reduces dissolved oxygen in the 

buffer, ensuring the eventual oxidation of all NADPH remaining in the 

cuvette post full reduction of S33. The extinction coefficient of NADPH (-

0.402) was experimentally determined by measuring the decrease in 350 nm 

absorbance when 100 µM NADPH was incubated with excess NfsA_Ec 

(purified enzyme) for 30 min. 

 

2.13.2 Glucose oxidase-catalase oxygen scavenging system 

A glucose oxidase-catalase oxygen scavenging system was employed for S33 

enzyme kinetics to reduce the amount of oxygen in the reaction and 

subsequently the level of background nitroreductase NAD(P)H oxidase 

activity taking place. The system consisted of 12 units mL-1 glucose oxidase 

from Aspergillus niger (Sigma-Aldrich; St. Louis, MO, USA), 12 units mL-1 

catalase from bovine liver (Sigma-Aldrich; St. Louis, MO, USA), and 50 mM 

glucose added to the Uvette™ already containing Tris-Cl pH 7.0 and DMSO 

and/or S33 (Section 2.13.3) and the reaction left to incubate at room 

temperature for 6 minutes prior to addition of enzyme and NADPH and 

commencement of kinetic reaction. 

 

2.13.3 Purified protein kinetics 

Apparent steady state enzyme kinetics for nitroreductases and S33 were 

assessed by the monitoring of decreases in absorbance at 350 nm, with 

extinction coefficient determined as outlined in Section 2.13.1. Reactions 

were carried out in 60 µL volumes in UVettes™ (Eppendorf, Hamburg, 

Germany), using a 2 mm path length, and the wavelength was measured 

using a Helios ɣ UV-Vis spectrophotometer (Thermo Fisher Scientific; 

Waltham, MA, USA). Reactions were conducted in 10 mM Tris-Cl pH 7.0 
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buffer and consisted of 4% DMSO and S33 concentrations ranging from 0-

1200 µM. Where relevant, a glucose oxidase-catalase oxygen scavenging 

system comprising 12 units mL-1 glucose oxidase from Aspergillus niger 

(Sigma-Aldrich; St. Louis, MO, USA), 12 units mL-1 catalase from bovine liver 

(Sigma-Aldrich; St. Louis, MO, USA), and 50 mM glucose (Section 2.13.2) 

was included in the Uvette™ and left for 6 minutes prior to commencement 

of the nitroreductase reaction. Reactions were initiated by addition of 250 

µM NADPH and 6 µL of an appropriate dilution of enzyme and the linear 

decrease in absorbance monitored for the first 60 s post enzyme addition. 

Where possible, reaction rates were measured at substrate concentrations 

ranging from 0.2 – 5 x apparent KM, although for some enzymes this was not 

possible as the sensitivity and linear absorbance maxima of the 

spectrophotometer meant only concentrations ranging from 20-1200 µM 

substrate could be accurately assayed. Non-linear regression analyses and 

Michaelis-Menten curve fitting were performed using GraphPad Prism 7.0 

(GraphPad Software Inc.; La Jolla, CA, USA). 

 

2.14 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 

2.14.1 SDS-PAGE 

For visualisation of proteins, SDS-PAGE gels were cast using a BioRad Mini-

PROTEANâ Tetra Cell Casting Stand. Roughly 5 mL of separating gel (Table 

2-14) was applied to the gel cast, covered with 1 mL of 100% drum 

isopropanol and left to set for 30 min. The isopropanol was then discarded 

and roughly 3 mL of 5% stacking gel poured over, a multi-well comb inserted 

and the gel left to solidify for 30 min. 10 µL of PageRuler™ Plus Prestained 

Protein Ladder (10 to 250 kDa; Thermo Fisher Scientific; Waltham, MA, USA) 

and treated protein samples were loaded into the wells and gels were run in 

1x SDS Run buffer at constant voltage (150 V) for approximately 60 min, 

roughly corresponding to the time at which the dye front ran off the gel. 

Protein bands were stained by gentle shaking in Coomassie blue stain 
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solution for 30 min. Destaining was carried out by washing the gel of all 

Coomassie blue stain in running tap water, followed by gentle shaking in 

Destain solution for as long as necessary to achieve the desired contrast. 

Protein size was determined by comparison to the Protein ladder. 

 

2.14.1.1 SDS-PAGE of His-tag purified proteins for enzyme kinetics 

Cells containing pET28a+:nitroreductase were expressed using the protocol 

in Section 2.12.1. 20 µL aliquots of samples taken for SDS-PAGE analysis 

included: a pre-induction sample, an induced sample, soluble and insoluble 

fraction samples, flow-through from the Nickel resin column for each bind 

and wash step, the pooled eluted protein, and protein following desalting. 

These were mixed 1:2 with 3x SDS-PAGE loading buffer and heated at 95 °C 

for 10 minutes before 10 µL run out on a 15% separating SDS-PAGE gel. 

 

2.14.1.2 SDS-PAGE of intracellular over-expressed nitroreductases 

Cells containing pUCX:nitroreductase or pET:nitroreductase were inoculated 

with 200 µL LB + Amp + 0.2% (w/v) glucose overnight at 30 °C in a 96-well 

plate, 200 rpm. The following day 100 µL of overnight was used to inoculate 

2 mL LB + Amp + 0.2% (w/v) glucose + IPTG (50 mM unless stated otherwise) 

in 15 mL centrifuge tubes, 30 °C for 4 h. The cell pellet was harvested and 

resuspended in an appropriate volume of media such that a  1:500 dilution 

would have an OD600 of 0.100, and 20 µL of the undiluted sample was mixed 

1:3 with 3x SDS-PAGE loading buffer. This was heated at 95 °C for 10 

minutes before 10 µL run out on a 12.5% separating SDS-PAGE gel. 
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2.14.2 SDS-PAGE recipes 

Table 2-14 SDS-PAGE gel recipes 

Reagents 
12.5% 
separating gel 

15% separating 
gel 

5% stacking 
gel 

2% Bisacrylamide 0.81 mL 1.0 mL 0.16 mL 
Linear acrylamide 1.52 mL 1.82 mL 0.29 mL 
1.5 M Tris-HCl pH 8.8 1.13 mL 1.13 mL - 
0.5 M Tris-HCl pH 6.8 - - 0.75 mL 
10% (w/v) SDS 50 µL 50 µL 30 µL 
10% APSa 38 µL 38 µL 23 µL 
TEMEDa 3.75 µL 3.75 µL 3.75 µL 
diH2O 1.43 mL 0.95 mL 1.74 mL 
TOTAL 5 mL 5 mL 3 mL 

aAdded just prior to pouring of gel 

 

Table 2-15 SDS buffer recipes 

3x SDS-PAGE 
loading buffer SDS run buffer 

Coomassie stain 
solution 

Destain 
solution 

187.5 mM Tris-
HCl pH 6.8 

25 mM Tris-
HCl pH 8.3 

0.1% (w/v) 
Coomassie brilliant 
blue R250 

30% 
ethanol 
 

6% (w/v) SDS 192 mM 
glycine 

41.6% methanol 10% acetic 
acid 

15% (w/v) b-
mercaptoethanol 
30% (v/v) glycerol 

0.1% (w/v) SDS 0.168% acetic acid  

0.006% (w/v) 
bromophenol 
blue 

   

 

2.15 Assays for nitroreductase activity with nitroaromatic substrates 

2.15.1 SOS assay 

2.15.1.1 SOS assay using a lacZ reporter in SOS-R2 

Individual microtitre plate wells containing 200 µL LB + Amp + 0.4% (w/v) 

glucose were inoculated with SOS-R2 pUCX:nitroreductase strains and 

incubated overnight at 30 °C, 200 rpm. 15 µL of the overnight cultures were 

used to inoculate 200 µL of LB + Amp + 50 µM IPTG + 0.2% glucose in a 

sterile microtitre plate and incubated at 30 °C, 200 rpm for 3 h. Cultures 
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were then split into 100 µL duplicates into a clean microtitre plate and 

supplemented with either 100 µL challenge media (assay media +prodrug, 

2% DMSO) or 100 µL control media (assay media + 2% DMSO). OD600 

readings were recorded using an EnSpire™ 2300 Multilabel Reader 

(PerkinElmer, Waltham, MA, USA) and the plate returned to the incubator at 

30 °C, 200 rpm. Following 4 hours the plates were removed, OD600 readings 

recorded and 10 µL cells removed for b-galactosidase analysis. The 10 µL 

aliquots were added to 90 µL of 40 mM sodium phosphate buffer pH 7.0 and 

50 µL ZOB buffer (4 parts Z buffer, 1 part T-Base, see Table 2-16 for recipes; 

Alksne et al., (2000)) in a sterile microtitre plate, which was incubated at 37 

°C without shaking for 10 - 15 minutes until visible colour development 

from the ortho-Nitrophenyl-β-galactoside (ONPG) substrate was observed. 

Reactions were then terminated by addition of 50 µL of 1 M Na2CO3 to each 

well. Absorbance readings at 420 nm and 550 nm were recorded and Miller 

units were calculated by the Miller equation (1 Miller Unit =(OD420 – [1.75 × 

OD550])/(OD600 × t × v); Miller, 1972). The SOS response was graphed as 

challenged Miller units – unchallenged Miller units. 

 

Table 2-16 Recipes of buffers required for measurement of b-galactosidase activity 
in LacZ SOS assays 

1 M sodium phosphate 
buffer pH 7.0 Z-buffer T-base 
Na2HPO4 577 mM Na2HPO4 126 mM K2HPO4 80 mM 
NaH2PO4 423 mM NaH2PO4 74 mM KH2PO4 44 mM 
 MgSO4 2 mM (NH4)2SO4 15.1 mM 
 MnSO4 400 µM Tris-sodium citrate  

1g.L-1 
 CTAB 399 mg.L-1 ONPGb 8 mg.mL-1 
 Sodium deoxycholate 

199.5 mg.L-1 
 

 b-mercaptoethanola  
174 mM 

 

ab-mercaptoethanol was added to Z-buffer directly prior to use. Z-buffer without 
b-mercaptoethanol was stored long-term at 4 °C. 
bAfter ONPG was added, T-base was stored in aliquots at -20 °C. 
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2.15.1.2 SOS assay using a GFP reporter in SOS-R4 

Individual microtitre plate wells containing 200 µL LB + Amp + Spec + 0.2% 

(w/v) glucose were inoculated with SOS-R4 pUCX:nitroreductase strains and 

incubated overnight at 30 °C, 200 rpm. 15 µL of the overnight cultures were 

used to inoculate 200 µL of fresh assay media (LB + Amp + Spec + 50 µM 

IPTG + 0.2% (w/v) glucose) in a sterile microtitre plate and incubated at 30 

°C, 200 rpm for 2 – 2.5 h. Cultures were then split into four 30 µL aliquots in 

a clean 384-well microtitre plate, two wells supplemented with 30 µL 

challenge media (assay media + drug, 2% DMSO), and two wells 

supplemented with 30 µL control media (assay media + 2% DMSO), and the 

plate returned to the incubator. Following 4 hours of incubation plates were 

removed, and OD600 and fluorescence (excitation 490 nm/emission 503 nm) 

readings recorded using an EnSpire™ 2300 Multilabel Reader (PerkinElmer, 

Waltham, MA, USA). Relative fluorescence for each well was calculated by 

dividing the fluorescence reading by OD600, and fold increase in fluorescence 

calculated by dividing the relative fluorescence for a challenged well by its 

unchallenged counterpart. 

 

2.15.2 Fluorescence-activated cell sorting (FACS) of nitroreductase libraries 

Variant libraries in SOS-R4 selected with 0.5 µM NCS as per Section 2.11.1 

were used to inoculate 10 wells of a 96 well microplate, each filled with 200 

µL of LB + Amp + Spec + 0.4% (w/v) glucose, along with two wells each of a 

wild-type nitroreductase and empty pUCX control, and grown overnight at 

30 °C, 200 rpm. The next morning cultures from these wells were pooled and 

10 x 15 µL aliquots used to inoculate 200 µL apiece of M9 assay media (M9 

minimal media + Amp + Spec + 50 µM IPTG) in a sterile microtitre plate. 

Cultures were grown for 2 h, split into 100 µL duplicates and challenged with 

varying concentrations of S33 (0.5 – 10 µM) as described in the standard 

GFP-based SOS assay, except with M9 minimal media used in place of LB 

(Section 2.15.1.2). After 4 hours incubation, 10 µL of the unchallenged and 

drug-challenged culture were diluted into 1000 µL M9 in FACS tubes. 
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Samples were analysed on a FACS Vantage SE-Diva (Becton Dickinson 

Biosciences, Bedford, MA) with GFP fluorescence excited using a 100 mW blue 

laser (488 nm) and detected using a photomultiplier tube with a 530/30 nm 

band pass filter. Gates for sorting were set using the challenged wild-type 

nitroreductase (positive fluorescence) and unchallenged wild-type 

nitroreductase (negative control). Sorted events were collected, spun down 

in a microcentrifuge tube and then resuspended in 1 mL of LB + Amp + Spec 

+ 0.4% (w/v) glucose and allowed to recover at 37 °C 200 rpm for 1 hour 

before plating in 100 µL aliquots on solid media plates containing Spec + 

Amp antibiotics. Plates were grown overnight at 37 °C, before colonies were 

picked individually into separate media filled wells of sterile microtitre 

plates. These plates were grown overnight, mixed with glycerol and then 

stored at -80 °C until required to inoculate day cultures for activity 

screening with nitroaromatic substrates. 

 

2.15.3 Growth inhibition assay 

Individual microtitre plate wells containing 200 µL LB + Amp + 0.2% (w/v) 

glucose were inoculated with SOS-R2 or 7NT pUCX:nitroreductase strains 

and incubated overnight at 30 °C, 200 rpm. 15 µL of the overnight cultures 

were used to inoculate 200 µL of fresh assay media (LB + Amp + 50 µM IPTG 

+ 0.2% (w/v) glucose) in a sterile microtitre plate and incubated at 30 °C, 200 

rpm for 2 – 2.5 h. Cultures were then split into four 30 µL aliquots in a sterile 

384-well microtitre plate, two wells supplemented with 30 µL challenge 

media (assay media + drug, 2% DMSO), and two wells supplemented with 30 

µL control media (assay media + 2% DMSO). OD600 readings were recorded 

using an EnSpire™ 2300 Multilabel Reader (PerkinElmer, Waltham, MA, USA) 

and the plate returned to the incubator. Following 4 hours, plates were 

removed, and OD600 readings recorded. Relative increases in OD600 for 

challenged vs unchallenged wells were then used to calculate percentage 

growth inhibition.  
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2.15.4 IC50 assay 

Individual microtitre plate wells containing 200 µL LB + Amp + 0.2% (w/v) 

glucose were inoculated with SOS-R2 or 7NT pUCX:nitroreductase strains 

and incubated overnight at 30 °C, 200 rpm. 100 µL of the overnight cultures 

were used to inoculate 2 mL of LB + Amp + IPTG (concentrations ranged 

from 5 µM up to 250 µM) + 0.2% (w/v) glucose in sterile 15 mL centrifuge 

tubes and incubated at 30 °C, 200 rpm for 2 h. 40 µL aliquots of each culture 

were added to wells of a sterile 384 well microplate containing 40 µL of assay 

media ± 2 x final drug concentration. Each culture was exposed, in duplicate, 

to at least seven wells containing a two-fold increasing titration of drug and 

one media only control. Where drug solubility in the assay media allowed, 

the highest concentration selected for each drug in these assays allowed for 

over 50% growth inhibition of strains bearing nitroreductases of interest. 

Media was supplemented with DMSO as appropriate and the DMSO in media 

never exceeded 4%. Percentage growth inhibition at each drug 

concentration was determined as per the growth inhibition assay (Section 

2.15.3) and IC50 values (the drug concentration which caused 50% strain 

growth inhibition) were calculated using dose-response inhibition response 

and a four-parameter variable slope in GraphPad Prism 7.0 (GraphPad 

Software Inc.; La Jolla, CA, USA). 

 

2.15.5 Biological and technical replicates 

For experiments described in this thesis, biological replicates (i.e. those that 

evaluate variation within the system under investigation) refer to 

independent overnight and day cultures of a particular nitroreductase over-

expressing E. coli strain. Technical replicates (i.e. those that evaluate 

variation due to measurement) refer to assays performed using the same 

overnight and day cultures but in different wells. 
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2.16 Creation of metagenomic libraries 

2.16.1 Preparation of genomic DNA 

Genomic DNA from Gram-positive and Gram-negative bacterial species was 

extracted using the genomic DNA preparation protocol in the book Practical 

Streptomyces Genetics (Kieser, 2000). In short, bacterial species were grown 

overnight in 100 mL LB at 37 °C, 200 rpm. The following day, cultures were 

pelleted at 4000 g for 10 min, the supernatant discarded and the pellet 

resuspended in 1.5 mL SET buffer (75 mM NaCl, 25 mM EDTA pH 8.0, 20 mM 

Tris-HCl pH 7.5) also containing 1.25 mg lysozyme and incubated at 37 °C 

for 1 h. 0.7 mg proteinase K and 150 µL 10% SDS was added and the 

solutions mixed by inversion, then incubated at 55 °C for 2 hours with 

occasional inversion. 500 µL of 5M NaCl was added and inverted thoroughly 

to mix. 1.25 mL of chloroform was added and the solution inverted to mix 

for 30 min. The solution was then centrifuged at max speed in 1.5 mL 

microcentrifuge tubes for 10 minutes and the top aqueous layer transferred 

into a fresh microcentrifuge tube. 0.6 x volume isopropanol and 250 µg 

RNAse A was added to each tube and the tube inverted to mix, then 

centrifuged at max speed for 15 minutes at 4 °C. The supernatant was 

discarded and the pellet washed with 1 mL of ice cold 70% ethanol, then 

centrifuged for a further 15 minutes at max speed, 4 °C. The supernatant was 

then discarded and the pellet resuspended in 100 µL TE (10 mM Tris-HCl pH 

8.0, 0.1 mM EDTA) and left at 55 °C for 1 hours for the pellet to fully 

redissolve in the solution. 

 

2.16.2 Electro-elution of restriction enzyme-cleaved genomic DNA  

Restriction enzyme-cleaved genomic DNA was mixed 6:1 with 6x DNA 

loading dye (30% (v/v) glycerol, 0.25% (w/v) bromophenol blue) and run on 

an agarose gel (1% w/v agarose in 1x TAE buffer (40 mM Tris-acetate, 1 mM 

EDTA, pH 8.3), containing 1x SYBR Safe DNA gel stain (Thermo Fisher 

Scientific; Waltham, MA, USA)) and covered with 1x TAE in a suitable 

horizontal electrophoresis tank at 100 V for 90 min. DNA was visualised 
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using a blue light transilluminator and size compared by comparison to 

Hyperladder I (Bioline, London, UK). The section of gel containing 1kb-2.5kb 

DNA fragments was excised and the DNA electro-eluted from the gel using 

an Electro-Eluter/Concentrator (C.B.S. Scientific Company Inc.,San Diego, CA, 

USA) overnight at 15 mA. The electro-eluted DNA was concentrated using 

an Amicon Ultra-0.5 Centrifugal Filter Unit with Ultracel-3 membrane 

(Merck Millipore, Billerica, Massachusetts, USA) and washed once with TE (10 

mM Tris-HCl pH 8.0, 0.1 mM EDTA). The DNA was concentrated down to 

less than 200 µL and concentration determined using a NanoDrop (Section 

2.6.4). 

 

2.16.3 Top agarose selection of metagenomic libraries 

7TL cells transformed with the pET28a+ multi-genomic library were plated 

on LB agar plates containing Kan and 50 µM IPTG and incubated overnight 

at 37 °C. The following day a suitable volume of top agarose (0.6% agarose 

(w/v), 5 mg.mL-1 NaCl) heated to 55 °C and containing either 5 mM 4(5)-

nitroimidazole or 10 mM 2-methyl-4(5)-nitroimidazole was poured over the 

agar plate. The plate was left at room temperature for up to 24 hours and 

changes in colour of colonies were observed at multiple time points over this 

period. 
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Chapter 3.  Screening of native and targeted-

mutagenesis libraries for nitroreductases capable of 

metabolising S33  

3.1 Introduction 

Prior attempts by the Ackerley research group to repurpose hypoxia-

activated 2-nitroimidazole PET capable probes, such as EF5, for 

nitroreductase activation have been confounded by relatively high 

background activation under hypoxia alone (Williams, 2013). Subsequently, 

to enable more specific imaging of bacterial nitroreductases, Drs Smaill and 

Patterson at the ACSRC designed a 5-nitroimidazole PET-capable analogue 

of EF5, S33 (chemical structure shown in Figure 3-1), which has a lower 

capability to be activated by endogenous human one-electron reductases.  

This chapter describes the interrogation of nitroreductase candidates from 

multiple phylogenetically diverse bacteria species and oxidoreductase 

families for their ability to activate S33. The first part of this chapter 

describes the evaluation of wild-type nitroreductase candidates for their 

ability to metabolise S33, followed by the screening of nitroreductase variant 

libraries that had been previously created in the Ackerley lab to improve 

metabolism of the hypoxia-activated prodrug PR-104A, for selection of 

mutants with improved activation of S33. 

 

3.1.1 S33 

 

Figure 3-1 Chemical structures of the 5-nitroimidazole PET imaging-capable probe 
S33.  

 



104 

 

 

The rationale behind the design of S33 involved the alteration of the 2-

nitroimidazole scaffold of EF5 to a 5-nitroimidazole in an attempt to lower 

the compound’s one-electron reduction potential (an experimentally 

derived measure), which would decrease its ability to be activated by human 

one-electron reductases. Hypoxia-activated compounds such as EF5 are 

designed to have a reduction potential less negative than -450 mV to enable 

their activation by these reductases (Denny, 2000). However, this feature is 

undesirable for probes that are to be activated solely by nitroreductases, and 

the switching to 5-nitroimidazole or 4-nitroimidazole scaffolds could 

increase the negativity of their one-electron reduction potentials (Wardman 

and Clarke, 1976). 

The switch from a 2-nitroimidazole to a 5-nitroimidazole scaffold had the 

effect of lowering the one-electron reduction potential from -395 mV for 

EF5 to -501 mV for S33 (Anderson et al., 2014). To allow for 

immunohistochemical detection of S33 entrapment both under hypoxia and 

following nitroreductase activation in mice xenograft tumours, S33 was 

designed to have an identical side chain to EF5, which allowed the use of 

EF5-selective fluorescent antibodies to detect S33 binding in 

immunohistochemistry experiments (Anderson et al., 2014).  

Testing of S33 activation by human reductases in vivo showed trace levels of 

S33 retention in tissue when cells were exposed to the compound under 

strict anoxia but this was far lower than that seen with EF5, as detected 

using these antibodies (Figure 3-2; Anderson et al., 2014). In contrast, NfsA 

was found to be capable of activating both EF5 and S33 (Figure 3-3; 

Anderson et al., 2014). Moreover, and of great relevance to this study, 

although reduction of the 2-nitroimidazole EF5 yields a non-genotoxic 

product, the reduced form of S33 is mildly genotoxic and able to evoke the E. 

coli SOS response (Anderson et al., 2014; Williams, 2013), providing an 

additional mechanism for monitoring activity using SOS-responsive reporter 

strains of E. coli (e.g. Copp et al., 2017; Prosser et al., 2013). 
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Figure 3-2 Hypoxia dependent binding of A) EF5 and B) S33 in a mouse HCT-116 
tumour xenograft model. Subcutaneous HCT-116 tumours were established in 
NIH III nude mice and grown to ~ 10 mm diameter. Mice were treated with the 
2-nitroimidazole hypoxia-activated probe pimonidazole and either EF5 or S33 
(dosing of all compounds at 60 mg/kg via intraperitoneal injection) and tumours 
excised, fixed, paraffin embedded, sectioned and mounted on glass slides for 
immunohistochemical staining with (40 �g/mL) anti-pimonidazole antibody 
FITC-Hypoxyprobe-1 (Chemicon® International, clone 4.3.11.3) followed by 
staining with (75 �g/mL) anti-EF5/S33 antibody Cy5-ELK5.1. Images were 
acquired and overlaid using a Zeiss LSM 710 confocal microscope (x20 
magnification – 1 mm scale marked on pimonidazole images) and Zen2010 
software. The separate images taken to detect pimonidazole binding (green) and 
S33/EF5 (red) binding are depicted both individually (middle and right-hand 
panels) and in overlay (left panel; dual registration appearing as yellow). Figure 
from Anderson et al., (2014) with permission of Dr Ackerley. 
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Figure 3-3 Flow cytometry analysis of wild-type HCT-116 cells or HCT-116 cells 
stably expressing E. coli NfsA after in vitro exposure to EF5 or S33. Wild-type 
HCT-116 cells (left panels) or HCT-116 cells stably expressing E. coli NfsA (right 
panels) were exposed to 20 µM EF5 (top panels) or S33 (bottom panels) in vitro 
under oxic conditions for 2 hours. Samples were fixed and stained with EF5 
antibody Alexa 488 ELK3.51 at 100 µg/ml and analysed on a Becton Dickinson 
FACscan flow cytometer. Figure reproduced from Anderson et al., (2014) with 
permission of Dr Ackerley. 

 

3.1.2 Expanded nitroreductase candidate library 

Numerous researchers in the Ackerley group have collaborated in the 

construction of an E. coli over-expression library that to date comprises 58 

nitroreductase candidate enzymes from 20 different bacterial species. This 

library has been used for rapid screening of a variety of oxidoreductase 

enzymes for different biotechnological purposes, including activation of 

DNA-damaging prodrugs (Little, 2015; Prosser et al., 2013), activation of 

imaging probes (Williams, 2013), chromate reduction for bioremediation 

purposes (Robins et al., 2013), and activation of novel nitro-quenched 

fluorogenic probes (Horvat, 2012). The creation of a 47-membered library 
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was first described by Prosser et al. (2013); this was later expanded to a 

panel of 58 members (Williams, 2013). In brief, orthologues of E. coli 

oxidoreductases NfsA, NfsB, AzoR, NemA, YieF, WrbA, YdjA, YcdI, YcaK, 

MdaB, KefF, and two additional reductases previously shown to metabolise 

CB1954 - the rat oxidoreductase NQO1 (Knox et al., 1988b) and the enzyme 

YwrO from B. amyloliquefaciens (Anlezark et al., 2002) were identified within 

genome-sequenced culturable bacterial species, amplified by PCR, and 

cloned into the expression vector pUCX (Figure 2-1). YdgI from Bacillus 

subtilis and NfsB from Pseudomonas aeruginosa were both previously 

described as NfsB orthologues (Prosser et al., 2013); however they have since 

been updated to belong to the Nitroreductase 1 family as indicated by NCBI 

BLAST results. The full list of enzymes and corresponding phylogenetic 

family tree are shown in Table 2-12 and Figure 2-8 respectively. Each 

oxidoreductase enzyme is referred to in this study by standard nomenclature 

(where names given from previous characterisation were retained, e.g. YcnD 

from Bacillus subtilis (Kunst et al., 1997); else the nitroreductase family to 

which the enzyme belonged to was assigned) followed by a two-letter 

abbreviation of the genus and species of bacteria from which the enzyme 

originated (Table 2-12).  

For the research described in this chapter, nitroreductases from the 58 

nitroreductase core library were cloned into the E. coli screening strain 7NT 

(carrying knockouts of seven endogenous oxidoreductases - nfsA, nfsB, yieF, 

ycaK, mdaB, azoR, nemA - and the efflux pump gene tolC; Copp et al., 

(2014)), and/or co-expressed with the plasmid pANODuet-1:GFP (Figure 

2-5) for SOS assays, as explained in Sections 3.1.3 and 3.1.4. 

 

3.1.3 LacZ SOS assay 

To efficiently assess a large number of nitroreductases using low 

concentrations of bespoke compounds (e.g. S33), a simple, accurate and 

rapid microplate-based screening assay had previously been developed and 

optimized by the Ackerley group (Prosser et al., 2010a). Based on the SOS 
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chromotest assay that was first developed to assess DNA-damaging agents 

by Quillardet et al., (1982), our assay allowed for the detection of 

nitroreductase-catalysed activation of DNA damaging prodrugs (Prosser et 

al., 2010a). The basis of this assay involves the endogenous E. coli SOS 

response, which is a group of around 40 genes (mostly involved in DNA 

repair) that are activated following DNA damage, resulting in cleavage of the 

SOS repressor LexA (Michel, 2005). Quillardet et al. discovered that the 

placement of a lacZ gene under control of the late-stage SOS-induced 

promoter taken from gene sfiA yielded a linear, quantitative production of b-

galactosidase in response to incubation with genotoxic agents (Quillardet et 

al., 1982). Our group designed an E. coli screening strain called SOS-R2 

comprising a lacZ gene behind a sfiA promoter, with increased sensitivity 

generated through the deletion of four endogenous genes encoding proven 

nitroreductases (nfsA, nfsB, azoR, nemA) and the tolC gene, which codes for 

an outer membrane pore protein involved in active expulsion of genotoxic 

compounds (Prosser et al., 2013). Deletion of tolC has been shown to 

improve sensitivity in the SOS assay for some, but not all, nitroreductase-

activated prodrugs (Prosser et al., 2013; Williams, 2013).  

Exposure of an SOS-R2 strain over-expressing a nitroreductase to sub-lethal 

concentrations of a nitroaromatic compound leads to nitroreductase-

mediated reduction of the compound, which goes on to induce the SOS 

response. This leads to the production of higher levels of b-galactosidase, 

which can cleave the reporter substrate ortho-nitrophenyl galactoside 

(ONPG) to yield galactose and the yellow coloured o-nitrophenol in a 

quantifiable fashion. The measurement of product formation thus directly 

correlates to the activity of the prodrug-activating nitroreductase (Figure 

3-4; Prosser et al., 2013). Previous research showed that sub-lethal 

concentrations of S33 (at levels far above those that would be required for 

PET clinical imaging) could induce the LacZ SOS response in SOS-R2 

(Williams, 2013). 
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Figure 3-4 Schematic showing the LacZ SOS assay in E. coli strain SOS-R2. 

 

3.1.4 GFP SOS assay 

Following the design of the LacZ-based SOS screening strain, attention was 

turned to further improvement of this assay to a GFP-based format (Figure 

3-5). This alleviated the need for cell lysis and performance of a time-

consuming activity assay, as well as allowing for increased assay sensitivity 

and thereby reducing the volume of prodrug required for a single 384-well 

microplate based assay (as opposed to the LacZ SOS assay, which is 

conducted in multiple 96-well plates). Furthermore, it allowed for rapid, 

high-throughput screening of directed evolution libraries using 

fluorescence-activated cell sorting (FACS) (Copp et al., 2014). This strain 

was generated by the introduction of the pANODuet-1:GFP plasmid (see 

Figure 2-5 for plasmid map) into the E. coli 7NT strain, and the strain was 

subsequently designated SOS-R4. The GFP plasmid was created through 

introduction of a fragment from pANO1, created by Norman et al. (2005), 

including a mutated gfp gene under control of a sfiA promoter and a 

chloramphenicol resistance cassette, into the first MCS of the plasmid 

pCDFDuet:1 (Copp et al., 2014). The mutated gfp gene (known in literature 

as gfpmut 3b) is a FACS-optimised mutated variant of Aequorea victoria gfp 

that contains two amino acid substitutions, S65G and S72A, which enable it 
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to exhibit greatly increased fluorescence intensity and also allows for 

excitation by a standard flow cytometry 488 nm argon laser (Cormack et al., 

1996). A strong correlation (R2 = 0.71) between the LacZ SOS response in 

SOS-R2 and the GFP SOS response in SOS-R4 following challenge of strains 

over-expressing wild-type nitroreductases with CB1954 was shown (Copp et 

al., 2014), suggesting that the GFP SOS assay would give an accurate 

prediction of activity of candidate nitroreductases with S33. 

 

 

Figure 3-5 Schematic showing the GFP SOS assay in E. coli strain SOS-R4. 

 

3.1.5 Bacterial nitroreductase expression and stability in human cell lines 

Though long-term stable expression of a bacterial nitroreductase is not 

required in a human cell in GDEPT applications, as this mimics neither 

bacterial nor viral delivery vector infection, stably transfected human cell 

lines are important for cell culture assays and mouse xenograft models to 

test in vivo activity without requirement of an elaborate vector infection 

scenario.  

However one of the major issues that the Ackerley group has faced is the 

widely varying degrees of expression of many different nitroreductase 

candidates following stable transfection in HCT-116 cells, with some failing 
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to express at all (Figure 3-6), irrespective of whether the human EF-1a 

promoter (Prosser et al., 2010a) or the cytomegalovirus (CMV) early 

immediate promoter (Prosser et al., 2013) was used to drive gene expression. 

This difference in expression does not appear to reflect enzyme 

thermostability (Dr Janine Copp, personal communication).  

 

 

Figure 3-6 Western blot of nitroreductases stably expressed in HCT-116 cell line. 
Stable long-term expression of 15 wild-type nitroreductase enzymes, recombined 
with mammalian promoter and enhancer sequences and transfected into HCT-
116 cells, generated by Dr Gareth Prosser. Nitroreductase expression was 
analysed by Western blot analysis of V5 tag expression following cell lysis. 
Reprinted from Prosser et al. (2013) with permission from Elsevier. 

 

We hypothesise that this phenomenon stems from the general promiscuity 

of nitroreductases, which we postulate could allow for some enzymes to 

interfere with essential metabolic pathways in human cells to such an extent 

that their expression is poorly or not at all not tolerated (Prosser et al., 2013; 

Williams et al., 2015). Therefore, we considered a necessary constraint on 

selection of nitroreductases for further evolution to improve their activation 

of S33 was to ensure that the wild-type nitroreductase was capable of stable 

expression in human cell lines.  
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3.1.6 Nitroreductase variant libraries previously created by the Ackerley 

group 

Two different nitroreductase variant libraries that had been previously 

created by the Ackerley group were screened as part of this chapter’s 

attempts to discover variants with improved S33-activating capabilities.  

 

3.1.6.1 YcnD_Bs site-saturation mutagenesis (SSM) library 

A SSM library targeting the nitroreductase YcnD from Bacillus subtilis was 

created by our research group in an attempt to improve enzyme activation of 

the prodrug PR-104A (Prosser, 2011). A crystal structure of YcnD_Bs with 

the bound FMN cofactor had been generated by other research groups; 

however this gave minimal indication as to which active site residues could 

have roles in NADPH cofactor or substrate stabilisation (Morokutti et al., 

2005). In an attempt to select residues that could have roles in cofactor, 

substrate or active site stabilisation, the active site of YcnD_Bs was 

superimposed over that of Frp_Vh, an NfsA family enzyme to which it shared 

34% identity with, that had been co-crystallised with a NAD inhibitor 

(Tanner et al., 1999). Nine different residues in the active site of YcnD_Bs 

were then selected for individual targeted NNK codon substitution (N: 

A/C/G/T; K: G/T) which allowed for the coding of all 20 proteinogenic amino 

acids at a single site (Prosser, 2011). Each resulting YcnD_Bs NNK residue 

library was cloned into the positive selection vector pUCX:KG, which 

allowed only vector that had successfully ligated with a desired gene insert 

to code for an entire kanamycin resistance cassette (Prosser et al., 2015). 

Five YcnD_Bs SSM active site libraries (at residues I41, G65, R139, Y227, 

Y233) in the E. coli strain SOS-R2 had been previously screened over the 

course of my Honours research for S33 activity using 2.5 µM S33 and the 

LacZ SOS assay (results not shown; Rich, 2012). The activities of lead 

candidates from this screen were analysed further via IC50 assays (Table 3-1; 

Rich, 2012). 
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All three leading candidates showed amino acid substitutions at residue 

Y227, with two variants exhibiting the single Y227G substitution, suggesting 

that a change at this residue from a bulky Tyr amino acid to a smaller amino 

acid (Val, Gly, Leu) could allow the active site to more efficiently bind S33 

(see modelling of active sites in Figure 3-15). The most active variant, 

227_60 (I163V/Y227V), exhibited a 1.6-fold improvement in sensitising SOS-

R2 to S33 over YcnD_Bs, whereas the single Y227G variant showed a 1.4-fold 

reduction in IC50 over YcnD_Bs, and 227_35 (Y227L/M239V) demonstrating a 

1.3-fold reduction in IC50 (Rich, 2012). The remaining three variants 

exhibited substitutions in I41 to Met or Trp, which are both hydrophobic 

residues. Sequencing results revealed that due to the use of a non high-

fidelity polymerase by Dr Prosser during library construction, some of the 

variants also had additional amino acid substitutions elsewhere in the gene 

(as seen in variants 227_60 and 227_35; Rich, 2012). 

 

Enzyme IC50 (µM) 

Fold 
reduction in 

IC50 over 
YcnD_Bs 

aa 
substitutions 

pUCX:KG_YcnD_227_60 23.5 ± 0.7 1.6 I163V/Y227V 
pUCX:KG_YcnD_227_24 26.4 ± 5.0 1.4 Y227G 
pUCX:KG_YcnD_227_74 27.1 ± 5.0 1.4 Y227G 
pUCX:KG_YcnD_227_35 28.7 ± 6.2 1.3 Y227L/M239V 
pUCX:KG_YcnD_41_17 30.0 + 2.3 1.2 I41T 
pUCX:KG_YcnD_41_26 31.2 ± 1.6 1.2 I41M 
pUCX:KG_YcnD_41_68 33.3 ± 1.1 1.1 D19G/I41T 

pUCX:KG_YcnD_Bs 36.6 ± 2.4 1.0  
Empty pUCX:KG >>70   

Table 3-1 IC50 values of S33 mediated growth inhibition of lead variants from SOS-
R2 YcnD_Bs SSM library in pUCX:KG challenged with up to 70 µM S33. S33 
mediated growth inhibition was monitored by measuring strain turbidity (OD600) 
pre- and post-four hour incubation across a two-fold dilution series of S33, with 
a top concentration of 70 µM S33. Percentage growth relative to unchallenged 
controls was determined and used to calculate the concentration at which 50% 
growth inhibition was seen using GraphPad Prism 7.0. Data are the average of 3 
biological replicates ± SD. Data duplicated from Rich, (2012). 
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3.1.6.2 NfsA_Ec SDM library 

In previous Ackerley lab research aiming to improve NfsA_Ec activation of 

the prodrug PR-104A, ten different individual amino acid substitutions in 

NfsA_Ec were found to enable this function (I5T, S41Y, E99G, L103M, K222E, 

R225A, R225G, R225P, F227S, L229V). To allow for the discovery of any 

synergistic interactions between individually beneficial substitutions, an 

NfsA_Ec site-targeted library called the SDM library was created (Copp et al., 

2017). In this library, at each of the eight different amino acid residues 

either the wild-type or modified residue could occur, generating a pool of 

hundreds of possible variants. The library was cloned into pUCX and 

transformed into the E. coli SOS screening strain SOS-R2. From this library, 

variants were recovered that induced a 25-fold increase in LacZ SOS 

response over NfsA_Ec following exposure to PR-104A, and sensitised E. coli 

SOS-R2 to up to 3.8-fold lower concentrations of PR-104A than the wild-

type parent enzyme (Copp et al., 2017). 

 
3.2 Aims 

• Identify nitroreductases from the 58 nitroreductase core library that 

exhibit the ability to activate S33. 

• Select nitroreductases known to be capable of stable transfection in 

HCT-116 cell lines for directed evolution to improve their activity 

with S33. 

• Screen previously generated variant libraries of the nitroreductases 

selected in Aim 2 for improved activation of S33. 

 

3.3 Results  

3.3.1 pUCX high and low-expressing plasmids 

Prior to the discussion of major findings discovered in this chapter, a key 

problem encountered over the course of the research conducted in this 

thesis will be briefly summarised. This issue involved the unknowing and 



115 

 

 

interchanging use of two different pUCX plasmids – the original high-

expressing pUCX (plasmid map shown in Figure 2-1) and a derived low-

expressing pUCX (plasmid map shown in Figure 2-2) –to compare 

nitroreductase activity levels during over-expression assays. The former 

pUCX plasmid, created with the inclusion of a nitroreductase gene azoR_Ec 

in the MCS, was amplified by PCR, restriction enzyme-cleaved and self-

ligated to form an empty pUCX derivative (in the process introducing two 

additional restriction enzyme sites for PstI and SphI in the MCS; Figure 3-7; 

Prosser, (2011)). However the use of a non-high-fidelity DNA polymerase 

during this process unknowingly introduced 9 base pair mutations into the 

plasmid backbone of empty pUCX (Figure 3-8 and Table 3-2), and any 

nitroreductase genes subsequently cloned into this low-expressing pUCX 

plasmid showed substantially lower levels of enzyme expression (Figure 

3-9). 

An analysis of the nine base mutations present in low-expressing pUCX 

(Table 3-2) revealed four occurring in the ampicillin resistance cassette and 

two in the plasmid backbone, and these were determined unlikely to have an 

effect on plasmid copy number or gene expression. Of two other mutations 

present in the lacI repressor gene, the first (2965 C>T) was silent; however 

the second (2643 A>G) conferred a S151P substitution in the lac repressor 

protein. This latter substitution has been shown to both increase binding 

affinity of the lac repressor for the operator and lower its ability to bind (and 

be repressed) by IPTG (Swint-Kruse et al., 2003). We postulated this might in 

turn confer lower levels of IPTG-induced expression of nitroreductases from 

the plasmid due to higher repression. The final mutation, 1441 T>C, 

occurred in the pUC origin of replication, and codes for the RNAII transcript 

involved in initiation of plasmid replication. This mutation (174 bp into the 

RNAII transcript) is involved in forming the fourth major loop of the RNAII 

secondary structure (Tomizawa, 1986), and could potentially affect the 

secondary structure of RNAII and subsequently its ability to hybridise with 

template DNA and initiate replication. Therefore a lower copy number of 



116 

 

 

this plasmid could also be a contributing factor to differences in 

nitroreductase enzyme expression. 

 

 

Figure 3-7 Sequence alignment of pUCX:AzoR_Ec and empty pUCX. Alignment 
shows the final three amino acids of AzoR_Ec (VSA) followed by the stop codon 
and the multiple cloning site downstream in both plasmids. Empty pUCX 
contains a 12-bp section in the downstream multiple cloning site which is not 
present in pUCX:azoR_Ec; this section contains PstI and SphI restriction enzyme 
sites. 

 

 

Figure 3-8 Plasmid map and mutations present in expression vector pUCX (low-
expressing). Numbers denote the base pair location of genes of interest. Key 
features of the plasmid include the Ampicillin resistance cassette (green), pUC 
ori (red), lacI repressor (blue), multiple cloning site (includes promoter, operator 
and ribosome binding sites, shown in greater detail in Figure 2-4), and the rrnB 
terminators (orange). Mutations indicating differences between in low-
expressing pUCX and high-expressing pUCX are labelled in red.  
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Base-pair mutation Gene location of mutation  
390 C>T ampR  
552 G>A ampR 
672 A>G ampR 
818 G>A ampR 
1441 T>C pUC ori 
2004 C>T Plasmid backbone 
2643 A>G lacI 
2965 C>T lacI 
4166 T>C Plasmid backbone 

Table 3-2 Plasmid mutations differentiating pUCX (high-expressing) and pUCX 
(low-expressing). The location of base pair mutations introduced into pUCX 
during the creation of pUCX:empty are listed in the left-hand column; the right-
hand column lists the plasmid genes within which these mutations occurred. 

 

 

Figure 3-9 SDS-PAGE gel showing low- and high-expressing pUCX:YcnD_Bs relative 
protein expression levels from E. coli 7NT cells. Nitroreductase over-expression 
was induced with 50 µM IPTG for 4 hours prior to sample collection. Samples 
were normalised for cell density (OD600) and 10 µL of sample loaded per lane. 
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3.3.1.1 Difference in expression between low-expressing and high-expressing 

pUCX 

I was over two years into my PhD research when I discovered the existence 

of the lower-expressing variant of pUCX, and hence much of my earlier 

research was confounded by the comparison of enzyme variants in different 

plasmid backbones. Consequently, several sets of results in this chapter will 

be compared against positive controls in both plasmid backbones. (Note: 

subsequent testing revealed that six nitroreductases NfsA_Es, NemA_St, 

YwrO_Bs, YwrO_Li, YwrO_Vf and YdjA_Kp from the 58 core nitroreductase 

library had all been unknowingly cloned into the low-expressing variant of 

pUCX. The former four variants were later re-cloned into the high-

expressing pUCX plasmid). 

Once it became apparent that there were two variant forms of pUCX, I 

sought to quantify the differences in nitroreductase enzyme expression 

between low-expressing and high-expressing pUCX. To achieve this, E. coli 

7NT cells expressing the Bacillus subtilis nitroreductase YcnD (YcnD_Bs) 

from either low-expressing or high-expressing pUCX were induced with 

varying concentrations of IPTG (0 µM to 50 µM). These cells were then 

subjected to titrated concentrations of the 5-nitroimidazole prodrug 

metronidazole to determine IC50 values (i.e., the concentration of 

metronidazole required to reduce growth in culture of a particular E. coli 

strain to 50% that of an unchallenged control). High-expressing YcnD_Bs, 

when induced with only 5 µM IPTG, was found to sensitise 7NT cells to a 

similar concentration of metronidazole to low-expressing YcnD_Bs induced 

with the standard 50 µM IPTG (Table 3-3), suggesting that levels of over-

expressed enzyme were similar across both conditions. 
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 Metronidazole IC50 (µM) 
IPTG 

concentration 
High-expressing 
pUCX:YcnD_Bs 

Low-expressing 
pUCX:YcnD_Bs 

Empty 
pUCX 

0 µM IPTG 51.3 ± 0.7 >200 >>200 
2.5 µM IPTG 45.4 ± 4.8 >200 >>200 
5 µM IPTG 36.0 ± 5.0 >200 >>200 

10 µM IPTG 13.8 ± 2.3 101.8 ± 9.8 >>200 
25 µM IPTG 7.1 ± 1.4 53.4 ± 8.1 >>200 
50 µM IPTG 6.7 ± 0.4 38.8 ± 5.6 >>200 

Table 3-3 IC50 values of S33 mediated growth inhibition of 7NT bearing high-
expressing or low-expressing YcnD_Bs challenged with up to 200 µM 
metronidazole. S33 mediated growth inhibition was monitored by measuring 
strain turbidity (OD600) pre- and post-four hour incubation with a two-fold 
dilution series of metronidazole, with a top concentration of 200 µM 
metronidazole. IPTG concentration used in these assays varied from 0 µM to 50 
µM. Percentage growth relative to unchallenged controls was determined and 
used to calculate the concentration at which 50% growth inhibition was observed 
using GraphPad Prism 7.0. Data are the average of 3 biological replicates ± SD. 

 

A linear correlation was observed for high-expressing YcnD_Bs and 

metronidazole IC50 values between IPTG concentrations of 0 µM to 10 µM, 

suggesting a linear relationship between levels of induced enzyme and the 

ability of the host strain to reduce metronidazole (Figure 3-10). At IPTG 

concentrations above 10 µM this linear relationship disappeared, suggesting 

a diminished ability of higher intracellular levels of over-expressed YcnD_Bs 

to reduce metronidazole as efficiently as lower concentrations. It has been 

postulated by our lab that this could be due to the inability of E. coli cells to 

continually generate high enough levels of NADPH to keep up with the 

reaction; however this has not been shown definitively by our group. As a 

consequence of this discovery, some IC50 assays performed in the research 

conducted for this thesis utilised lower concentrations of IPTG, to allow for 

more accurate determination of the activity of improved variants relative to 

wild-type parent enzymes. 
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Figure 3-10 Correlation between metronidazole IC50 values of low-expressing and 
high-expressing YcnD_Bs at IPTG concentrations ranging from 0 µM to 50 µM. 
Data from Table 3-3. A linear correlation for high-expressing YcnD_Bs (red) 
was observed from 0 µM IPTG to 10 µM IPTG, with an R2 value of 0.985.  

 

3.3.2 Evaluation of wild-type nitroreductase activity with S33 

3.3.2.1 GFP SOS assay 

The 58 nitroreductase library in SOS-R4 was screened with sub-lethal 

concentrations of S33, which allowed for the generation of the GFP SOS 

response without noticeable growth inhibition of E. coli stemming from toxic 

effects of the reduced S33 metabolites. Following pilot testing across a range 

of concentrations, final concentrations of S33 of 2.5 and 5 µM were selected 

as yielding a detectable SOS response (Figure 3-11) with minimal growth 

inhibition (>75% growth relative to unchallenged control). 

Nearly all members of the NfsA family demonstrated the ability to activate 

S33, whereas only members of the NfsB family with <45% identity to E. coli 

NfsB exhibited activity with S33 (e.g. NfsB_Es, FRaseI_Vf, NfsB_Vh and 

YfkO_Bs). With the exception of YdgI_Bs from the Nitroreductase 1 family, 

no nitroreductases from the other families in our library showed any 

appreciable levels activity with S33. 
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Figure 3-11 S33 mediated induction of the GFP SOS response in E. coli SOS-R4 nitroreductase over-expression strains, challenged with either 2.5 
µM or 5 µM S33. Over-expression strains were grown in 384-well microplates and challenged with 2.5 µM and 5 µM S33 for four hours prior 
to quantification of SOS response by measurement of GFP fluorescence. Fold induction is derived from the fluorescence recorded on drug 
exposure divided by that of unchallenged control wells. Data are the average of 3 biological replicates ± SEM.   
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3.3.2.2 Growth inhibition (IC50) assays with select candidates from the 58 

nitroreductase library and S33 

Nineteen lead nitroreductase candidate enzymes for S33 evolution as 

determined from the data presented in Figure 3-11 were subjected to more 

sensitive growth inhibition assays to more accurately assess their S33-

reducing activity. The determination of IC50 values, which here indicate the 

concentration of S33 required to reduce growth of a particular 

nitroreductase over-expressing E. coli strain to 50% that of an unchallenged 

control, was conducted in the E. coli 7NT strain by exposure of cells to 

titrated concentrations of S33 for 4 hours. The 19 candidates included 14 

NfsA enzymes, four NfsB enzymes, one Nitroreductase 1 enzyme and an 

empty pUCX control (Table 3-4). CO-Frp_Vh and Frp_Vh are strain variants 

of the same enzyme, derived from two different V. harveyi isolates; 

remarkably, the former was found to sensitise E. coli 7NT cells to a 10-fold 

lower concentration of S33 than the latter (Table 3-4).  

Of the NfsA enzymes, YcnD_Bs, CO-Frp_Vh and NfsA_Vf were able to induce 

the lowest IC50 values with S33; over 1.5-fold lower than the most active 

NfsB variant, NfsB_Es. Of these three NfsA enzymes, YcnD_Bs was the only 

one known to exhibit stable expression in HCT-116 cells (Figure 3-6); 

NfsA_Vf was not capable of stable transfection (Figure 3-6; Prosser et al., 

2013) and no previous attempts to stably transfect CO-Frp_Vh into human 

cell lines had been conducted. Of the NfsB enzymes, NfsB_Es, FRaseI_Vf and 

YfkO_Bs generated the lowest IC50 values with S33; however at the time only 

YfkO_Bs was known to be capable of stable expression in HCT-116 cells 

(Figure 3-6; Prosser et al., (2013), Swe at al., (2012); although NfsB_Es was 

later discovered to also exhibit stable expression in HCT-116 cells; Dr Elsie 

Williams, personal communication). 
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 Family Enzyme IC50 (µM) 
 NfsA YcnD_Bs 19.4 ± 1.5 
 NfsA CO-Frp_Vh 21.0 ± 4.7 
 NfsA NfsA_Vf 22.2 ± 1.5 
 NfsA NfsA_Vv 26.8 ± 4.5 
 NfsB NfsB_Es 33.3 ± 1.3 
 NfsA NfrA_Bs 35.9 ± 3.0 
 NfsB FRaseI_Vf 36.8 ± 3.7 
 NfsA NfsA_Ec 40.0 ± 1.3 
 NfsA NfsA_St 43.6 ± 3.0 
 NfsA NfsA_Ck 44.9 ± 3.7 
 NfsA NfsA_Kp 50.5 ± 8.3 
 NfsB YfkO_Bs 52.1 ± 6.7 
 NfsB NfsB_Vh 64.3 ± 9.3 
 Nitroreductase 1 YdgI_Bs 64.6 ± 9.5 
 NfsA NfsA_Li 119 ± 11 
 NfsA Frp_Vh 213 ± 19 
 NfsA NfsA_Lw 265 ± 30 
 NfsA EcD_Pp 279 ± 26 
 NfsA NfsA_Es >300 
  Empty pUCX >>300 

Table 3-4 IC50 values of S33 mediated growth inhibition of 19 nitroreductases from 
the 7NT E. coli 58 nitroreductase over-expression library. S33-dependent growth 
inhibition was monitored by measuring strain turbidity (OD600) pre- and post-
four hour incubation with a two-fold dilution series of S33, with a top 
concentration of 300 µM S33 to conserve drug stocks. Percentage growth relative 
to unchallenged controls was determined and used to calculate the concentration 
at which 50% growth inhibition was seen using GraphPad Prism 7.0. Data are 
the average of 3 biological replicates ± SD. Enzymes are ranked in order of their 
ability to sensitise cells to S33.  

 

3.3.2.3 Correlation of GFP SOS response and growth inhibition 

Previous linear-logarithmic correlations conducted between nitroreductase-

induced LacZ SOS responses and IC50 values of SOS-R2 strains expressing 

the same nitroreductases showed strong correlations following challenge 

with CB1954 (R2 = 0.74) and PR-104A (R2 = 0.63) (Prosser, 2011). A 

correlation between S33-induced GFP responses in SOS-R4 and IC50 values 

in 7NT strains was conducted to see if similar correlations could be observed 

(Figure 3-12). 
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Figure 3-12 Linear-logarithmic correlation between GFP SOS response induced by 
S33 in SOS-R4 nitroreductase over-expression strains and IC50 growth inhibitory 
effects of S33 in 7NT nitroreductase over-expression strains. Response of 19 
nitroreductases to 5 µM (orange) and 2.5 µM (green) S33 in the GFP SOS assay 
(data from Figure 3-11) and up to 300 µM S33 in IC50 assays (data from Table 
3-4). 

 

These results indicated only a slight to moderate correlation between IC50 

values and GFP response induction at 2.5 µM S33 (R2 = 0.51) and 5 µM S33 

(R2 = 0.33) between the two E. coli strains, suggesting that the GFP signal 

might only provide a rough estimation of the activity of enzymes with S33. 

 

3.3.2.4 Glucose oxidase-catalase oxygen scavenging for kinetics 

Confirmation of nitroreductase activity with S33 in vitro was sought via 

evaluation of S33 reduction by purified His6-tagged nitroreductases. Kinetics 

were performed with two NfsA enzymes, YcnD_Bs and NfsA_Ec (the latter 

having a 2-fold higher IC50 with S33 than YcnD_Bs, similar to the IC50 of cells 

over-expressing YfkO_Bs), and the NfsB enzymes YfkO_Bs, NfsB_Es, and 

NfsB_Ec (the latter having no activity with S33 in the GFP SOS assay; Figure 

3-11).  
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Because nitroreductases are dual-substrate oxidoreductases that exhibit a 

ping pong bi-bi kinetic mechanism, the rate of reduction of a substrate will 

vary at different concentrations of NAD(P)H, hence we describe apparent 

kinetic parameters (apparent KM and kcat) at the specific NADPH 

concentration used in the reaction (the kcat/KM ratio however is not affected 

by varying NAD(P)H concentrations).  

Rates of reduction were monitored at a 350 nm wavelength (at which both 

the oxidation of NADPH and reduction of S33 contributed to a decrease in 

absorbance) for the purpose of this research. At this wavelength, initial rates 

of reduction of a combination of 250 µM NADPH and up to 1200 µM S33 

could be accurately monitored in a 2 mm pathlength Uvette. 

Previous attempts to generate kinetic data with S33 have had limited 

success, most likely due to the very low turnover (kcat) of S33 by His6-purified 

nitroreductases from our library. We and others have found this to be typical 

of 5-nitroimidazole substrates in general, including metronidazole 

(Olekhnovich et al., 2009; Williams, 2013), however it is problematic for 

kinetic measurements owing to the low level background oxidase activity 

(direct electron transfer from NADPH to dissolved O2 in the reaction media, 

measured as the amount of enzyme-catalysed NADPH depletion observed in 

the absence of any additional substrate). This activity is characteristic of all 

nitroreductases, in particular NfsA family members, and confounds reaction 

measurements based on NADPH consumption for slow-turnover substrates 

(Williams, 2013). 

Thus to allow for the measurement of S33 reduction, particularly at low 

concentrations of the probe, a glucose oxidase-catalase oxygen scavenging 

system modified from that described by Olekhnovich et al., (2009) was 

utilised. In this system, glucose oxidase enzyme added to the reaction 

system converts water, oxygen and added D-glucose ultimately to hydrogen 

peroxide and gluconic acid (Figure 3-13; Englander et al., 1987). The 

hydrogen peroxide is converted back to water by added catalase enzyme to 
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minimise build-up of reaction oxygen species in the solution (Figure 3-13; 

Englander et al., 1987).  

 

Figure 3-13 Mechanism of action of glucose oxidase-catalase oxygen scavenging 
system. Glucose oxidase catalyses the conversion of b-D-glucose and oxygen to 
gluconic acid and hydrogen peroxide. Catalase catalyses the conversion of 
hydrogen peroxide to water and oxygen. 

 

3.3.2.5 Validation of the glucose oxidase-catalase oxygen scavenging system 

using CB1954 as a control substrate 

To confirm that the oxygen-scavenging system was not interfering 

significantly with nitroreductase-catalysed reduction of nitroaromatic 

compounds, control assays were conducted using 0.280 µM His6-purified 

NfsA_Ec, 250 µM NADPH and varying concentrations of CB1954 (up to 800 

µM) with and without the presence of a glucose oxidase-catalase oxygen 

scavenging system (Figure 3-14). Changes in absorbance (due to formation 

of reduced CB1954 products) were monitored at 420 nm wavelength, a 

wavelength at which both the 2-hydroxylamine and 4-hydroxylamine 

products of CB1954 absorb equally (Race et al., 2007).  

No significant differences were noted between apparent kcat (p value =0.68), 

KM (p value = 0.18) or kcat/KM (p value =0.20) parameters in the presence or 

absence of the glucose oxidase-catalase oxygen scavenging system (Table 

3-5) when compared using Student’s t-test. In both cases the kcat/KM was 

similar to that previously reported by our group (Column 3 of Table 3-5; 

Prosser et al., 2013). We were thus satisfied that the oxygen-scavenging 

system did not substantially impair measurement of enzyme kinetic 
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parameters with CB 1954, and proceeded to use this system for the 

determination of kinetic parameters of nitroreductase enzymes with S33.  

 

 

Figure 3-14 Kinetic parameters for the reduction of CB1954 by purified (His6-
tagged) NfsA_Ec. Initial rates of reaction with varying concentrations of CB1954 
(0-200 µM) and 250 µM NADPH, with and without the glucose oxidase-catalase 
oxygen scavenging system (12 units.mL-1 glucose oxidase, 12 units.mL-1 catalase, 
50 mM glucose) . At each CB1954 concentration rates were measured in at least 
triplicate and errors represent ± SD.  

 

 No glucose 
oxidase-catalase 

oxygen 
scavenging 

system 

Glucose-oxidase-
catalase oxygen 

scavenging system 

Kinetic 
parameters 

generated by 
Prosser et al., 

(2013) 
kcat (s-1) 7.9 ± 0.5 8.1 ± 0.6 16 
KM (µM) 91 ± 18 124 ± 30 220 

kcat/KM (M-1.s-1) 87,000 ± 18,000 65,000 ± 17,000 73,000 ± 6,400 

Table 3-5 Michaelis-Menten kinetic parameters for NfsA_Ec and CB1954. Initial 
rates of reduction at varying CB1954 concentrations and a fixed concentration of 
excess NADPH (250 µM) were monitored at 350 nm, with rates at each CB1954 
concentration measured in at least triplicate. Apparent KM and kcat at 250 µM 
NADPH with and without a glucose oxidase-catalase oxygen scavenging system 
(12 units.mL-1 glucose oxidase, 12 units.mL-1 catalase, 50 mM glucose) were 
calculated using GraphPad 7.0. An extinction coefficient of 1,200 M-1 cm-1 was 
used (Prosser et al., 2010a) and errors represent ± SEM. Parameters in Column 
3 were duplicated from Prosser et al, (2013) and represent apparent KM and kcat 
at 250 µM NADPH in quadruplicate reactions. 
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3.3.2.6 Reduction of S33 using the glucose oxidase-catalase oxygen scavenging 

system and His6-purified nitroreductase proteins 

Kinetics for purified nitroreductases with S33 were measured at 350 nm, 

using an extinction coefficient of 9650 M-1 cm-1 to allow for the combined 

effects of NADPH oxidation and S33 reduction (see Section 2.13.1 for 

details regarding calculation of extinction coefficient). Low-level 

background NADPH oxidase activity was still observed in the presence of the 

glucose-oxidase catalase oxygen-scavenging system, and the decrease in 

absorbance in the absence of S33 was subtracted from readings generated in 

the presence of S33. 

 

Enzyme kcat (s-1) KM (µM) 
kcat/KM 

(s-1.M-1) 

NADPH oxidase 
activity (µM 
NADPH.µM 

enzyme-1.s-1) 
YcnD_Bs 0.47 ± 0.03 570 ± 80 820 ± 130 0.47 ± 0.12 
YfkO_Bs 2.7 ± 1 4800 ± 2400 560 ± 350 0.12 ± 0.00 
NfsA_Ec 2.0 ± 0.4 3700 ± 1100 530 ± 200 0.22 ± 0.04 
NfsB_Es 2.1 ± 0.8 5000 ± 2600 420 ± 270 0.05 ± 0.00 
NfsB_Ec ND ND ND ND 

Table 3-6 Michaelis-Menten kinetic parameters estimated for nitroreductases and 
S33. Initial rates of reduction at varying S33 concentrations and a fixed 
concentration of excess NADPH (250 µM) were monitored at 350 nm, with rates 
at each S33 concentration measured in at least triplicate. Apparent KM and kcat 
at 250 µM NADPH with a glucose oxidase-catalase oxygen scavenging system 
(12 units.mL-1 glucose oxidase, 12 units.mL-1 catalase, 50 mM glucose) were 
calculated using GraphPad 7.0. An extinction coefficient of 9,650 M-1 cm-1 was 
used and errors represent ± SEM. NADPH oxidase activity shows enzyme-
mediated NADPH oxidation in the absence of a glucose oxidase-catalase oxygen 
scavenging system, with an extinction coefficient of 4020 M-1 cm-1 used. 

 

YcnD_Bs showed the most activity with S33, with at least a 6-fold lower 

apparent KM than other nitroreductases and the highest kcat/KM. YfkO_Bs, 

NfsB_Es and NfsA_Ec all exhibited higher apparent turnover rates (kcat) than 

YcnD_Bs, but also much higher apparent KM values, and NfsB_Ec 

demonstrated no apparent activity with S33. The calculated kcat/KM ratios are 

very low, which may reflect inaccuracies in estimating the extinction 
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coefficient; nevertheless the relative ratios should be indicative of relative 

levels of enzyme activity (and hence useful for monitoring improvement of 

directed evolution as well). 

Having established that we in vitro kinetic parameters for purified 

nitroreductase enzymes could be measured in a manner that was consistent 

with their in vivo activities (as determined by SOS and IC50 assays), I next 

sought to screen mutant libraries of YcnD_Bs and NfsA_Ec previously 

created by the Ackerley lab group (see Sections 3.1.6.1 and 3.1.6.2) as a 

possible source of improved S33-activating variants. 

 

3.3.3 Screening of YcnD_Bs SSM library for activity with S33 

3.3.3.1 IC50 analysis of YcnD_Bs SSM library variants with S33 

As the pUCX:KG plasmid developed by Dr Prosser was already known to 

express cloned genes at lower levels than pUCX (Prosser et al, 2015), to 

enable direct comparison of the activities of these variants with YcnD_Bs 

mutants generated subsequently through error-prone PCR directed 

evolution (Chapter 4), all variants were cloned into pUCX and transformed 

into the 7NT strain, for repeat IC50 assays. Simultaneously, overlap PCR was 

used to generate single site derivatives of the YcnD variants that contained 

double amino acid substitutions, to determine which of the substitutions 

had the highest direct effect on improvements in enzyme activity with S33.  

IC50 assays were performed with all YcnD_Bs single- and double-site variants 

in pUCX in E. coli 7NT cells (Table 3-7). Due to the different levels of 

expression between YcnD_Bs in high-expressing pUCX relative to pUCX:KG, 

the IPTG concentration was decreased from 50 µM to 10 µM, empirical 

testing having indicated that this would allow the generation of similar IC50 

values to those measured with the pUCX:KG constructs (results not shown). 
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Enzyme IC50 (µM) 

Fold reduction 
in IC50 over 

YcnD_Bs 
aa 

substitutions 
pUCX:YcnD 227_60 15.3 ± 3.0 2.0 I163V/Y227V 
pUCX:YcnD_Y227L 16.9 ± 2.7 1.8 Y227L 
pUCX:YcnD_Y227V 17.8 ± 4.6 1.7 Y227V 
pUCX:YcnD_227_35 18.6 ± 3.4 1.7 Y227L/M239V 
pUCX:YcnD_227_24 19.5 ± 3.7 1.6 Y227G 
pUCX:YcnD_41_26 20.6 ± 4.4 1.5 I41M 
pUCX:YcnD_41_17 26.4 ± 5.5 1.2 I41T 
pUCX:YcnD_I163V 29.6 ± 4.6 1.0 I163V 
pUCX:YcnD_41_68 30.1 ± 4.3 1.0 D19G/I41T 

pUCX:YcnD_Bs 30.9 ± 5.4 1.0 - 
pUCX:YcnD_M239V 33.1 ± 6.5 0.9 M239V 
pUCX:YcnD_D19G 37.2 ± 7.7 0.8 D19G 

Empty pUCX >> 100   

Table 3-7 IC50 values for S33 mediated growth inhibition of lead variants of 
YcnD_Bs in E. coli 7NT challenged with up to 100 µM S33. S33 mediated growth 
inhibition was monitored by measuring strain turbidity (OD600) pre- and post-
four hour incubation across a two-fold dilution series of S33, with a top 
concentration of 100 µM. The IPTG concentration used in these assays was 10 
µM. Percentage growth relative to unchallenged controls was determined and 
used to calculate the concentration at which 50% growth inhibition was observed 
using GraphPad Prism 7.0. Data are the average of 3 biological replicates ± SD. 

 

Fold reductions in IC50 values of 7NT cells bearing pUCX YcnD variants over 

wild-type pUCX:YcnD_Bs (Table 3-7) were very similar to those seen in the 

pUCX:KG plasmid backbone (Table 3-1). The variant 227_60 (I163V/Y227V) 

again showed the highest activity with S33, this time with a 2-fold reduction 

in IC50 over YcnD_Bs. When the single amino acid substitutions were tested 

individually, Y227V demonstrated a 1.7-fold reduction in IC50 over wild type 

YcnD_Bs, whereas the I163V substitution on its own showed no 

improvement in sensitising E. coli to S33 over WT YcnD_Bs. This suggested 

that the Y227V substitution was the main contributor to improvement in 

S33 activity, but I163V may also have contributed synergistically to 

improvements in enzyme activity. With the variant 227_35 (Y227L/M239V), 

the Y227L substitution on its own demonstrated a similar ability to sensitise 

E. coli to S33 as the double mutant, whereas the M239V substitution on its 

own showed no improvement over YcnD_Bs, suggesting that the latter was a 
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passenger mutation only. The single Y227G substitution (variant 227_24) on 

its own conferred a 1.6-fold reduction in IC50 over YcnD_Bs. Thus, in all 

cases it was the residue intentionally targeted by Dr Prosser that yielded the 

improved nitroreductase activity. 

 

3.3.3.2 Active site modelling for selected YcnD Y227 mutants 

A 

 

B 

 

C 

 
 

D 

 
 

Figure 3-15 Modelling of active site of YcnD_Bs and three site-targeted variants. A) 
Modelling of Tyr 227 in active site of YcnD_Bs. Tyr 227 is coloured purple. The 
FMN molecule is coloured yellow. B) Modelling of active site of YcnD variant 
227_60 (I163V/Y227V, only Y227V is in active site). C) Modelling of active site 
of YcnD variant 227_35 (Y227L/M239V, only Y227L is in active site). D) 
Modelling of active site of YcnD variant 227_24 (Y227G).  
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Our modelling of the effects of amino acid substitutions at Y227 (Figure 

3-15) suggested that substitutions of Val, Leu or Gly in place of Tyr at this 

position could allow for an enlarged enzyme active site and thereby facilitate 

the docking of S33. 

 

3.3.3.3 Reduction of S33 by purified His6-tagged purified YcnD variant proteins 

The YcnD_Bs variants 227_60, 227_35 and 227_24 were re-cloned into 

pET28a+ in the E. coli BL21 strain to allow His6-tagged protein purification 

for the determination of their kinetic parameters with S33. 

 

Enzyme kcat (s-1) KM (µM) 
kcat/ KM  
(s-1.M-1) 

NADPH 
oxidase 

activity (µM 
NADPH.µM 

enzyme-1.s-1) 

YcnD I163V/Y227V 1.0 ± 0.07 380 ± 80 2,600 ±600 0.24 ± 0.03 
YcnD Y227L/ M239V 0.82 ± 0.12 2600 ± 600 320 ± 90 0.07 ± 0.00 

YcnD Y227G 0.22 ± 0.02 470 ± 90 470 ± 100 0.13 ± 0.01 
YcnD_Bs 0.47 ± 0.03 570 ± 80 820 ± 130 0.47 ± 0.12 

Table 3-8 Michaelis-Menten kinetic parameters for YcnD variants and S33. Initial 
rates of reduction at varying S33 concentrations and a fixed concentration of 
excess NADPH (250 µM) were monitored at 350 nm, with rates at each S33 
concentration measured in at least triplicate. Apparent KM and kcat at 250 µM 
NADPH with a glucose oxidase-catalase oxygen scavenging system (12 units.mL-

1 glucose oxidase, 12 units.mL-1 catalase, 50 mM glucose) were calculated using 
GraphPad 7.0. An extinction coefficient of 9,650 M-1 cm-1 was used and errors 
represent ± SEM. NADPH oxidase activity shows enzyme-mediated NADPH 
oxidation in the absence of a glucose oxidase-catalase oxygen scavenging 
system, with an extinction coefficient of 4020 M-1 cm-1 used. 
 

 

Variant  227_60 (I163V/Y227V) showed a 3.2-fold increase in kcat/KM with S33 

over WT YcnD_Bs. The other two variants 227_35 (Y227L/ M239V) and 

Y227G  both exhibited worse kcat/ KM than YcnD_Bs, which belied their 

demonstrated in vivo activity. However, these variants also exhibited a 3-6 

fold lower NADPH oxidase activity, and it was postulated that their 
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improved activity with S33 in vivo could be due either to their increased 

relative affinity for S33 over other substrates present in E. coli. 

 

3.3.4 SOSR2 NfsA_Ec SDM library screening for S33 activity  

3.3.4.1 Screening of NfsA_Ec SDM library using the LacZ SOS assay 

From the NfsA_Ec SDM library, 1750 clones were screened for S33-activating 

variants using the LacZ SOS assay (across 19 96-well plates; results not 

shown). Each plate was screened once (two technical replicates) in the E. coli 

SOS-R2 strain using 2.5 µM S33, and 57 promising mutants (three from each 

library plate) were selected for second-tier LacZ SOS assay screening in a 

single 96-well microplate, again with 2.5 µM S33 (Figure 3-16). 

 

 

Figure 3-16 Second-tier screening of S33 mediated induction of LacZ SOS response 
in E. coli SOS-R2 nitroreductase over-expressing strains challenged with 2.5 µM 
S33. Over-expression strains were grown in 96-well microplates and challenged 
with 2.5 µM S33 for 4 hours prior to quantification of SOS response by b-
galactosidase assay. Relative Miller units were derived from subtraction of Miller 
units in unchallenged control wells from Miller units recorded upon drug 
exposure. Mutant variants are shown in purple, wild-type high-expressing 
NfsA_Ec in red, and empty pUCX control in grey. Data are the average of 3 
biological repeats ± SEM (each assay consisting of two technical replicates).  

 

All rescreened variants demonstrated improvements in their ability to 

induce S33 activation of the SOS response over wild-type NfsA_Ec. The most 
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active variants in this assay exhibited a two-fold increase in SOS Miller units 

over what ultimately turned out to be high-expressing NfsA_Ec (see Section 

3.3.1). The NfsA_Ec SDM library had been unknowingly cloned into low-

expressing pUCX, in which enzymes are expressed to a much lower extent 

(potentially as much as 10-fold lower than enzymes cloned into high-

expressing pUCX; see Section 3.3.1.1); therefore their activities in Figure 

3-16 were severely underreported relative to a much higher-expressing wild-

type NfsA_Ec control.  

 

3.3.4.2 IC50 values generated by lead NfsA_Ec variants with S33 

IC50 values for the lead five NfsA_Ec variants identified in the second-tier 

screen were determined by screening in SOS-R2 across a dilution series of up 

to 100 µM S33 (Table 3-9). Following the discovery of high- and low-

expressing pUCX, the activities of these variants were compared to a low-

expressing pUCX NfsA_Ec control. 

Enzyme IC50 (µM) 

Fold 
reduction 

in IC50 
over 

NfsA_Ec aa substitutions 
NfsA SDM 11_9 23.0 ± 0.8 3.8 R225A/F227S 

NfsA SDM 15_34 25.2 ± 2.9 3.5 I5T/R225A/F227S 
NfsA SDM 11_78 25.3 ± 1.1 3.5 S41Y/L103M/K222E/R225A 
NfsA SDM 12_54 25.5 ± 0.8 3.4 R225A 

NfsA SDM 1_1 25.9 ± 2.0 3.4 R225A/F227S 
Low-expressing 

NfsA_Ec 
87.2 ± 2.2 1.0 - 

Empty pUCX >>100   

Table 3-9 IC50 values of S33 mediated growth inhibition of lead variants from SOS-
R2 NfsA_Ec SDM library challenged with up to 100 µM S33. S33 mediated growth 
inhibition was monitored by measuring strain turbidity (OD600) pre- and post-
four hour incubation with a two-fold dilution series of S33, with a top 
concentration of 100 µM S33. Percentage growth relative to unchallenged 
controls was determined and used to calculate the concentration at which 50% 
growth inhibition was seen using GraphPad Prism 7.0. Data are the average of 3 
biological replicates ± SD. Fold reduction in IC50 was calculated in relation to 
cells containing a low-expressing NfsA_Ec plasmid. 
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All five variants showed at least a 3.4-fold improvement in sensitising SOS-

R2 to S33. Two of these variants (11_9 and 1_1) showed identical amino acid 

substitutions (R225A/F227S), and all five variants contained the R225A 

substitution, suggesting that it could be a key substitution in improving 

NfsA_Ec activity with S33.  

 

3.3.4.3 Active site modelling for selected NfsA_Ec SDM library mutants 

A 

 

B 

  
C 

 

D 

 
Figure 3-17 Modelling of active site of NfsA_Ec and SDM library variants. A) 
Modelling of active site residues in NfsA_Ec that are mutated in lead SDM 
variants, highlighted in purple. The FMN molecule is coloured yellow. B) 
Modelling of active site of NfsA variant R225A. C) Modelling of active site of 
NfsA variant R225A/F227S. D) Modelling of active site of NfsA variant 
S41Y/L103M/K222E/R225A.  
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Modelling of the active site of NfsA_Ec SDM variants (Figure 3-17) show the 

opening of the right-hand access to the active site upon the conversion of 

Arg 225 to the much smaller hydrophobic amino acid Ala (Figure 3-17B). A 

substitution of Val at residue 227 in place of Phe also replaces the parent 

amino acid with a much small molecule (Figure 3-17C). The additional 

substitution of Thr at residue 5 in place of Ile does not appear be directly 

involved in the active site, as this residue occurs at the monomer-monomer 

interface. The I5T/R225A/F227S triple mutant showed a similar ability as the 

R225A/F227S to sensitise E. coli to lethal doses of S33 (Table 3-9), 

suggesting that this additional mutation does not substantially improve 

enzyme activity with S33. 

Finally, the variant S41Y/L103M/K222E/R225A displays quite a different 

active site to the other three variants, as it involves the substitution of Ser 

41 and Leu 103 with larger amino acids (Tyr and Met respectively) in the 

active site, and of positively charged Lys 222 with negatively charged Glu 

(Figure 3-17D).  

 

3.3.4.4 Reduction of S33 by purified His6-tagged purified NfsA_Ec variant proteins 

The four unique variants identified via IC50 assays were cloned into the His6-

tag expression vector pET28a+ and purified protein kinetics determined with 

S33 to test whether activity had also been improved in vitro. The single 

mutant F227S, isolating an amino acid substitution that appeared in two 

variants (11_9 and 15_34), was also included (Table 3-10). 

All variants exhibited at least 3.5-fold improvement in kcat/KM with S33 over 

NfsA_Ec, confirming that these substitutions did improve ability of the 

enzyme to activate S33. The single R225A substitution lowered the apparent 

KM by 40-fold, at the expense of a 3-fold reduction in apparent kcat, with a 14-

fold improvement in kcat/KM overall. The single F227S substitution, on the 

other hand, retained NfsA_Ec kcat and lowered the apparent KM by 6-fold, 

with a 7-fold improvement in kcat/KM. The combination of these two 

substitutions in the variant R225A/ F227S did not show a synergistic effect, 
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and it only demonstrated a 11-fold improvement in kcat/KM over NfsA_Ec. The 

additional substitution of I5T, which is located at the monomer-monomer 

interface, in variant I5T/R225A/F227S again worsened activity in vitro, and it 

only showed a 3.5-fold improvement in kcat/KM. The variant 

S41Y/L103M/K222E/R225A, with 4 substitutions in the active site (R225A 

being the only substitution it shared with other variants) showed a 7-fold 

improvement in kcat/KM over NfsA_Ec.  

In summary, the sole amino acid substitution of R225A generated the 

greatest improvement in NfsA_Ec activation of S33 in vitro, and additional 

substitutions in the other three variants only served to worsen apparent kcat 

or KM with S33. 

 

Enzyme kcat (s-1) KM (µM) 
kcat/ KM 

(s-1.M-1) 

NADPH 
oxidase 
activity 

(µM 
NADPH.µM 

enzyme-1.s-1) 
NfsA R225A 0.69 ± 0.04 91 ± 28 7600 ± 2400 0.35 ± 0.06 

NfsA 
R225A/F227S 

1.3 ± 0.1  220 ± 40 5900 ± 1200 0.23 ± 0.09 

NfsA F227S 2.5 ± 0.2 650 ± 100 3800 ± 700 0.51 ± 0.09 
NfsA S41Y/L103M 

/K222E/R225A 
0.16 ± 0.01 52 ± 16 3100 ± 1000 0.16 ± 0.02 

NfsA I5T 
/R225A/F227S 

2.6 ± 0.4 1400 ± 400 1900 ± 600 0.39 ± 0.02 

NfsA_Ec 2.0 ± 0.4 3700 ± 1100 530 ± 200 0.22 ± 0.04 

Table 3-10 Michaelis-Menten kinetic parameters for NfsA_Ec mutants and S33. 
Initial rates of reduction at varying S33 concentrations and a fixed concentration 
of excess NADPH (250 µM) were monitored at 350 nm, with rates at each S33 
concentration measured in at least triplicate. Apparent KM and kcat at 250 µM 
NADPH with a glucose oxidase-catalase oxygen scavenging system (12 units.mL-

1 glucose oxidase, 12 units.mL-1 catalase, 50 mM glucose) were calculated using 
GraphPad 7.0. An extinction coefficient of 9,650 M-1 cm-1 was used and errors 
represent ± SEM. NADPH oxidase activity shows enzyme-mediated NADPH 
oxidation in the absence of a glucose oxidase-catalase oxygen scavenging 
system, with an extinction coefficient of 4020 M-1 cm-1 used. 
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3.4 Discussion 

The research described in this chapter utilised an existing 58 nitroreductase 

library, a core resource in the Ackerley lab, for discovery of wild-type 

nitroreductases exhibiting activity with S33. This was achieved via a 

combination of in vivo E. coli S33-mediated SOS and growth inhibition 

assays, and in vitro confirmation of enzyme activity through the 

measurement of apparent kinetic parameters using His6-tagged purified 

proteins and S33.  

 

3.4.1 Purified protein kinetics 

A glucose oxidase-catalase oxygen scavenging system was implemented and 

shown to be able to diminish the background NADPH oxidase activity of 

purified nitroreductases to allow apparent KM and kcat parameters to be 

determined. However, the saturation of S33 at 1.2 mM in the 2mm 

pathlength Uvette meant that only a rough estimation of kinetic parameters 

could be determined for some nitroreductases possessing a much high 

apparent KM, generating in these cases a large margin of error. To allow for 

more accurate determination of enzyme reduction of S33 at compound 

concentrations higher than 1.2 mM, measurement through smaller 

pathlength cuvettes, such as 1 mm cuvettes could be utilised instead. 

Furthermore, the continued presence of background NAD(P)H oxidase 

activity from nitroreductase enzymes was presumably caused by the inability 

of the glucose oxidase-catalase oxygen scavenging system to scour all of the 

oxygen from the solution. This background consumption of NADPH 

impacted the ability to accurately determine initial velocities of S33 

reduction by enzymes with low turnover rates (kcat) with S33 or with high 

innate NAD(P)H oxidase activity.  

Current efforts are underway in our research group to optimise a NADPH 

regeneration system, whereby any NADPH oxidised to NADP+ used in the 

reaction is immediately converted back by glucose dehydrogenase in the 

presence of D-glucose. This would allow for the sole monitoring of S33 
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reduction as no measurement of background NAD(P)H oxidase activity 

would be required, and would also overcome the need for a glucose oxidase-

catalase oxygen scavenging system. The inclusion of purified His6-tagged 

glucose dehydrogenase from B. subtilis and D-glucose had been previously 

shown by the Ackerley group to be able to regenerate reduced NADH 

cofactor to allow for complete oxidoreductase reduction of 150 µM 

environmental pollutant Cr(VI) with a limited supply (50 µM) of NADH 

(Robins et al., 2013). 

 

3.4.2 Evaluation of wild-type candidate nitroreductase enzymes 

The selection of nitroreductase candidates for further evolution work later in 

this chapter and Chapter 4 revolved both around the natural ability of these 

enzymes to reduce S33, as well as for their capability to stably express in 

HCT-116 human cell lines. As discovered in work conducted by previous 

Ackerley lab researchers, this does not automatically mean that variants 

derived from a stably-expressed wild-type nitroreductase will also show 

stable expression in cell lines (Copp et al., 2017; Williams, 2013); however it 

at least allows for comparison of variants against the wild-type 

nitroreductase in human cell experiments. Previous research has shown the 

wild-type candidate enzymes NfsA_Ec, YcnD_Bs and YfkO_Bs to all exhibit 

stable expression in HCT-116 cell lines (Figure 3-6). These three enzymes 

all exhibited the ability to sensitise E. coli to S33, and activity was confirmed 

in vitro, albeit with extremely low kcat/KM ratios (around 102 s-1 M-1) 

suggesting inaccuracies in calculations of S33 extinction coefficients. 

Nevertheless they give us benchmarks to judge the success of attempts at 

nitroreductase evolution. 

 

3.4.3 Screening of site-targeted nitroreductase libraries 

Two different targeted mutagenesis libraries of the nitroreductases NfsA_Ec 

and YcnD_Bs, which had been previously created and screened for PR-104A 
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activity, were utilised as a resource for rapid screening of variants with 

improved S33-activating capabilities. Screening of these libraries was 

conducted through the monitoring the effects of activated S33 on the 

endogenous E. coli SOS response via a lacZ reporter gene.  

Screening of YcnD_Bs libraries yielded three variants with improved activity 

with S33 in vivo, however in vitro two of these variants exhibited a worse 

kcat/KM than YcnD_Bs. Alternatively their additional reduced NADPH oxidase 

activity could indicate changes in the active site architecture that may also 

have diminished the catalytic activity of these variants with other substrates 

present in the E. coli cytoplasm. This could in turn diminish competitive 

inhibition with S33 and lead to a greater in vivo activity, even with a lower 

kcat/KM with S33 than wild type YcnD_Bs. A similar phenomenon was recently 

described by our group in the development of a variant of NfsA_Ec that was 

several-fold more effective at activating PR-104A within E. coli cells, despite 

having a lower kcat/KM with PR-104A in vitro (Copp et al., 2017). The third 

YcnD variant yielded from screening, 227_60, showed a 3-fold improvement 

in kcat/KM over YcnD_Bs.  

Four NfsA_Ec variants exhibited substantially improved in vivo activity in E. 

coli that translated into improvements in purified protein kinetics in vitro, 

with up to a 14-fold increase in kcat/KM over NfsA_Ec generated by a single 

R225A substitution. Structural modelling of this variant suggested 

improvements in activity could have been due to the amino acid substitution 

allowing for a more open active site. Unlike the YcnD variants, NfsA variants 

did not exhibit reduced NADPH oxidase activity.  

 

3.4.4 High vs low-expressing pUCX plasmids 

Finally, the discovery of the existence of both low-expressing and high-

expressing pUCX plasmids confounded attempts to accurately confirm the 

activity of improved variants in vivo both in this chapter and in Chapter 4. 

This does raise the possibility that variants investigated by other members 

of the Ackerley group may have had their activity under-reported, if cloned 
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into low-expressing pUCX and compared to a high-expressing control. 

Moreover, this study offers an explanation for why the pUCX:KG plasmid 

developed by Dr Prosser exhibits lower levels of protein expression than the 

pUCX plasmid from which it was derived (Prosser et al., 2015); it transpires 

that pUCX:KG was constructed from low-expressing pUCX. 

 

3.4.5 Alternative methods for screening nitroreductase variant libraries 

We have shown that improved nitroreductase variants could be recovered 

from previously constructed site-targeted mutant libraries already present 

in the Ackerley lab, through the use of a lacZ-based SOS assay to screen for 

enzyme activation of S33. Parallel efforts to engineer S33 specificity in the 

nitroreductases YcnD_Bs and YfkO_Bs through the creation of novel 

randomly-mutated libraries using error-prone PCR, and screening for 

improved variants using the GFP SOS assay and fluorescence-activated cell 

sorting (FACS) are described in Chapter 4. 
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Chapter 4.  Directed evolution of YcnD_Bs and 

YfkO_Bs for improved S33 activation via random 

mutagenesis 

4.1 Introduction 

Chapter 3 describes how variants were successfully recovered from site-

targeted libraries of the NfsA enzymes NfsA_Ec and (to some extent) 

YcnD_Bs that demonstrated improved capabilities to activate the 5-

nitroimidazole PET imaging probe S33. As NfsB family enzymes often 

exhibit different kinetic profiles to NfsA family enzymes (i.e., tend to exhibit 

substantially higher kcat and KM for a given substrate, as discussed in Section 

1.3), there was also interest in evolving an NfsB enzyme for improved 

activation of S33, in case the different kinetic profile might in practice 

translate to superior activity in vivo. Furthermore, our collaborators in an 

ongoing multi-centre project seeking to take nitroreductase-armed 

Clostridium sporogenes to human GDEPT clinical trials had empirical 

evidence that NfsB-family nitroreductases are generally expressed at higher 

levels in C. sporogenes than NfsA-family nitroreductases, and hence we were 

interested in evolved NfsB-family enzymes (Dr David Ackerley, personal 

communication).  

Interrogation of candidates from the 58 nitroreductase library described in 

Chapter 3 showed that the E. coli NfsB orthologue YfkO_Bs (from B. subtilis) 

exhibited the ability to reduce S33 both in vivo in E. coli and in vitro, and was 

also capable of stable expression in cultured human cells. However, no 

solved crystal structure for YfkO_Bs or any closely related relatives has yet 

been described, with the closest being that for FrxA from Helicobacter pylori 

(RCSB Protein Data Bank ID:2H0U), which only exhibits 31% identity with 

YfkO_Bs. Without the ability to confidently select active site residues for 

creation of site-targeted libraries, random mutagenesis libraries for YfkO_Bs 

were instead created using error-prone PCR (epPCR) and screened via GFP 

SOS assay in an attempt to identify improved S33-activating variants. 
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Simultaneously, epPCR mutagenised libraries for YcnD_Bs were also created 

and screened for variants that exhibited higher activity with S33 than the 

lead variants reported in Chapter 3. Chronologically, the work described in 

this chapter was conducted in parallel with much of that described in 

Chapter 3. 

 

4.1.1 Directed evolution of enzymes via random mutagenesis 

Directed evolution most frequently involves successive rounds of 

introduction of mutations into the gene encoding a protein, followed by 

screening for, or selection of, variants that exhibit improved enzyme activity 

with a target substrate. In each round, variants that exhibit better activity 

than their predecessors are selected for subsequent rounds of evolution, in a 

manner often described as climbing a peak of protein ‘fitness’ towards a 

local maximum i.e. the most active attainable variant (Packer and Liu, 2015; 

Romero and Arnold, 2009). As seen in Chapter 3, enzyme variants can be 

generated through the selective targeting of active site residues predicted to 

be important for activity with that particular substrate; however, this 

method requires structural and mechanistic knowledge of the enzyme. 

Random mutagenesis, where mutations are introduced indiscriminately into 

the gene encoding the enzyme, can be conducted in the absence of this 

knowledge; furthermore, mutations far away from the active site have 

frequently been shown to improve enzyme activity (Oue et al., 1999; 

Shimotohno et al., 2001; Spiller et al., 1999). Random mutagenesis libraries 

are typically generated through epPCR, where random base substitutions are 

introduced into the gene through the use of low-fidelity DNA polymerases. 

However, one of the disadvantages of randomly introduced mutations is 

their high propensity to substantially reduce or completely obliterate 

enzyme activity. A review by Romero and Arnold (2009) describes randomly 

generated single amino acid substitutions as likely to only be beneficial 

0.01-1% of the time, while up to 50% of substitutions can be strongly 

deleterious (Romero and Arnold, 2009). Therefore, the generation of large 
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error-prone libraries (e.g. >106 unique variants) must be paired with high-

throughput screens to allow for the effective discovery of improved variants. 

The previously described LacZ-based SOS assay in Section 3.1.3 can only 

screen libraries containing ~103 unique variants 96-well microplates in a 

reasonable timeframe; however FACS-based enzyme screens, where >104 

events can be sorted per second, offer promise for high-throughput 

screening of epPCR libraries. 

 

4.1.2 GFP SOS assay and fluorescence-activated cell sorting 

As shown in Figure 3-11, the GFP-based SOS assay can be used to screen for 

active nitroreductases by monitoring levels of GFP production from E. coli 

SOS-R4 cells bearing active nitroreductase variants. Cells over-expressing 

variants that could reduce S33 generated higher levels of GFP than those 

containing inactive nitroreductases when challenged with sub-lethal 

concentrations of the PET imaging probe, due to the ability of activated S33 

to induce the endogenous SOS response and promote GFP production.  

The Ackerley research group has also shown that the GFP SOS assay can be 

utilised for ultra high-throughput selection of active variants using a flow 

cytometer (Copp et al., 2014). In a manner similar to the plate reader-based 

detection of GFP produced by cells following challenge with a prodrug or 

probe, the fluorescence of challenged E. coli SOS-R4 cells can be visualised 

in a flow cytometer following excitation with a 488 nm blue laser. Individual 

highly fluorescent cells (bearing more active nitroreductase variants) can 

then be sorted into a tube or 384-well microplate containing recovery media 

(Figure 4-1). 
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Figure 4-1 Schematic showing fluorescence-activated cell sorting (FACS) of E. coli 
SOS-R4 cells over-expressing inactive or active nitroreductases. 

 

To demonstrate successful FACS-based selection of active nitroreductases, 

the prodrug CB1954 was used to challenge mixed populations of E. coli SOS-

R4 cells over-expressing either a nitroreductase active with CB1954, 

YcnD_Bs, or the putative nitroreductase YdjA_Ec (Choi et al., 2008) which 

exhibits no activity with CB1954 (Prosser et al., 2013). YcnD_Bs-expressing 

cells comprising 0.1% of a mixed population were successfully enriched 380-

fold (to 38% of the population) following a single FACS sort (Copp et al., 

2014).  
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4.1.3 Previous FACS selection of a YfkO_Bs library 

A pilot study during my Honours research had attempted to use FACS to 

select for improved S33-activating YfkO_Bs variants from a small random 

mutagenesis library (~4 x 103 unique variants).  However, downstream 

screening of FACS-selected variants using the GFP SOS assay showed most 

variants exhibited only limited improvements in activity over wild-type 

YfkO_Bs; furthermore up to a quarter of variants exhibited little to no 

activity with S33 (Rich, 2012). It was postulated that the latter variants may 

have produced higher levels of GFP in response to stress from the flow 

cytometry sorting, leading to their selection alongside variants that did 

exhibit activity with S33. In addition, variants selected within a gate that 

demarked only the top 5% of fluorescent events showed extremely low 

recovery rates (<10% of sorted cells; Rich, 2012), possibly due to a high 

proportion of these cells having accumulated irreversible DNA damage from 

exposure to activated S33 as well as stress from the cell sorting process. As 

both these observations suggested that FACS sorting might prove 

problematic for recovering the top variants from a library, the current 

chapter describes an investigation into an additional method that might 

allow for the removal of generally inactive nitroreductases from random 

mutagenesis libraries, and thereby increase the selection of more active 

variants.  

 

4.1.4 Niclosamide 

 

Figure 4-2 Chemical structure of niclosamide. 
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This method involved use of the nitroaromatic drug niclosamide [N-(2'-

chloro-4'-nitrophenyl)-5-chlorosalicylamide] (chemical structure shown in 

Figure 4-2), which is used clinically in the treatment of intestinal parasitic 

worms, its mode of action occurring through both the uncoupling of 

oxidative phosphorylation and stimulation of mitochondrial adenosine 

triphosphatase (Al-Hadiya, 2005; Ditzel and Schwartz, 1967). Cancer 

researchers have also shown that it exhibits anti-cancer properties both in 

vitro and in vivo, with the ability to inhibit multiple signalling pathways 

upregulated in tumour cells, and it also targets mitochondria to stimulate 

cellular apoptosis (Li et al., 2014).  

Niclosamide has also been shown to exhibit toxic effects on Gram-positive 

bacteria including Staphylococcus, Enterococcus and Clostridia species 

(Gooyit and Janda, 2016; Rajamuthiah et al., 2015), and its suggested 

mechanism of action against Clostridium involves the stimulation of 

membrane depolarisation (Gooyit and Janda, 2016). In Gram-negative 

bacteria it has been shown to inhibit quorum sensing in Pseudomonas 

aeruginosa (Imperi et al., 2013), and metabolites generated by nitro-

reduction of niclosamide have been implicated in its activity against 

Salmonella (Beristain-Castillo et al., 2013; Espinosa-Aguirre et al., 1991).  

Previous work conducted by our research group has also found niclosamide 

to act as an ‘anti-prodrug’ – that is, it is selectively toxic to E. coli cells 

lacking the drug efflux pump TolC (Figure 4-3); however over-expression of 

some nitroreductases also had a protective effect against cell death (Figure 

4-4; Ackerley and Copp, 2016). 

Furthermore, the Ackerley lab had also shown that variants from a heavily 

randomised active site codon library of NfsA_Ec (the 7SM library; discussed 

further in Chapter 5) that were capable of growth on LB agar supplemented 

with 0.5 µM niclosamide exhibited far greater activity with the 5-

nitroimidazole prodrug metronidazole than randomly picked variants that 

had not been pre-selected using niclosamide (Little, 2015). We were 

therefore interested in the potential for niclosamide to eliminate inactive 
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variants from random mutagenesis libraries prior to screening in directed 

evolution studies. 

 

 

Figure 4-3 Growth inhibition of isogenic tolC- and tolC+ E. coli strains in response 
to increasing niclosamide challenge. Niclosamide-dependent growth inhibition 
was monitored by measuring strain turbidity (OD600) pre- and post-four hour 
incubation with a two-fold dilution series of niclosamide, with a top 
concentration of 40 µM niclosamide. Percentage growth relative to unchallenged 
controls was determined and plotted on the y-axis. Data are the mean of 
independent triplicate repeats and errors ± 1 SD. Figure reproduced from 
Ackerley and Copp, (2016) with permission from Dr David Ackerley. 
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Figure 4-4 Growth inhibition of tolC- E. coli strain bearing pUCX-expressing 
nitroreductases in response to increasing niclosamide challenge.Niclosamide-
dependent growth inhibition was monitored by measuring strain turbidity 
(OD600) pre- and post-four hour incubation with a two-fold dilution series of 
niclosamide, with a top concentration of 4 µM niclosamide.  The particular over-
expressed nitroreductase (or empty plasmid) present in each strain is indicated 
in the figure legend. Percentage growth relative to unchallenged controls was 
determined and plotted on the y-axis. Data are the mean of independent 
triplicate repeats and errors ± 1 SD. Figure reproduced from Ackerley and Copp, 
(2016) with permission from Dr David Ackerley. 

 

4.2 Aims 

• Evaluate the potential for niclosamide for use as a positive selection 

agent for active nitroreductase variants. 

• Generate error-prone libraries of YcnD_Bs and YfkO_Bs, followed by 

FACS to recover improved S33-activating variants. 

• Use the most active variants identified in each round of mutagenesis 

and screening as gene templates for further rounds of S33 directed 

evolution. 

Originally multiple rounds of directed evolution were planned for both 

YcnD_Bs and YfkO_Bs; however difficulties encountered with the E. coli SOS-

R4 GFP reporter strain and generation of evolved YcnD_Bs variants limited 
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the work conducted in this chapter to only two rounds of random 

mutagenesis and identification of improved variants. 

 

4.3 Results 

4.3.1 Evaluation of nitroreductase positive selection compounds 

To evaluate the efficacy of niclosamide as a selection compound for 

generally active nitroreductases, E. coli 7NT cells (which lack the tolC gene) 

over-expressing variants from the 58 nitroreductase library were incubated 

with 0.5 µM niclosamide (Figure 4-5). Similar to previously observed effects 

(Figure 4-4), cells bearing an empty pUCX plasmid or generally inactive 

nitroreductase variants showed almost complete growth inhibition in the 

presence of niclosamide, whereas members of the NfsA, NfsB and AzoR 

nitroreductase families could protect against cell death (Figure 4-5). 

Complete growth inhibition of SOS-R4 cells bearing the empty pUCX 

plasmid was also observed when plated on LB agar plates containing 0.5 µM 

niclosamide, whereas cells over-expressing YcnD_Bs or YfkO_Bs showed no 

impairment in their ability to form colonies (results not shown). This 

suggested that inactive variants from ycnD_Bs or yfkO_Bs random 

mutagenesis libraries could simply be removed in a one-step fashion by the 

plating of SOS-R4 cells expressing these libraries on niclosamide-containing 

agar plates. 
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Figure 4-5 Growth of 7NT nitroreductase over-expression strains, post-challenge 
with 0.5 µM niclosamide. Growth of strains resistant to niclosamide was 
monitored by measuring culture turbidity (OD600) pre- and post-four hour 
incubation with 0.5 µM niclosamide. Percentage growth relative to unchallenged 
controls was determined. Data are the average of 3 biological replicates ± SEM. 

 

4.3.2 YcnD_Bs and YfkO_Bs Round 1 error-prone library generation and 

screening 

4.3.2.1 Creation of libraries and effects of niclosamide selection 

For the first round of directed evolution of YcnD_Bs and YfkO_Bs enzymes to 

improve their S33-activating capabilities, epPCR products were generated 

using Mutazyme II error-prone polymerase from wild-type ycnd_Bs and 

yfkO_Bs templates, respectively. The amplified genes were cloned into high-

expressing pUCX (as it turned out, although the existence of two different 

forms of pUCX - Section 3.3.1 - had not yet been established) and 

transformed into the E. coli SOS-R4 reporter strain. Sequence analysis of ten 

random variants from each library confirmed an average of two base-pair 

mutations (generally resulting in two amino acid substitutions) had been 

introduced into each variant. The overall library sizes were relatively small, 

with only 8000 variants in the YcnD_Bs library and 18,000 variants in the 

YfkO_Bs library; however, as this first round was viewed largely as a proof-
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of-concept study and with time constraints due to pre-existing flow 

cytometry bookings, the decision was made to continue with these libraries.  

These libraries were plated on LB agar plates containing 0.5 µM niclosamide. 

A 0.5 µM concentration of niclosamide was found to select for 30% of the 

YcnD_Bs variant library (designated the YcnD M1 library) and 10% of the 

YfkO_Bs variant library (designated the YfkO M1 library), with the final sizes 

of the niclosamide-selected libraries being 2400 and 1800 variants 

respectively.  

 

 

Figure 4-6 S33 mediated induction of fluorescence in E. coli SOS-R4 strains over-
expressing either native YfkO, native YcnD, or the YfkO or YcnD M1 libraries pre- or 
post- selection with 0.5 µM niclosamide, challenged with 2.5 µM or 5 µM S33. 
Over-expression strains were grown in individual wells of 96-well microplates 
and challenged with 2.5 µM (yellow bars) or 5 µM S33 (green bars) for four 
hours prior to quantification of the SOS response by measurement of GFP 
fluorescence. Fold induction was derived from the fluorescence recorded on drug 
exposure divided by that of unchallenged control wells. Data are the average of 3 
biological replicates ± SEM. Differences in fluorescence between non-selected 
and niclosamide-selected ycnD_Bs or yfkO_Bs M1 error-prone libraries were 
statistically significant when compared using unpaired Student’s t-tests – * = p 
value < 0.05, ** = p value < 0.002. 
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The comparison of the GFP SOS responses in the pooled variant libraries 

pre- and post-niclosamide selection showed a significant increase in SOS-

induced GFP response to S33 in both the YcnD_Bs and YfkO_Bs libraries (up 

to 2.3-fold and 1.4-fold increases respectively) following niclosamide 

selection (Figure 4-6). This suggested niclosamide selection led to the 

successful enrichment for variants that were more active with S33. However, 

the average fluorescence of both the YcnD M1 and YfkO M1 libraries was 

lower than that observed for wild-type YcnD_Bs and YfkO_Bs respectively, 

indicating that a majority of variants in the library still exhibited lower 

activity with S33 than the parent enzyme.  

 

4.3.2.2 Fluorescence-activated cell sorting (FACS) of the YcnD_Bs and YfkO_Bs 

M1 libraries 

For flow cytometry selection of the most active M1 library variants, sub-

cultures of the YcnD_Bs and YfkO_Bs M1 libraries were challenged with 5 µM 

S33. Upon profiling of the fluorescent cells in the flow cytometer, careful 

consideration was given to the gates chosen for selection of the most 

fluorescent variants (see P1 gates in Figure 4-7). For the YfkO M1 library a 

gate was selected that included the top 10% of events occurring in wild-type 

YfkO_Bs (which encompassed 16% of fluorescent events occurring in the 

YfkO M1 library; Figure 4-7B). A similar gating strategy for the YcnD M1 

library was not possible as the gate demarking the top 10% of fluorescent 

events occurring in wild-type YcnD_Bs only allowed <5% of YcnD M1 library 

events to be selected. The gate was therefore expanded out to include the 

top 30% of fluorescent events occurring in wild-type YcnD_Bs (Figure 4-7A) 

to allow for the selection of a higher proportion of recoverable variants. 

The cells giving rise to these events were sorted into individual wells of 384-

well microplates containing recovery media, with 768 individual YcnD M1 

events and 1152 individual YfkO M1 events collected and recovered. 

Recovery rates for sorted variants for each library were approximately 13%, 

and all recovered variants were picked into 96-well plates for further 
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downstream analysis. In total two 96-well plates for YcnD M1 variants and 

three 96-well plates for YfkO M1 variants were picked, with duplicate wild-

type parent enzymes and one empty pUCX control in SOS-R4 cells included 

on each plate. 

 

 

Figure 4-7 Fluorescence of individual cells of wild-type YcnD_Bs and YfkO_Bs, and 
YcnD M1 and YfkO M1 libraries in SOS-R4 as observed in a FACS Vantage SE-Diva 
flow cytometer, following challenge with S33. SOS-R4 cells over-expressing 
nitroreductase variants were challenged with 5 µM S33 for 4 h, after which they 
were excited by 488 nm light and fluorescence was detected with a 530/30 nm 
band pass filter. Individual cell counts are shown on the y-axis, and fluorescence 
intensity observed in cells are shown on the x-axis. The P1 gate used for selection 
of the most fluorescent YcnD M1 cells was gated on the top 30% fluorescent 
events occurring in wild-type YcnD_Bs. The P1 gate used for selection of the 
most fluorescent YfkO M1 cells was gated on the top 9% of fluorescent events 
occurring in wild-type YfkO_Bs. The high left-hand peak in all plots is noise 
deriving from the M9 minimal media E. coli cells were suspended in (media-only 
control not shown). 

 

4.3.2.3 Screening of FACS-selected YcnD and YfkO M1 libraries using the GFP 

SOS assay 

Characterisation of FACS-selected YcnD and YfkO M1 variants for 

improvements in S33-activating capabilities was conducted using GFP SOS 

assays, with cells challenged using 2.5 µM S33. Each recovered plate of 
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variants was screened in triplicate (three biological replicates), with GFP 

output measured and reported as fold increase in fluorescence over 

unchallenged cells (Figures 4-8 and 4-9). The most active variants from the 

sorted YcnD M1 library induced a >1.4-fold increase in fluorescence over 

wild-type YcnD_Bs, and the most active variants from the sorted YfkO M2 

library induced a >1.7-fold increase in fluorescence over wild-type YfkO_Bs. 

Furthermore, all variants exhibited activity with S33, indicating that the 

combination of niclosamide pre-selection and FACS allowed for the 

selection of exclusively S33-active variants. 

 

 

Figure 4-8 S33 mediated induction of fluorescence in E. coli SOS-R4 strains over-
expressing either native YcnD, empty pUCX or YcnD M1 libraries post-FACS, 
challenged with 2.5 µM S33. Over-expression strains were grown in 96-well 
microplates and challenged with 2.5 µM S33 for four hours prior to 
quantification of SOS response by measurement of GFP fluorescence. Fold 
induction is derived from the fluorescence recorded on drug exposure divided by 
that of unchallenged control wells. Data are the average of 3 biological replicates 
± SEM. Four wild-type YcnD_Bs controls (yellow) and two empty pUCX controls 
(grey, far right) were included, with YcnD_Bs M1 library variants shown in 
orange.  
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Figure 4-9 S33 mediated induction of fluorescence in E. coli SOS-R4 strains over-
expressing either native YfkO, empty pUCX, or the YfkO M1 library post FACS, 
challenged with 2.5 µM S33. Over-expression strains were grown in 96-well 
microplates and challenged with 2.5 µM S33 for four hours prior to 
quantification of SOS response by measurement of GFP fluorescence. Fold 
induction is derived from the fluorescence recorded on drug exposure divided by 
that of unchallenged control wells. Data are the average of 3 biological replicates 
± SEM. Six wild-type YfkO_Bs controls (aqua) and three empty pUCX controls 
(grey, far right) were included, with YfkO M1 library variants shown in blue.  

 

4.3.2.4 Growth inhibition (IC50) assays with YcnD and YfkO M1 libraries and S33 

The most active four variants from each of the YcnD and YfkO M1 libraries 

as determined by GFP SOS screens were then subjected to further 

assessment of S33-reducing activity via more sensitive growth inhibition 

(IC50) assays.  

These assays were initially conducted in the SOS-R4 strain; however it was 

later discovered that the pANODuet-1:GFP plasmid contributed to the 

sensitising of SOS-R4 cells to lethal concentrations of S33 (see Section 

4.3.4). In the case of these IC50 assays conducted in the SOS-R4 strain, 

variants appeared to demonstrate up to a 4-fold reductions in IC50 over wild-

type parent enzymes (results not shown). Furthermore, it was later found 

that the top ycnD variants had all been cloned into high-expressing pUCX 

and these variants had been compared to a low-expressing YcnD_Bs control 

(see Section 3.3.1). However, as these issues were not apparent until 

Section 4.3.3.3, initial results indicated that the activities of all lead YcnD 
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and YfkO M1 variants with S33 were substantially higher than parent 

enzymes (results not shown). 

In Section 4.3.3.3, IC50 assays were conducted in E. coli 7NT cells (not 

containing the pANODuet-1:GFP plasmid)  over-expressing these lead 

variants across a dilution series of up to 70 µM S33 (Tables 4-2 and 4-4), 

and the activities reported as fold-reductions in IC50 values over the wild-

type high-expressing parent enzyme (results for YfkO M1 and M2 variants 

duplicated here in Tables 4-1 and 4-2). Of the sorted YcnD M1 variants, it 

became apparent that no significantly improved variants were found after 

this first round of directed evolution. However, all four leading YfkO M1 

variants demonstrated at least a 1.6-fold improvement in sensitising 7NT 

cells to S33 over wild-type YfkO_Bs, with the lead variant M1 3_44 showing a 

2.1-fold improvement in activity. Each of the four YfkO M1 variants showed 

merely a single amino acid substitution from wild-type YfkO_Bs. 

 

Enzyme IC50 (µM) 

Fold 
reduction in 

IC50 over 
WT 

YcnD_Bs aa substitutions 
YcnD_M1 1_19 15.3 ± 2.8 1.2 N141D/Q178R/Q222H 
YcnD_M1 1_22 15.5 ± 1.8 1.2 G223D 
YcnD_M1 1_18 16.9 ± 0.8 1.1 Q32R/E147G 
YcnD_M1 1_31 16.9 ± 0.6 1.1 L128F 

High-expressing 
YcnD_Bs 

18.5 ± 1.6 1.0 - 

Empty pUCX >> 70 -  

Table 4-1 IC50 values of S33 mediated growth inhibition of YcnD M1 variants. S33-
dependent growth inhibition in 7NT was monitored by measuring strain 
turbidity (OD600) pre- and post-four hour incubation with a two-fold dilution 
series of S33, with a top concentration of 35 µM S33 to conserve drug stocks. 
Percentage growth relative to unchallenged controls was determined and used to 
calculate the concentration at which 50% growth inhibition was seen using 
GraphPad Prism 7.0. Data are the average of 3 biological replicates ± SD. 
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Enzyme IC50 (µM) 

Fold 
reduction in 
IC50 over WT 

YfkO_Bs aa substitutions 
YfkO_M1 3_44 22.5 ± 4.4 2.1 T122R 
YfkO_M1 1_10 27.5 ± 3.4 1.7 F82L 
YfkO_M1 3_2 28.2 ± 3.9 1.7 M110I 

YfkO_M1 3_20 29.2 ± 4.8 1.6 L133H 
WT YfkO_Bs 47.1 ± 6.9 1.0  
Empty pUCX >>70 -  

Table 4-2 IC50 values of S33 mediated growth inhibition of YfkO M1 variants. S33-
dependent growth inhibition in 7NT was monitored by measuring strain 
turbidity (OD600) pre- and post-four hour incubation with a two-fold dilution 
series of S33, with a top concentration of 45 µM S33 to conserve drug stocks. 
Percentage growth relative to unchallenged controls was determined and used to 
calculate the concentration at which 50% growth inhibition was seen using 
GraphPad Prism 7.0. Data are the average of 3 biological replicates ± SD. 

 

4.3.3 YcnD_Bs and YfkO_Bs round 2 error-prone library creation and 

screening 

4.3.3.1  Creation of libraries and effects of niclosamide selection 

During the second round of YcnD_Bs directed evolution, the low-expressing 

and high-expressing pUCX plasmid issues had not yet been resolved, and 

therefore all YcnD_Bs variants (cloned into high-expressing pUCX) were 

again compared to wild-type YcnD_Bs in low-expressing pUCX. The leading 

four unique variants from the YcnD and YfkO M1 libraries respectively were 

used as a mixed template for a second round of epPCR using the 

GeneMorphII polymerase. The amplified epPCR were cloned into high-

expressing pUCX and transformed into the E. coli SOS-R4 strain, and 

sequence analysis of ten random variants from each library (designated the 

YcnD M2 and YfkO M2 libraries from here on) confirmed an average of three 

base-pair mutations (generally resulting in three amino acid substitutions) 

had been introduced into each variant.  

A number of these mutations were discovered to be the result of DNA 

shuffling from M1 templates e.g. a YcnD variant was recovered that 

contained both the L128F and G223D amino acid substitutions, each of 
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which had occurred in different M1 variants used as templates. This effect 

has been observed by other members in the Ackerley lab, and was postulated 

to be caused by low processivity of the GeneMorphII low-fidelity 

polymerase, leading to its dissociation from the DNA strand prior to full 

extension of the gene, and subsequent self-priming of overlapping 

sequences from different M1 templates. This would lead to a DNA shuffling 

outcome in a manner similar to Staggered Extension PCR, which uses very 

short extension times to force incomplete strand amplification and then 

cross-strand priming during successive cycles of PCR (Zhao and Zha, 2006). 

In total, the ycnD M2 library had 1.8 million variants, which was reduced to 

1.2 million following selection on LB agar plates containing 0.5 µM 

niclosamide (66% selection). Due to difficulties in cloning of the yfkO M2 

library and time constraints from pre-arranged flow cytometry bookings, the 

Round 2 yfkO library contained only 72,000 variants. This was reduced to 

7,200 following selection using 0.5 µM niclosamide (10% selection). 

 

4.3.3.2 Fluorescence-activated cell sorting (FACS) of YcnD_Bs and YfkO_Bs M2 

libraries 

In an attempt to further improve flow cytometry selection of the most active 

YcnD and YfkO M2 library variants, a double flow cytometry sort was 

conducted, as it had been previously shown by our research group to greatly 

enhance selection of active nitroreductase variants (Section 4.1.2; Copp et 

al.,(2014)). For the first sort, sub-cultures of YcnD_Bs and YfkO_Bs M2 

libraries were challenged with 5 µM S33. 

As per Section 4.3.3.1, the pooled fluorescence of these libraries was 

measured in a plate reader, along with the wild-type enzyme controls (the 

wild-type control for the YcnD library unknowingly being YcnD_Bs in low-

expressing pUCX), a control comprising a mixed population of the four M1 

variants used as template for the M2 library, and an empty pUCX control 

(Figure 4-10A).  
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The pooled fluorescence of the YcnD M2 library was nearly two-fold lower 

than that of wild-type YcnD_Bs, which suggested a large proportion of the 

library had worse activity with S33 than YcnD_Bs.  As a whole, the YfkO M2 

library only exhibited a slightly lower fluorescence than wild-type YfkO_Bs.  

 

 

Figure 4-10 S33 mediated induction of the GFP SOS response in E. coli SOS-R4 
YcnD and YfkO library nitroreductase over-expression strains. A) GFP response of 
YcnD M2 and YfkO M2 libraries (and controls) following 4 hour challenge with 5 
µM S33 in 96-well microplates, immediately prior to first FACS sort. Fold 
induction is derived from the fluorescence recorded on drug exposure divided by 
that of unchallenged control wells. B) GFP response of FACS-sorted YcnD M2 
and YfkO M2 libraries (and controls) following 4 hour challenge with 2.5 µM S33 
in 96-well microplates, immediately prior to second FACS sort. Fold induction 
was derived from the fluorescence recorded on drug exposure divided by that of 
unchallenged control wells. 

 

A 10 µL sub-culture of each library and each wild-type control was diluted in 

M9 media and the most strongly GFP expressing cells were then selected by 

FACS, with 10,000 YcnD M2 and 10,000 YfkO M2 variants collected within 
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gates that demarked the top 10% of wild-type YcnD_Bs and YfkO_Bs events, 

respectively (flow cytometry plots not shown). The reason a high number of 

yfkO variants was collected relative to the overall library size was to ensure 

multiple duplicates of the best variants and thereby ensure those variants 

would be well-represented in the library prior to the second sort. 

Unlike FACS conducted on the Round 1 libraries (Section 4.3.2.2), these 

events were not sorted into 384-well microplates, but rather into a pooled 

collection in 10 mL of recovery media. This allowed for the collection of >10-

fold more variants in the same period of time, albeit with the disadvantage 

that the percentage recovery could no longer be determined with a high 

degree of accuracy. Following collection, clones were left to recover 

overnight, after which the cultures were mixed 1:1 with 80% glycerol and 

stored at -80 °C until the second sort. 

The following week the second enrichment sort was conducted, with sub-

cultures of single-sorted YcnD and YfkO M2 libraries challenged with 2.5 µM 

S33. At this lower concentration of S33, the pooled fluorescence of the 

single-sorted YcnD M2 library (Figure 4-10 B) exhibited a similar 

fluorescence to that displayed by the unsorted YcnD M2 library challenged 

with 5 µM S33 (Figure 4-10 A), suggesting that the first sort had indeed 

been successful in enriching for enzymes more active with S33. A similar 

phenomenon was observed with the YfkO M2 library; however in each case 

the fluorescence of the YcnD and YfkO M2 single-sorted libraries was still 

slightly lower than that of the wild-type parent enzyme control.  

During the second sort, the 20,000 most fluorescent events for each library 

were collected within gates that demarked the top 10% of fluorescent events 

of each library. As described previously in this section, due to the low 

recovery rates seen with the sorted YfkO M1 library and the small library 

size of the YfkO M2 library, a large number of YfkO M2 events relative to the 

number of unique variants was collected to ensure that that the most active 

enzymes would be well represented within the YfkO M2 pool.  
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These events were collected and plated on LB agar plates, and 7,500 YcnD 

M2 variants and 4,300 YfkO M2 variants were recovered (38% and 22% 

recovery rates respectively). Due to limited stocks of S33, only three 96-well 

plates per library were subjected to further screening using the GFP SOS 

assay (270 variants in total from each library). Each plate screened also 

contained the wild-type parent enzyme, pooled M1 variant enzymes, and 

empty pUCX controls in SOS-R4 cells. 

4.3.3.3 Screening of FACS-sorted YcnD and YfkO M2 libraries using the GFP SOS 

assay 

The initial screening for improved S33-activating variants from double-

sorted YcnD and YfkO M2 libraries was conducted using the GFP SOS assay 

and 2.5 µM S33, with each 96-well plate screened once (two technical 

replicates; results not shown). The lead 18 candidates from each plate were 

then picked into the inner wells of one 96-well plate, one for the YcnD M2 

library and one for the YfkO M2 library, for more detailed second-tier 

screens, along with wild-type parent enzyme, pooled M1 variant enzymes, 

and empty pUCX controls on each plate. 

The second-tier YfkO M2 plate was screened again using 2.5 µM S33, 

whereas substantial growth inhibition observed from initial YcnD M2 plate 

screens (not shown) led us to drop the challenge concentration down to 1.25 

µM S33 for the second-tier YcnD M2 plate. Each plate was screened in 

triplicate (3 biological replicates; Figures 4-11 and 4-12). 

The YcnD M2 variants most active with S33 exhibited a 1.3-fold increase in 

fluorescence over wild-type YcnD_Bs in low-expressing pUCX, whereas the 

most active YfkO M2 variants showed a 1.7-fold increase in fluorescence 

over wild-type YfkO_Bs.  
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Figure 4-11 Second-tier screening of S33 mediated induction of fluorescence in E. 
coli SOS-R4 cells over-expressing either native YcnD, lead YcnD M1 library 
variants, empty pUCX or YcnD M2 libraries post-FACS, challenged with 1.25 µM 
S33. Over-expression strains were grown in 96-well microplates and challenged 
with 1.25 µM S33 for four hours prior to quantification of the SOS response by 
measurement of GFP fluorescence. Fold induction is derived from the 
fluorescence recorded on drug exposure divided by that of unchallenged control 
wells. Data are the average of 3 biological replicates ± SEM. Controls include 
wild-type YcnD_Bs (yellow) and mixed YcnD_Bs M1 template variants (orange), 
with YcnD M2 variants shown in brown.  

 

 

Figure 4-12 Second-tier screening of S33 mediated induction of fluorescence in E. 
coli SOS-R4 cells over-expressing either native YfkO, lead YfkO M1 library variants, 
empty pUCX or YfkO M2 libraries post-FACS, challenged with 2.5 µM S33. Over-
expression strains were grown in 96-well microplates and challenged with 2.5 
µM S33 for four hours prior to quantification of SOS response by measurement 
of GFP fluorescence. Fold induction is derived from the fluorescence recorded on 
drug exposure divided by that of unchallenged control wells. Data are the 
average of 3 biological replicates ± SEM. Controls include wild-type YfkO_Bs 
(aqua) and mixed YfkO_Bs M1 template variants (dark blue), with YfkO M2 
variants shown in black. 
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4.3.3.4 Growth inhibition (IC50) assays with YcnD and YfkO M2 libraries and S33 

As discussed previously in Section 4.3.2.4, more sensitive growth inhibition 

(IC50) assays with the leading YcnD and YfkO M2 variants were initially 

performed in the SOS-R4 strain. However the subsequent discovery that the 

pANODuet-1:GFP plasmid contributed to the sensitising of SOS-R4 cells to 

lethal concentrations of S33 (see Section 4.3.4) caused us to re-transform 

each variant into the E. coli 7NT strain (lacking the GFP plasmid) for IC50 

assays, to determine the true effect of each variant on sensitising E. coli to 

lethal concentrations of S33. IC50 values for these variants were determined 

by screening across a dilution series of up to 70 µM S33 (Tables 4-3 and 

4-4). The activities of variants were compared to wild-type controls; by this 

stage of the research the presence of low-expressing YcnD_Bs had been 

discovered, and both YcnD and YfkO variants were compared appropriately 

to wild-type enzymes in high-expressing pUCX. 

Enzyme IC50 (µM) 

Fold 
reduction 

in IC50 over 
WT 

YcnD_Bs aa substitutions 
YcnD_M1 1_19 15.3 ± 2.8 1.2 N141D/Q178R/Q222H 
YcnD_M1 1_22 15.5 ± 1.8 1.2 G223D 
YcnD_M2 3_16 15.6 ± 0.5 1.2 D71V/G223D 
YcnD_M2 3_80 16.8 ± 2.0 1.1 L128F/G223D 
YcnD_M1 1_18 16.9 ± 0.8 1.1 Q32R/E147G 
YcnD_M1 1_31 16.9 ± 0.6 1.1 L128F 

High-expressing 
YcnD_Bs 

18.5 ± 1.6 1.0 
- 

YcnD_M2 3_79 18.6 ± 0.5 1.0 
Q32R/N141D/Y183H 

/Q222H 
YcnD_M2 2_14 18.9 ± 1.3 1.0 Q35L/E62K/N141D 
Empty pUCX >> 70 -  

Table 4-3 IC50 values for S33 mediated growth inhibition of YcnD M1 and M2 
variants. S33-dependent growth inhibition in 7NT was monitored by measuring 
strain turbidity (OD600) pre- and post-four hour incubation across a two-fold 
dilution series of S33, with a top concentration of 70 µM S33 to conserve drug 
stocks. Percentage growth relative to unchallenged controls was determined and 
used to calculate the concentration at which 50% growth inhibition was seen 
using GraphPad Prism 7.0. Data are the average of 3 biological replicates ± SD.  
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Enzyme IC50 (µM) 

Fold 
reduction 

in IC50 
over WT 
YfkO_Bs aa substitutions 

YfkO_M2 3_62 18.1 ± 2.3 2.6 F82L/M110I 
YfkO_M2 1_32 19.2 ± 2.3 2.5 F82L/T122R 
YfkO_M2 1_88 19.6 ± 3.5 2.4 F14L/F82L/K94T/T122M/L133H 
YfkO_M1 3_44 22.5 ± 4.4 2.1 T122R 
YfkO_M1 1_10 27.5 ± 3.4 1.7 F82L 
YfkO_M1 3_2 28.2 ± 3.9 1.7 M110I 

YfkO_M1 3_20 29.2 ± 4.8 1.6 L133H 
YfkO_Bs 47.1 ± 6.9 1.0  

Empty pUCX >>70 -  

Table 4-4 IC50 values for S33 mediated growth inhibition of YfkO M1 and M2 
variants. S33-dependent growth inhibition in 7NT was monitored by measuring 
strain turbidity (OD600) pre- and post-four hour incubation across a two-fold 
dilution series of S33, with a top concentration of 70 µM S33 to conserve drug 
stocks. Percentage growth relative to unchallenged controls was determined and 
used to calculate the concentration at which 50% growth inhibition was seen 
using GraphPad Prism 7.0. Data are the average of 3 biological replicates ± SD. 

 

All YcnD_Bs M1 and M2 variants exhibited minimal improvements in their 

ability to sensitise E. coli to S33 over high-expressing YcnD_Bs, due to their 

previous comparison to YcnD_Bs in low-expressing pUCX during FACS 

selection and subsequent screening. 

However, all lead variants from the YfkO M2 library showed significant 

improvements in activity over wild-type YfkO_Bs, with an over 2.4-fold 

improvement in sensitising 7NT cells to S33 over YfkO_Bs. This 

demonstrated that successive rounds of random mutagenesis and FACS 

selection of improved variants had been moderately successful in improving 

YfkO_Bs activity with S33. The YfkO M2 variants 3_62 and 1_32 each 

contained combinations of single mutations found in YfkO M1 variants 

(F82L and M110I, and F82 and T122R respectively), suggesting an additive or 

synergistic effect of these combined substitutions on activity with S33. The 

third YfkO M2 variant, 1_88, contained five amino acid substitutions 

(F14L/F82L/K94T/T122M/L133H), of which three had been generated during 

the second round of error-prone PCR. One of these substitutions involved a 
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hydrophobic Met in place of Thr at residue 122, whereas in the YfkO M1 

variants 3_44 and M2 1_32 a substitution to the positively charged Arg was 

observed, perhaps suggesting that simply a larger amino acid at this position 

improved the activity of YfkO_Bs with S33. 

 

4.3.3.1 Activity of YfkO M2 variants with next-generation GDEPT prodrugs and 

PET imaging probes 

4.3.3.1.1 Background 

At this stage of my research, our collaborators at the ACSRC and the 

Universities of Maastricht and Nottingham had shown interest in NfsB 

variants that exhibited dual activity with the next-generation GDEPT 

prodrug SN36506 (chemical structure shown in Figure 4-13) as well as the 

next-generation PET-capable imaging probe SN37819, a single-fluorine (and 

hence easier to radio-label with 18F) analogue of S33 (Anderson et al., 2014). 

This interest was based on our ongoing multi-centre collaboration seeking 

to take nitroreductase-armed Clostridium sporogenes to human GDEPT 

clinical trials. In Clostridium-directed enzyme prodrug therapy (CDEPT), 

spores of nitroreductase-armed Clostridia are injected into a patient, 

whereupon the obligate anaerobe germinates and colonises hypoxic and 

necrotic areas of tissue in tumour cells (Mowday et al., 2016a). The hypoxic 

tissues then become sensitive to an administered prodrug such SN36506. To 

’arm’ C. sporogenes, our collaborators have developed novel methods for the 

chromosomal integration of nitroreductase genes (Heap et al., 2007; Kuehne 

and Minton, 2012). 

Despite these advances, C. sporogenes had proven unable to functionally 

express any of our four lead NfsA-family nitroreductases (YcnD_Bs, NfrA_Bs, 

NfsA_Ec and YcnD_Bli), whereas five NfsB-family nitroreductases 

(NfsB_Nme, NfsB_Ec, YfkO_Bs, YfkO_Bli, NfsB_Vv) were tolerated and 

functional. This suggested that some innate activity associated with the 

NfsA family might be detrimental to C. sporogenes, and encouraged our 

primary focus on NfsB enzymes. Unfortunately, as illustrated in Figure 
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3-11, only a subset of NfsB-family nitroreductases are active with 5-

nitroimidazole PET probes and none of the five NfsB enzymes tested at the 

time were found to be effective with both 5-nitroimidazole probes and the 

lead prodrug SN36506. 

 

 

Figure 4-13 Chemical structures of the prodrug SN36506. 

 

SN36506 is a nitrogen mustard prodrug that lacks the dose-limiting off-

mechanism activation by endogenous human aldo-keto reductase 1C3 

exhibited by the previous lead analogue, PR-104A (Guise et al., 2010). 

SN36506 has the further advantage of being orally available (McKeage et al., 

2011). Unfortunately, SN36506 is generally more resistant than PR-104A to 

activation by bacterial nitroreductases (Dr David Ackerley, personal 

communication).  

The leading S33-improved YfkO M1 and M2 variants described in Sections 

4.3.2 and 4.3.3 were tested for their ability to activate both SN36506 and the 

S33 analogue SN37819. These enzymes were first benchmarked by GFP-SOS 

screening for SN36506 activity alongside a panel of NfsA and NfsB family 

enzymes from the 58 nitroreductase library (Figure 4-14). This revealed that 

YfkO M2 variants M2 1_88 and M2 3_62 were able to induce higher SOS 

responses in E. coli SOS-R4 cells than wild-type YfkO_Bs following challenge 

with 150 µM SN36506, suggesting that they exhibited improved activity with 

this prodrug. 
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Figure 4-14 S33 mediated induction of fluorescence in E. coli SOS-R4 
nitroreductase over-expression strains, challenged with 150 µM SN36506. Over-
expression strains were grown in 384-well microplates and challenged with 150 
µM SN36506 for six hours prior to quantification of SOS response by 
measurement of GFP fluorescence. Fold induction is derived from the 
fluorescence recorded on drug exposure divided by that of unchallenged control 
wells. Data are the average of 2 biological replicates ± SEM. Data was generated 
by Dr Elsie Williams in the Ackerley lab and copied with permission. 

 

4.3.3.1.2 Growth inhibition (IC50 assays) of YfkO M2 variants with prodrugs and 

PET imaging probes 

Based on the preliminary results described in Section 4.3.3.1.1, we 

conducted a comprehensive evaluation of the activity of YfkO M2 variants 

1_88 and 3_62 with a panel of substrates of interest to the C. sporogenes 

collaborative team. These substrates included the prodrugs SN36506 and 

PR-104A (the previous lead prodrug candidate) as well as the two 5-

nitroimidazole imaging probes, S33 and SN37819. In parallel with the 

analysis of the two evolved YfkO M2 variants, other nitroreductases that 

were evaluated included several other nitroreductases that 1) had already 

been shown to express both stably and functionally in C. sporogenes 

(NfsB_Ec, NfsB_Nme from Neisseria meningitidis, and YfkO_Bli from B. 

licheniformis); 2) had been tested but not yet found to express both stably 

and functionally in C. sporogenes (NfsA_Ec, YcnD_Bs, NfrA_Bs); or 3) were 

additional WT or evolved enzymes generated by other Ackerley lab members 
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that were now being considered as additional candidates for expression and 

activity trials in C. sporogenes (YfkO_Bs, NfsA_Es, YdgI_Bs, NfsB_Vv, and a 

site-targeted double-mutant of NfsB_Vv, F70A/F108Y, which had been 

designed to have enhanced activity with 5-nitroimidazole probes).  

To evaluate the activity of these nitroreductases with the different 

substrates I determined their ability to sensitise E. coli 7NT strains to lethal 

concentrations of these compounds in growth inhibition (IC50) assays, across 

appropriate dilution series of each compound (Table 4-5). Due to a 

previously observed phenomenon that activated SN36506 is effluxed from 

7NT cells (even with the knock-out of the tolC efflux pump gene), which 

limits the ability to measure nitroreductase-mediated sensitisation of E. coli 

to lethal concentrations of SN36506 (Dr Elsie Williams, personal 

communication), 10 µM of the efflux pump inhibitor phenylalanine-arginine 

beta-naphthylamide (PAbN; Lomovskaya et al., 2001) was also included in 

SN36506 challenge media. 

Out of the complete panel of 13 nitroreductases, YfkO M2 1_88 and 3_62 

showed moderate levels of activity with SN36506, and exhibited similarly 

low levels of activity with PR-104A as wild-type YfkO_Bs. Similar to their 

previous characterisation in Table 4-4, both sensitised cells to >2.2-fold 

lower concentrations of S33 than YfkO_Bs, and also >5-fold lower 

concentrations of the 5-nitroimidazole probe SN37819. However ultimately 

the NfsB_Vv variant F70A/F108Y was selected as the most promising NfsB 

orthologue for further analysis by our collaborators due to its ability to 

sensitise 7NT to >2-fold lower concentrations of SN36506 than both YfkO 

M2 variants. As well as slightly improving its activity with this prodrug, the 

amino acid substitutions introduced into NfsB_Vv enabled it to be capable of 

activating both S33 and SN37819, albeit with over 2-fold higher IC50 values 

than either YfkO M2 variant. This variant is currently being integrated into 

the C. sporogenes chromosome under control of a panel of different 

promoters to optimise its expression, after which its potential for SN36506-

based CDEPT will be evaluated in mouse xenograft models.  
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 Nitroreductase 
variant 

SN36506 
IC50 (µM) 

PR-104A 
IC50 (µM) 

SN37819 
IC50 (µM) 

S33 IC50 
(µM) 

YcnD_Bs 320 ± 48 951 ± 89 8 ± 2 17 ± 2 
NfsB_Vv F708/108Y 369 ± 81 1240 ± 90 46 ± 12 75 ± 15 

NfrA_Bs 404 ± 56 969 ± 112 30 ± 5 34 ± 9 
NfsB_Vv 424 ± 54 1440 ± 160 >250 >150 
YdgI_Bs 425 ± 80 1130 ± 140 35 ± 7 51 ± 7 
NfsA_Ec 615 ± 28 1110 ± 80 34 ± 7 38 ± 2 

YfkO M2 1_88 698 ± 5 1560 ± 150 17 ± 5 19 ± 1 
YfkO M2 3_62 807 ± 85 1780 ± 110 20 ± 4 19 ± 1 

NfsB_Ec >1000 1420 ± 120 >250 >150 
NfsB_Nme >1000 1350 ± 70 >250 >150 

YfkO_Bli >1000 1130 ± 60 >250 53 ± 8 
YfkO_Bs >1000 1640 ± 20 111 ± 29 43 ± 1 
NfsA_Es >1000 1430 ± 40 133 ± 52 112 

Empty pUCX >1000 >2000 >250 >150 

Table 4-5 IC50 values of prodrug or imaging probe mediated growth inhibition of 
candidate nitroreductases. Compound-dependent growth inhibition in 7NT was 
monitored by measuring strain turbidity (OD600) pre- and post-four hour 
incubation with a two-fold dilution series of SN36506 (top concentration of 1 
mM, 10 µM PAbN included in challenge media), PR-104A (top concentration of 
2 mM), SN37819 (top concentration of 250 µM), or S33 (top concentration of 
250 µM). Percentage growth relative to unchallenged controls was determined 
and used to calculate the concentration at which 50% growth inhibition was seen 
using GraphPad Prism 7.0. Data are the average of at least 2 biological 
replicates ± SD. IC50 values are colour coded green to yellow to red based on the 
activity of the nitroreductase with the compound (green= highly active, yellow = 
moderate activity, red = low activity). Enzymes are ranked in order of their 
activity with SN36506. 

 

4.3.3.2 Reduction of S33 by purified His6-tagged purified YfkO_Bs variant 

proteins 

Although the activities of the YfkO M2 variants 1_88 and 3_62 with SN36506 

were insufficiently compelling to warrant their selection as candidates for 

SN36506-based CDEPT, they nevertheless performed well with the 

proprietary 5-nitroimidazole PET probe SN37819. This observation suggests 

that the YfkO M2 variants 1_88 and 3_62 might still offer genuine promise 

for PET imaging of C. sporogenes or other GDEPT vectors, using either 5-

nitroimidazole probe. Unfortunately our stock of SN37819 was too limiting 
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to allow a comprehensive kinetic evaluation at a purified protein level to be 

performed. Instead, confirmation that these variants at least exhibited 

improved activity with S33 in vitro was conducted following their cloning 

into the His6-tag expression vector pET28a+, and in vitro kinetics were 

measured for the purified proteins with S33, utilising the glucose oxidase-

catalase oxygen scavenging system described previously in Section 3.3.2.4. 

The YfkO M2 variant 1_88 showed a 4-fold improvement in kcat/ KM over wild-

type YfkO_Bs, with an 8-fold reduction in KM but also a 2-fold decrease in 

kcat. Likewise, YfkO M2 3_62 showed over 2-fold increase in kcat and a 3-fold 

decrease in KM over YfkO_Bs, with a 6.6-fold improvement in kcat/KM overall. 

This demonstrated that directed evolution of YfkO_Bs for improved S33 

activation had successfully generated variants exhibiting improved catalytic 

activity with this PET imaging probe; and in the case of the latter enzyme, 

this was in part due to an improvement in kcat. 

 

Enzyme kcat (s-1) KM (µM) 
kcat/ KM  
(M-1.s-1) 

NADPH 
oxidase 

activity (µM 
NADPH.µM 

enzyme-1.s-1) 
YfkO M2 

1_88 
1.4 ± 0.2 600 ± 160 2,300 ± 700 0.05 ± 0.00 

YfkO M2 
3_62 

5.6 ± 1.2 1500 ± 500 3,700 ± 1500 0.10 ± 0.00 

YfkO_Bs 2.7 ± 1.0 4800 ± 2400 560 ± 350 0.12 ± 0.00 

Table 4-6 Michaelis-Menten kinetic parameters for YfkO M2 variants and S33. 
Initial rates of reduction at varying S33 concentrations and a fixed concentration 
of excess NADPH (250 µM) were monitored at 350 nm, with rates at each S33 
concentration measured in at least triplicate. Apparent KM and kcat at 250 µM 
NADPH with a glucose oxidase-catalase oxygen scavenging system (12 units.mL-

1 glucose oxidase, 12 units.mL-1 catalase, 50 mM glucose) were calculated using 
GraphPad 7.0. An extinction coefficient of 9,650 M-1 cm-1 was used to determine 
rates of nitroreductase-mediated reduction of both S33 and NADPH and errors 
represent ± SEM. NADPH oxidase activity shows enzyme-mediated NADPH 
oxidation in the absence of a glucose oxidase-catalase oxygen scavenging 
system, with an extinction coefficient of 4020 M-1 cm-1 used. 
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4.3.4 Effects of pANO-Duet-1:GFP plasmid on sensitising E. coli to 

nitroreductase-induced growth inhibition 

As previously described in Sections 4.3.2.4 and 4.3.3.4, over the course of 

the research conducted in this chapter it was discovered that different 

biological replicates of SOS-R4 (GFP plasmid-containing) cells over-

expressing the same nitroreductase exhibited substantially different IC50 

assays following challenge with S33. This issue had not been previously 

observed by our research group with the SOS-R2 E. coli strain (containing a 

chromosomally integrated SOS-induced lacZ gene), and it was determined 

that either the plasmid-based reporter system or the GFP product was 

contributing to the differences in sensitivity. In the latter regard, previous 

studies have noted the toxic effects of wild-type GFP aggregate bodies in E. 

coli due to poor protein solubility (Cormack et al., 1996; Crameri et al., 

1996), although the gfpmut3b gene that is present in pANODuet-1:GFP is 

generally regarded to be more soluble (Cormack et al., 1996). This section 

describes efforts to define the extent of the problem and the possible 

implications for directed evolution using the SOS-R4 reporter strain. 

4.3.4.1 Screening of GFP plasmid-containing or lacking E. coli strains with SOS-

inducing or non-inducing nitroaromatic compounds 

We thus sought to test whether SOS-induced GFP production from the 

pANODuet-1:GFP plasmid was contributing to variability in growth 

inhibition of E. coli when exposed to lethal concentrations of nitroaromatic 

compounds. To achieve this, we looked at the variance in IC50 values from 

different biological replicates of cells over-expressing NfsA_Ec when 

exposed either to an SOS-inducing nitroaromatic prodrug (metronidazole) 

or a compound which did not induce the SOS response (the 2-nitroimidazole 

imaging probe HX4). More specifically, direct comparison between the same 

E. coli strain either lacking (7NT) or co-expressing the pANODuet-1:GFP 

plasmid (SOS-R4) and over-expressing NfsA_Ec was conducted. It was 

predicted the production of GFP following challenge with metronidazole in 

the GFP-expressing strain would contribute to more variable IC50 values than 



174 

 

 

the same strain lacking the GFP plasmid. Alternatively, challenge with HX4 

would result in minimal SOS-induced GFP production and non-variable IC50 

values between biological replicates of the GFP-expressing strain. 

 

4.3.4.2 Growth inhibition (IC50) assays with pUCX:NfsA_Ec in 7NT or SOS-R4 cells 

and metronidazole 

NfsA_Ec has been shown by the Ackerley lab to exhibit activity with the 5-

nitroimidazole prodrug metronidazole, and activated metronidazole 

strongly induces the SOS response in both E. coli SOS-R2 and SOS-R4 strains 

(Little, 2015; Prosser et al., 2010b). Growth inhibition assays were conducted 

with 19 different biological replicates of 7NT cells (no GFP plasmid) over-

expressing NfsA_Ec, and 19 different biological replicates of SOS-R4 cells 

(co-expressing GFP plasmid) over-expressing NfsA_Ec, with a dilution series 

of up to 200 µM metronidazole (Figure 4-15). 

As anticipated, the standard deviation in IC50 values between biological 

replicates of NfsA_Ec over-expressing 7NT cells did not exceed 8% of the 

average (102 µM), suggesting that all biological replicates in this strain 

behaved similarly.  

In contrast, a 40% standard deviation in IC50 values was observed between 

biological replicates of NfsA_Ec over-expressing SOS-R4 cells, with a much 

lower average IC50 value of 69 µM. This indicated a substantial difference in 

cell sensitisation to metronidazole between biological replicates of SOS-R4 

cells, and the difference in in IC50 values between 7NT and SOS-R4 cells was 

highly statistically significant (p value < 0.0001).  
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Figure 4-15 IC50 values of metronidazole mediated growth inhibition of NfsA_Ec in 
7NT cells with or without the pANODuet-1:GFP plasmid. 19 different biological 
replicates of E. coli 7NT (-GFP plasmid) bearing pUCX:NfsA_Ec (purple) and 19 
different biological replicates of pUCX:NfsA_Ec in 7NT co-expressing 
pANODuet-1:GFP (+GFP plasmid; blue) were subjected to metronidazole-
dependent growth inhibition, which was monitored by measuring strain turbidity 
(OD600) pre- and post-four hour incubation across a two-fold dilution series of 
metronidazole. Percentage growth relative to unchallenged controls was 
determined and used to calculate the concentration at which 50% growth 
inhibition occurred, using GraphPad Prism 7.0. Data are the average of 3 
replicates (error bars omitted for clarity). Differences between the mean IC50 
values in biological replicates of 7NT or SOS-R4 were statistically significant 
when compared using unpaired Student’s t-tests - **** = p value < 0.0001. 

 

Furthermore, during the measurement of cell turbidity at 4 hours in IC50 

assays in Figure 4-15, the fluorescence of SOS-R4 cultures was also 

measured, and varying levels of background fluorescence in unchallenged 

wells (i.e. not metronidazole-induced GFP) between different cultures were 

revealed. To confirm that presence of different levels of background GFP was 

contributing to the wildly different IC50 values in clonal isolates of NfsA_Ec-

expressing SOS-R4 strains, these background levels of GFP for each culture 

were linearly correlated with the metronidazole IC50 value for the same 

culture (Figure 4-16; IC50 values taken from Figure 4-15). It should be 

noted that all NfsA_Ec-expressing SOS-R4 cultures exhibited similar fold-

increases in fluorescence upon incubation with the lowest concentration of 

metronidazole used in these assays (25 µM metronidazole, at which a 4.9-
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fold increase in fluorescence was observed with a standard deviation of <10% 

between different cultures, results not shown). 

There was a very strong correlation between background fluorescence levels 

and IC50 values of SOS-R4 pUCX:NfsA_Ec cultures (R2 = 0.938, see Figure 

4-16), indicating that cultures with higher background fluorescence (and 

hence more fluorescence upon challenge with lethal concentrations of 

metronidazole) exhibited lower IC50 values with metronidazole. This 

strongly suggested that the variable background levels of GFP across 

different cultures of the same nitroreductase variant played a substantial 

role in sensitising these cultures to lethal concentrations of an SOS-

inducing nitroaromatic compound. 

 

 

Figure 4-16 Linear correlation between background fluorescence levels and IC50 
growth inhibitory effects of metronidazole on SOS-R4 cells over-expressing 
pUCX:NfsA_Ec. IC50 values of 19 different biological replicates of SOS-R4 
pUCX:NfsA_Ec cultures following challenge with up to 200 µM metronidazole in 
growth inhibition assays (data from Figure 4-15) were correlated with the 
observed fluorescence in unchallenged wells (containing 0 µM metronidazole) for 
the same culture in these assays. 
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4.3.4.3 Growth inhibition (IC50) assays with pUCX:NfsA_Ec in 7NT or SOS-R4 cells 

and HX4 

Unlike metronidazole, the 2-nitroimidazole PET imaging probe HX4 has 

been shown by our lab to scarcely induce the E. coli SOS response in the 

SOS-R2 strain, irrespective of whether or not it is over-expressing an 

activating nitroreductase (Williams, 2013). As shown in Section 4.3.4.2, 

metronidazole-induced GFP production via the SOS response played a role 

in the varying IC50 values observed in different cultures of SOS-R4 cells over-

expressing NfsA_Ec. As HX4 does not strongly induce the SOS response, we 

postulated that this variability in IC50 values would not be observed in 

different cultures of SOS-R4 cells over-expressing NfsA_Ec when challenged 

with lethal concentrations of the probe. IC50 assays (Figure 4-17) were 

conducted using a dilution series of up to 300 µM HX4 for 19 different 

biological replicates of 7NT cells over-expressing NfsA_Ec and 19 different 

biological replicates of SOS-R4 over-expressing NfsA_Ec.  

As predicted, no significant difference was observed between IC50 values of 

different biological replicates of 7NT or SOS-R4 cells over-expressing 

NfsA_Ec following challenge with HX4. Furthermore, the standard deviation 

in IC50 values between biological replicates of NfsA_Ec over-expressing SOS-

R4 cells did not exceed 14% of the average, indicating that all 19 cultures 

behaved similarly when challenged with a non-SOS-inducing compound. 

This indicated that the effects of GFP on the variability of IC50 values of 

nitroreductase variants in the SOS-R4 strain was only an issue when the 

cells were challenged with an SOS-inducing nitroaromatic substrate.  
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Figure 4-17 IC50 values for HX4 mediated growth inhibition of NfsA_Ec over-
expressed in biological replicates of 7NT or SOS-R4 strains. 19 different biological 
replicates of pUCX:NfsA_Ec in 7NT (-GFP plasmid; purple) and 19 different 
biological replicates of pUCX:NfsA_Ec colonies in SOS-R4 (+GFP plasmid; blue) 
were subjected to HX4-dependent growth inhibition, which was monitored by 
measuring strain turbidity (OD600) pre- and post-four hour incubation with a 
two-fold dilution series of HX4, with a top concentration of 300 µM. Percentage 
growth relative to unchallenged controls was determined and used to calculate 
the concentration at which 50% growth inhibition was seen using GraphPad 
Prism 7.0. Data are the average of 3 biological replicates (error bars omitted for 
clarity). Differences between the mean IC50 values in 7NT and SOS-R4 colonies 
were not statistically significant when compared using unpaired Student’s t-tests 
(p value = 0.17). 

 

4.3.5 Attempts to develop unstable GFP reporter strains 

The results from Section 4.3.4 showed that background levels of GFP played 

a role in the sensitising of E. coli cells over-expressing NfsA_Ec to 

nitroreductase-activated SOS-inducing compounds. We postulated that this 

background GFP could have been caused by natural cellular induction of the 

SOS response such as in response to changes in pH (Dri and Moreau, 1994) 

or during transition into early stationary phase (Taddei et al., 1995), and 

were exacerbated by the long half-life of GFPmut3b (>24 hours) (Andersen et 

al., 1998). We therefore sought to determine if the use of more unstable GFP 

variants, having half-lives of less than two hours might mitigate this effect, 

by ensuring substantial levels of GFP were only produced when the SOS 
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response was activated in E. coli cells following nitroreductase-activated 

compound-mediated DNA damage. 

 

4.3.5.1 Cloning of unstable GFP variants into pANODuet-1 

One of the natural protein degradation pathways in E. coli involves 

recognition of prematurely terminated peptides by ssrA mRNA, which leads 

to the addition of a peptide tag, AANDENYALAA, to the C-terminal end of 

the protein and degradation by tail-specific proteases (Keiler et al., 1996). 

For the study of transient gene expression in E. coli, Andersen et al., (2008) 

constructed GFP variants containing different C-terminal peptide tags to 

study their effects on the half-life of GFP. Four different variations of this 

tag were added to the end of the gfp gene sequence, as changes in the last 

three residues of the tag sequence had been shown to affect the half-life 

stability of proteins (Keiler and Sauer, 1996). This led to the construction of 

four different unstable GFP variants (with AANDENYALAA, 

AANDENYALVA, AANDENYAASV, or AANDENYAAAV C-terminal tags), 

having half-lives ranging from 40 minutes (LVA and LAA), to 60 minutes 

(ASV) and 110 minutes (AAV) (Andersen et al., 1998).  

We utilised similar primers to those designed by Andersen et al. to add these 

four different tags to the 3’ end of the gfpmut3b gene (see Figure 4-18 for C-

terminal tag sequences). Andersen et al. also included a six base-pair 

sequence between the end of the gfp gene and the peptide tags, 

corresponding to a StuI restriction site, however this was presumed to be 

unimportant for protease recognition and was omitted from our primer 

sequences. Our forward primer also included the accidental amino acid 

change S2R introduced by Andersen et al. during their creation of GFP 

variants; however they stressed that this did not appear to cause any 

phenotypic changes in the protein (Andersen et al., 1998). The four different 

unstable GFP genes were PCR amplified and re-cloned into pANO:Duet-1 in 

place of GFPmut3b. 
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Figure 4-18 Sequence alignment of GFPmut3b and unstable GFP variant genes 
(including amino acid translations). Alignment shows the final five amino acids in 
GFPmut3b, and the four different peptide tags added to the C-terminal end of 
GFPmut3b to generate four different unstable GFP variants. 
 

 

4.3.5.2 Growth inhibition (IC50) assays with pUCX:NfsA_Ec and GFP unstable 

variants in 7NT with metronidazole 

To determine if these unstable GFP variants could be substituted for 

pANODuet-1:GFP in IC50 assays, and whether this would effectively resolve 

the issue of E. coli cells becoming hyper-sensitised to genotoxic prodrug 

metabolites, the effect of each construct on the growth inhibition of 7NT 

cells also over-expressing NfsA_Ec following challenge with metronidazole 

was determined. 

7NT cells bearing pUCX:NfsA_Ec were transformed with each of the four 

pANODuet-1:unstable_GFP plasmids, and 18 different biological replicates 

from each co-transformation, alongside 18 different biological replicates 

each of SOS-R4 cells bearing pUCX:NfsA_Ec and 7NT cells containing both 

pUCX:NfsA_Ec and pCDFDuet-l (i.e., a GFP-null control for the pANODuet-1 

plasmid), were subjected to growth inhibition assays with 50 µM 

metronidazole (Figure 4-19). 
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Figure 4-19 Metronidazole mediated growth inhibition of 7NT cells co-expressing 
pUCX:NfsA_Ec and pANODuet-1:GFP variants. 7NT cells expressing 
pUCX:NfsA_Ec and also co-expressing either pANODuet-1:GFP (SOS-R4 cells), 
pANODuet-1:GFP unstable variants (GFP.LVA, GFP.LAA, GFP.ASV, GFP.AAV), 
or pCDFDuet-1 were subjected to metronidazole dependent growth inhibition, 
which was monitored by measuring strain turbidity (OD600) pre- and post-four 
hour incubation with 50 µM metronidazole. Percentage growth relative to 
unchallenged controls was determined. Data are the average of 3 biological 
replicates (error bars omitted for clarity). 

 

The average growth inhibition of 7NT cells co-expressing pUCX:NfsA_Ec and 

pCDFDuet-1 was 37% (with 13% standard deviation). It was reasoned that if 

7NT cells co-expressing a particular unstable GFP variant exhibited similar 

levels of growth inhibition, then that particular fluorescent protein would be 

unlikely to play a role in the sensitising of E. coli to SOS-inducing 

nitroaromatic compounds. If so, it could be used to replace GFPmut3b in the 

pANODuet:1 plasmid.  

However the average growth inhibition of 7NT cells bearing any of the four 

unstable GFP variants was over 50%, similar to that observed in SOS-R4 

cells, indicating that even the presence of less stable forms of GFP still had 

an effect on sensitising E. coli to nitroreductase-mediated growth inhibition. 

Furthermore, 7NT cells expressing any of the four unstable GFP variants 

showed widely varying colony sizes when plated on LB agar plates, a 
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phenomenon not observed with plated SOS-R4 cells (results not shown), 

suggesting that the unstable GFP variants affected E. coli growth negatively 

and to a far greater extent than GFPmut3b. As a consequence, efforts to 

improve the GFP reporter strain for nitroreductase were not pursued further. 

 

4.4 Discussion 

The research described in this chapter involved the introduction of random 

mutations into the genes encoding YcnD_Bs and YfkO_Bs, and selection of 

improved S33-activating variants using an E. coli GFP-based reporter strain 

and FACS. Ultimately three YfkO_Bs variants generated after two rounds of 

random mutagenesis and selection were found to sensitise E. coli to over 2.4-

fold lower concentrations of S33 than wild-type YfkO_Bs, and purified 

enzymes of two of these variants exhibited 4-fold and 6.6-fold 

improvements in kcat/KM with S33 respectively. When compared to improved 

NfsA_Ec variants generated in Chapter 3, YfkO variant M2 3_62 only showed 

a 2-fold lower kcat/KM than NfsA R225A with S33, but exhibited both a much 

higher kcat (8-fold higher) and KM (16-fold higher). As neither variant has yet 

been transfected into cancer cell lines, it is difficult to determine which 

kinetic profile may translate to improved activation of S33 in human tissues. 

The two YfkO M2 variants 3_62 and 1_88 also exhibited the capacity to 

sensitise E. coli to lower concentrations of next-generation PET imaging 

probes than YfkO_Bs. 

One key limitation of the evolution conducted on YfkO_Bs in this chapter 

was the inability to generate large error-prone libraries containing >103 

variants prior to FACS, and YfkO activity with S33 could likely be improved 

further with subsequent rounds of mutagenesis and selection. However, the 

generation of improved NfsB family enzymes for CDEPT clinical trials was a 

major driver of the work conducted in this chapter, and YfkO M2 variants 

counter-screened alongside other nitroreductase candidates with the next-

generation lead candidate prodrug SN36506 showed only moderate levels of 

activity with this substrate. Ultimately the NfsB_Vv variant F70A/F108Y, 
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which was screened in this panel of enzymes, showed the ability to sensitise 

E. coli to nearly two-fold lower concentrations of SN36506 than the YfkO 

variants, and we decided to complete our evolution of YfkO_Bs here and 

move onto attempts to improve NfsA_Ec activity with S33 further in 

Chapter 5. 

During PCR amplification of a mixed template of leading Round 1 genes for 

Round 2 directed evolution, using the GeneMorphII DNA polymerase, we 

noticed the generation of variants that possessed combinations of mutations 

found in Round 1 variants. Two of the leading YfkO variants found in Round 

2, M2 3_62 and 1_32, only contained amino acid substitutions that had been 

combined from different Round 1 variants, illustrating the potential of DNA 

shuffling to reveal the synergistic effects of combined mutations on enzyme 

activity. The inclusion of multiple template variant genes from lead 

candidates in epPCR reactions should allow for this approach to enzyme 

evolution to occur in future directed evolution projects. 

Attempts to improve the activity of YcnD_Bs by using site-targeted libraries 

in Chapter 3 had previously shown limited success, with the best variants 

showing a 3-fold improvement in kcat/KM over wild-type YcnD_Bs, which was 

still nearly 3-fold lower than that observed in the NfsA_Ec variant R225A. 

Unfortunately attempts to improve YcnD_Bs activity using random 

mutagenesis and FACS selection were also unsuccessful due to the initial 

comparisons against a wild-type YcnD_Bs control that expressed at far lower 

levels, and the nature of which was not discovered until after the two rounds 

of directed evolution. This meant that improvements in the ability of 

variants to generate higher levels of S33-induced GFP production over wild-

type YcnD_Bs or sensitise E. coli to lower lethal concentrations of S33, had 

been artificially inflated until the discovery that the parent enzyme was 

cloned into low-expressing pUCX. Furthermore, experiments conducted in 

Section 3.3.1.1 indicated that high intracellular levels of over-expressed 

YcnD_Bs induced by IPTG concentrations over 10 µM showed a diminished 

ability to reduce the 5-nitroimidazole prodrug metronidazole, which we 
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have speculated is due to the inability of E. coli to generate enough 

intracellular NADPH to keep up with the reaction. Wild-type YcnD_Bs 

induced by 50 µM IPTG in high-expressing pUCX also exhibits high levels of 

activity with S33, which could impede efforts to accurately determine any 

improvements in activity of YcnD variants with the probe in vivo. Thus for 

any future directed evolution work involving YcnD_Bs, the lowering of 

concentrations of IPTG to £10 µM should allow for accurate assessment of 

the ability of YcnD variants to activate S33 in E. coli. Alternatively, 

metabolic engineering via co-expression of an intracellular cofactor-

regenerating enzyme such as glucose dehydrogenase (which is currently 

being investigated in the Ackerley lab in vitro as a means of regenerating 

NADPH for nitroreductase kinetic assays with metronidazole) might provide 

a viable means of maintaining concentrated pools of NADPH in the cell. 

During the creation of error-prone libraries, we experienced issues both in 

generation of E. coli cells with high enough electrocompetent efficiency to 

transform in large numbers of variants, and with low cloning efficiency of 

epPCR products into the pUCX plasmid (both these protocols have since 

been optimised over the course of my PhD and are detailed in Sections 

2.6.6.1 and 2.6.9.3). This severely limited our ability to create large random 

mutagenesis libraries, which would have limited our potential to find 

improved S33-activating variants. In particular, no large libraries of YfkO_Bs 

variants (both YfkO M1 and M2 libraries contained <104 post-niclosamide 

selection) were ever subjected to FACS. The small library sizes of both YfkO 

M1 and M2 libraries could have explained our apparent inability to select for 

variants that induced a >2-fold increase in fluorescence over wild-type 

YfkO_Bs following challenge with S33 post-FACS. The comparison of 

niclosamide-selected variants directly against those selected by FACS would 

have revealed if this selection, was in fact not allowing for the recovery of 

variants most capable of activating S33, and only allowing for the selection 

of more mediocre YfkO enzymes. 
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The discovery that pANODuet-1:GFP was contributing to the sensitising of 

E. coli to lethal concentrations of nitroaromatic compounds, including S33, 

came as a surprise as we had not previously observed this in the E. coli SOS-

R2 strain, which contains a chromosomally integrated lacZ reporter instead 

of a plasmid-based GFP reporter. We postulate that this is due to toxicity of 

GFP to the cells, however our attempts to utilise unstable GFP variants in its 

place did not alleviate this problem, in part due to their irregular effects on 

cell growth. Use of other coloured fluorescent proteins that are not 

cytotoxic, such as red fluorescent proteins (Shemiakina et al., 2012), could 

alleviate this issue, with an added advantage of the longer-wavelength 

fluorescent reporter proteins being that their excitation/emission 

wavelengths do not overlap with E. coli autofluorescence, and therefore 

would likely improve single-cell analysis and sorting during flow cytometry 

experiments.  

However in Section 4.3.4 we showed that different SOS-R4 cultures 

exhibited varying levels of background activation of the SOS response, 

leading to different basal levels of GFP in cells. This could potentially be due 

to the lower natural levels of repression of a high-copy number plasmid-

based SOS reporter (for which there is still only a single chromosomal copy 

of the lexA repressor gene). We theorised that this could have limited the 

efficacy of FACS sorting of the most active variants, as it could allow for 

both the selection of cells with high background levels of GFP that do not 

necessarily exhibit the highest activity with S33, as well as catalytically 

superior variants. To solve this issue, more basal repression of background 

induction of the E. coli SOS response and genes under control of the 

plasmid-based sfiA’ promoter could be generated through increasing the 

increasing the copy number of the SOS repressor gene lexA. The cloning of 

lexA into the second multiple-cloning site of pANODuet-1 could potentially 

allow for high levels of GFP reporter gene production only after prodrug or 

probe-mediated DNA damage.  
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Finally, we observed low recovery of sorted events collected during FACS 

(<20% of sorted cells). Fluorescent DNA-binding dyes, such as propidium 

iodide which does not cross intact cell membranes (Jepras et al., 1995), could 

be utilised in future FACS experiments to allow for more efficient selection 

of fluorescent cells that are more likely to recover following FACS. Double 

gating E. coli cells on both intracellular GFP production and propidium 

iodide binding has been shown to successfully distinguish between 

populations of live cells, membrane-compromised cells and dead cells 

(Lehtinen et al., 2004), and selection of non-propidium iodide-binding cells 

could allow for improved recovery rates of cells post-FACS. 
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Chapter 5.  Validation of positive selection 

compounds to improve NfsA_Ec activation of S33  

5.1 Introduction 

The primary strategies described thus far for screening and selection of 

nitroreductases exhibiting improved abilities to activate S33 have involved 

specialised E. coli screening strains, which generate quantifiable colorimetric 

or fluorometric products following induction of an SOS response promoter. 

However, there have been clear limitations with each approach– the 

relatively low-throughput LacZ-based screen limits library sizes that can be 

easily screened to <104 variants, whereas the GFP-based screen, which 

allows for high-throughput screening using FACS, suffers from a high rate of 

selection of highly fluorescent variants that do not necessarily exhibit 

significantly improved activity with S33. 

In Chapter 4 low concentrations of the ‘anti-prodrug’ niclosamide were 

applied as a mild selection pressure to random mutagenesis libraries, 

allowing for the elimination of inactive nitroreductases from these libraries 

prior to more targeted S33-specific screening. In this chapter, we explored 

the potential of niclosamide and other positive selection compounds for use 

as sole selection tools to recover improved S33-activating variants from an 

immense NfsA_Ec multi-site saturation mutagenesis library. 

 

5.1.1 The NfsA_Ec 7SM library 

The 7SM library was designed as an NfsA_Ec site-targeted library resource 

for the Ackerley lab, using both empirical and computational data to select 

seven residues in the active site of NfsA_Ec which appeared amenable to 

productive amino acid substitutions (Figure 5-1). The empirical data 

involved previous evolution conducted on NfsA_Ec to improve activity with 

the prodrug PR-104A (Copp et al., 2017) or with the 2-nitroimidazole PET-

imaging agent EF5 (Williams, 2013), which identified five active site residues 
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where different amino acid substitutions improved enzyme activity with 

these substrates (S41, F42, F83, K222, R225). The online software HotSpot 

Wizard 1.7 (http://loschmidt.chemi.muni.cz/hotspotwizard/; Pavelka et al., 

2009) was then used to computationally identify two other catalytically 

important sites that showed high amino acid diversity over database-

deposited gene sequences (S224, F227).  

 

 

Figure 5-1 Active site residues of NfsA_Ec targeted for site saturation mutagenesis 
in the 7SM library. Modelling of active site residues in NfsA_Ec that are mutated 
in the 7SM library, highlighted in purple. The FMN molecule is coloured yellow.  

 

To introduce alternative amino acids at six of the target positions, the 

corresponding codon in the nfsA gene was mutated using an NDT 

degeneracy (N: A/C/T/G; D: A/G/T, T: T; Table 5-1). An NDT degenerate 

codon allows for 12 possible codons that specify 12 unique amino acids (Phe, 

Leu, Ile, Val, Tyr, His, Asn, Asp, Cys, Arg, Ser, Gly) – a balanced mix of polar 

and non-polar, alipathic and aromatic, and negatively and positively 

charged amino acids (Reetz et al., 2008); it also allowed for the wild-type 
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amino acid to be encoded at each of these sites. For amino acid site 222, as 

the wild-type Lys could not be coded for with NDT, the degenerate codon 

NNK (K: guanine/thymine; Table 5-1), was used instead, allowing for 32 

codons and all 20 proteinogenic amino acids to be encoded (Reetz et al., 

2008). The 7SM library had in total nearly 96 million possible codon 

combinations, and was ordered as a synthetic gene cloned into what was 

discovered to be low-expressing pUCX (see Section 3.3.1); consequently, all 

assays in this chapter were performed in comparison to a positive control of 

wild-type NfsA_Ec in low-expressing pUCX. 

 

WT aa 
residue 

NDT/NNK codon 
degeneracy 

S41 NDT 
F42 NDT 
F83 NDT 

K222 NNK 
S224 NDT 
R225 NDT 
F227 NDT 

Table 5-1 NfsA_Ec amino acid residues targeted for site saturation mutagenesis in 
the7SM library with degenerate codons. 

 

At this stage of my research the 7SM library was (by several orders of 

magnitude) the largest site-targeted nitroreductase variant library the 

Ackerley group had designed (the prior largest libraries created by our group 

each only containing approximately 1700 variants; Copp et al., 2017; Swe et 

al., 2012). Owing to the drastic randomisation of the NfsA active site, it was 

anticipated to provide a large collection of variants of which the majority 

would be non-functional; however it was reasoned that the potential for 

selection of functional variants possessing very different active sites to wild-

type NfsA_Ec could allow for rapid improvement of activity with non-natural 

substrates. 
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5.1.2 Chloramphenicol as a positive selection compound 

 

 

Figure 5-2 Chemical structure of chloramphenicol. 

 

Chloramphenicol (chemical structure shown in Figure 5-2), one of the few 

naturally occurring nitro-compounds, is produced by different bacterial 

species including Streptomyces venezuelae (Fernández-Martínez et al., 2014), 

and was the first broad-spectrum antibiotic introduced to the market in 1949 

(Feder et al., 1981). It is active against a wide range of Gram-positive and 

Gram-negative bacteria, and works through inhibition of the bacterial 

ribosome (Feder et al., 1981). Although unknown to us at the time, nitro-

reduction of chloramphenicol to the amine product has previously been 

hypothesised as a possible mechanism for resistance to chloramphenicol in 

bacterial species (Yunis, 1988). Preliminary research conducted by our lab 

had indicated that it could have potential use as a positive selection tool for 

nitroreductases in the same manner as niclosamide (Dr Elsie Williams, 

personal communication). 

 

5.1.3 Counter-screening of selected NfsA_Ec variants with nitroaromatic 

compounds 

The primary goal of the research described in this chapter was to discover 

NfsA_Ec variants that showed improved capabilities to activate S33; 

however, to further investigate the potential of niclosamide or 

chloramphenicol selection(s) for variants exhibiting a range of desirable 

activities, selected variants were also counter-screened with other 

nitroaromatic compounds of potential interest, as detailed below. 
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5.1.3.1 CB1954 

As described in Section 1.4, there has long been interest in the development 

of improved nitroreductases for the activation of CB1954 in nitroreductase-

based GDEPT, in particular enzymes that could efficiently activate this 

prodrug at concentrations below that of the maximum tolerated dose in 

humans (ca. 5.8 µM; Chung-Faye et al., 2001). There has also been interest 

in our research group in the evolution of nitroreductases for improved 

activation of the next-generation prodrug PR-104A (Section 1.4.3, e.g., 

Copp et al., 2017); however, due to limited stocks of this propriety 

compound, in this current study 7SM variants were only conducted with 

CB1954. 

 

5.1.3.2 Metronidazole and zebrafish targeted cell ablation 

The zebrafish is an excellent vertebrate disease model organism for 

investigating development from the transparent embryonic stage onwards, 

and it exhibits both phenotypic and genetic similarities to humans, which 

allows for the modelling the role of specific cells or tissues in human 

development or physiological processes and for studying tissue regeneration 

(Lieschke and Currie, 2007). One method developed for conditional ablation 

of target zebrafish cells involves the combination of E. coli NfsB and the 

clinically relevant 5-nitroimidazole antibiotic metronidazole (chemical 

structure shown alongside that of S33 in Figure 5-3), with target cells being 

defined via nfsB expression under control of a tissue-specific promoter in a 

transgenic zebrafish line (Curado et al., 2007; Pisharath et al., 2007).  

Activation of metronidazole by NfsB converts it from an inactive prodrug 

into a DNA interstrand cross-linking agent (Bridgewater et al., 1997; 

Edwards, 1993). However, unlike CB1954, the products formed from 

metronidazole reduction are not cell-permeable and do not generate a 

bystander effect (Bridgewater et al., 1997), which makes it an ideal drug for 

targeted ablation studies as the active metabolites are confined to the target 

cell.  
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Figure 5-3 Chemical structure of the 5-nitroimidazole compounds metronidazole 
and S33. 

 

Unfortunately, this system suffers from the inherent poor activity of E. coli 

NfsB with metronidazole, which necessitates lengthy co-incubation of 

zebrafish with the prodrug (>24 h), and a challenge concentration (10 mM) 

that is close to lethal levels of metronidazole for zebrafish (Curado et al., 

2007).  As well the potential for NfsA_Ec 7SM variants that show improved 

activity with metronidazole to be used as alternative enzymes in zebrafish 

targeted ablation, we sought to investigate its ability to act as a potential 

surrogate for preliminary screening of 7SM variants for improved S33 

activation, due to our limited stocks of the latter. Both are 5-nitroimidazole 

compounds, and hence share identical structures at the nitroaromatic ring, 

where reduction by the nitroreductase occurs (Figure 5-3). 

 

5.1.3.3 2-nitroimidazole compounds 

 

Figure 5-4 Chemical structures of 2-nitroimidazole compounds RB6145, RSU1069, 
and azomycin. 
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As described in Section 1.6.4, previous research conducted in the Ackerley 

lab evaluated nitroreductases for their ability to active 2-nitroimidazole 

hypoxia-activated PET imaging probes, such as EF5, F-MISO and HX4 to 

repurpose them for clinical imaging of nitroreductase localisation during 

GDEPT (Williams, 2013). However, due to limited stocks of all three probes, 

variants were instead preliminarily screened for activity with the 2-

nitroimidole drug RB6145 (the precursor to RSU1069, a hypoxic cell 

radiosensitiser and chemotherapeutic; Jenkins et al., 1990; chemical 

structures of compounds shown in Figure 5-4; Williams, 2013). 

Unfortunately, our stocks of RB6145 were subsequently limited, and for the 

purposes of the research conducted in this chapter, we turned to azomycin 

(chemical structure shown in Figure 5-4) as an alternative, more readily 

available 2-nitroimidazole surrogate for EF5 and HX4 activity.  

 

5.1.3.4 Nitrofurans 

 

Figure 5-5 Chemical structures of the nitrofuran drugs nitrofurantoin and 
nitrofurazone. 

 

Nitrofurazone and nitrofurantoin (chemical structures shown in Figure 5-5) 

are two nitrofuran drugs used clinically for the treatment of bacterial 

infections (Guay, 2001). Both E. coli NfsA and NfsB enzymes are capable of 

activating nitrofurazone, with mutations in nfsA (first-step inactivation) 

followed by nfsB (second-step inactivation) genes found in nitrofurazone-

resistant E. coli strains (Bryant et al., 1981; Whiteway et al., 1998). Other 

nitroreductases including NfrA from B. subtilis (Zenno et al., 1998), NfsA 
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from Enterobacter cloacae (Bryant and DeLuca, 1991), Frp from V. harveri 

(Kwak et al., 2003), NprA from Rhodobacter capsulatus (Pérez-Reinado et al., 

2008), SnrA and Cnr from S. typhimurium (Salamanca-Pinzón et al., 2006), 

and FrxA and RdxA from H. pylori (Olekhnovich et al., 2009; Sisson et al., 

2002) all exhibit the ability to activate nitrofuran drugs. Consistent with 

this, the Ackerley lab has found that the majority of NfsA and NfsB family 

enzymes from the 58 nitroreductase library are able to reduce these 

compounds (Condon, 2013). To better probe the activity range of selected 

nitroreductases with structurally diverse nitroaromatic substrates, these 

compounds were included in the panel of substrates to be counter-screened 

with NfsA_Ec 7SM variants. 

 

5.1.3.5 Bioremediation of nitrotoluenes 

2,4,6-trinitrotoluene (TNT) has been heavily produced as an explosive and is 

a prevalent and toxic environmental pollutant. Residual TNT and its 

manufacturing by-products, including 2,4-dinitrotoluene (2,4-DNT; both 

chemical structures shown in Figure 5-6), have been found near 

manufacturing plants and above land mines (Frische, 2002; Jenkins et al., 

2001; Neuwoehner et al., 2007; Sylvia et al., 2000). 

 

Figure 5-6 Chemical structures of TNT (2,4,6-trinitrotoluene) and 2,4-DNT (2,4-
dinitrotoluene) 

 

 Type I nitroreductases from Klebsiella (Kim and Song, 2005; Kim et al., 

2002), Pseudomonas (Caballero et al., 2005), Vibrio (Kwak et al., 2003), 
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Gluconobacter (Yang et al., 2016), Escherichia (González-Pérez et al., 2007; 

Yin et al., 2005) and Clostridium species (Kutty and Bennett, 2005) have been 

shown to be able to reduce the nitro groups of TNT and/or 2,4-DNT to 

generate hydroxylamine products for use as sources of nitrogen for host 

organism growth (González-Pérez et al., 2007). Mutation of E. coli NfsB 

showed that the single amino acid substitutions F123A and F124W, and the 

double variant F123A/F124W all exhibited improved kcat/KM with TNT over 

wild-type NfsB (Bai et al., 2015b). There has also been interest in the use of 

transgenic tobacco plants expressing nitroreductases for the biodegradation 

of TNT (Hannink et al., 2001; Kurumata et al., 2005; Van Dillewijn et al., 

2008). Previous research conducted in the Ackerley lab showed that NfsA 

(but not NfsB) family enzymes showed the capacity to active 2,4-DNT 

(Williams, 2013). 

 

5.2 Aims 

• Evaluate the potential of azomycin and metronidazole to act as 

screening surrogates for the 2-nitroimidazole RB6145 and 5-

nitroimidazole S33, respectively.  

• Use niclosamide and chloramphenicol as positive selection 

compounds to recover functional nitroreductase variants from a 

heavily active-site-randomised library of nfsA variants. 

• Screen variants selected from the second aim for activity with a range 

of nitroaromatic compounds. 

 

5.3 Results 

5.3.1 Evaluation of metronidazole and azomycin as surrogate compounds for 

RB6145 and S33 

As described in Sections 5.1.3.2 and 5.1.3.3, due to limited stocks of the 

compounds S33 and RB6145, we turned to the use of metronidazole or 

azomycin as surrogates respectively in preliminary screening for improved 
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NfsA variants. To evaluate their suitability as surrogates, we compared the 

abilities of nitroreductases from the 58 nitroreductase library to sensitise E. 

coli 7NT cells to lethal concentrations of all four compounds. 

 

5.3.1.1 Correlation of S33 and metronidazole growth inhibition data 

The abilities of 18 different wild-type nitroreductases to sensitise E. coli 7NT 

cells to lethal concentrations of metronidazole were determined (Table 

5-2), and compared to previously calculated IC50 values for the same 

nitroreductases with S33 (Column 3 of Table 5-2, data duplicated from 

Table 3-4). 

 
Family Enzyme 

S33 IC50 
(µM) 

Metronidazole 
IC50 (µM) 

 NfsA YcnD_Bs 19.4 ± 1.5 4.6 ± 1.2 
 NfsA CO-Frp_Vh 21.0 ± 4.7 23.8 ± 3.6 
 NfsA NfsA_Vf 22.2 ± 1.5 20.7 ± 5.2 
 NfsA NfsA_Vv 26.8 ± 4.5 57.2 ± 2.0 
 NfsB NfsB_Es 33.3 ± 1.3 38.8 ± 2.2 
 NfsA NfrA_Bs 35.9 ± 3.0 43.4 ± 2.5 
 NfsB FRaseI_Vf 36.8 ± 3.7 34.2 ± 0.5 
 NfsA NfsA_Ec 40.0 ± 1.3 105 ± 7 
 NfsA NfsA_St 43.6 ± 3.0 144 ± 3 
 NfsA NfsA_Ck 44.9 ± 3.7 201 ± 18 
 NfsA NfsA_Kp 50.5 ± 8.3 302 ± 87 
 NfsB YfkO_Bs 52.1 ± 6.7 212 ± 2 
 NfsB NfsB_Vh 64.3 ± 9.3 11.7 ± 1.7 
 Nitroreductase 1 YdgI_Bs 64.6 ± 9.5 125 ± 11 
 NfsA NfsA_Li 119 ± 11 326 ± 60 
 NfsA Frp_Vh 213 ± 19 >1000 
 NfsA NfsA_Lw 265 ± 30 764 ± 52 
 NfsA EcD_Pp 279 ± 26 411 ± 104 
  Empty pUCX >>300 >>1000 

Table 5-2 IC50 values for S33 or metronidazole mediated growth inhibition of 18 
highly active nitroreductases from the 7NT E. coli 58 nitroreductase over-
expression library. Metronidazole-dependent growth inhibition was monitored by 
measuring strain turbidity (OD600) pre- and post-four hour incubation across a 
two-fold dilution series of metronidazole, using a top concentration of 1 mM 
metronidazole. Percentage growth relative to unchallenged controls was 
determined and used to calculate the concentration at which 50% growth 
inhibition was seen using GraphPad Prism 7.0. Data are the average of 3 
biological replicates ± SD. Enzymes are ranked by their ability to sensitise 7NT 
cells to S33 (data duplicated from Table 3-4). 
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With the exception of Frp_Vh, IC50 values for 7NT cells over-expressing 

selected wild-type nitroreductases were generated using a top concentration 

of 1 mM metronidazole. NfsA_Ec induced a two-fold lower IC50 in 7NT cells 

with metronidazole than that observed with the enzyme and S33. A log-log 

correlation was conducted with S33 IC50 values generated in Section 3.3.2.2 

(Figure 5-7). We observed a moderate correlation (R2 = 0.57) between S33- 

and metronidazole-mediated IC50 values in 7NT strains over-expressing 

wild-type nitroreductases, and proceeded with the use of metronidazole for 

the preliminary assessment of the abilities of variants from the NfsA_Ec 7SM 

library to activate S33. 

 

 

Figure 5-7 Log-log correlation between IC50 growth inhibitory effects of S33 and 
metronidazole in 7NT nitroreductase over-expression strains. IC50 values of 7NT 
cells over-expressing 18 different wild-type nitroreductases from the 58 
nitroreductase family following challenge with up to 300 µM S33 (Table 3-4) 
and 1000 µM metronidazole in IC50 assays (Table 5-2). Frp_Vh was dropped 
from consideration due to its inability to sensitise 7NT cells to up to 1 mM 
metronidazole. 

 

5.3.1.2 Correlation of RB6145 and azomycin growth inhibition 

The abilities of the same 18 different wild-type nitroreductases from Table 

5-2 to sensitise E. coli 7NT cells to lethal concentrations of RB6145 or 

azomycin were also determined (Table 5-3). With the exception of NfsB_Vh, 
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IC50 values were able to be generated for 7NT cells over-expressing selected 

nitroreductases using a top concentration of 250 µM for both RB6145 and 

azomycin. As previously shown by the Ackerley group, NfsA family enzymes 

demonstrated higher levels of activity with RB6145 than NfsB family 

enzymes (Williams, 2013); this trend also held true with azomycin as a 

substrate. The IC50 value of 7NT cells over-expressing NfsA_Ec in response to 

challenge with azomycin was 1.5-fold higher than that of RB6145. For all 

NfsB family enzymes analysed, much higher IC50 values were observed with 

RB6145 than those seen with azomycin. We theorised this could perhaps be 

due to the smaller size of the latter compound allowing it easier access into 

the NfsB enzyme active site. This trend was not seen in NfsA family 

enzymes, which could reflect structural differences in the NfsA and NfsB 

enzyme active sites – the active site of E. coli NfsA is regarded as being more 

‘open’ than that of E. coli NfsB (Vass et al., 2009). A log-log correlation was 

conducted between RB6145 and azomycin-induced IC50 values (Figure 5-8). 
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Family Enzyme 

RB6145 
IC50 (µM) 

Azomycin IC50 
(µM) 

 NfsA NfsA_St 6.4 ± 0.2 10.2 ± 0.7 
 NfsA NfsA_Ck 8.9 ± 1.2 13.5 ± 2.1 
 NfsA NfsA_Ec 10.3 ± 1.6 16.6 ± 3.3 
 NfsA CO-Frp_Vh 11.6 ± 1.2 12.2 ± 0.7 
 NfsA Frp_Vh 12.6 ± 0.5 25.5 ± 3.9 
 NfsA NfsA_Kp 13.9 ± 0.5 19.8 ± 1.3 
 NfsA EcD_Pp 15.2 ± 1.4 24.8 ± 2.0 
 NfsA NfsA_Vf 16.5 ± 1.8 17.6 ± 1.8 
 NfsA NfsA_Vv 17.7 ± 3.1 15.6 ± 2.0 
 NfsA NfrA_Bs 17.9 ± 2.3 13.1 ± 1.3 
 NfsA YcnD_Bs 18.7 ± 4.9 14.5 ± 1.4 
 NfsA NfsA_Li 28.9 ± 5.4 27.8 ± 1.9 
 NfsA NfsA_Lw 29.3 ± 3.3 25.3 ± 3.4 
 Nitroreductase 1 YdgI_Bs 41.3 ± 3.4 51.2 ± 8.6 
 NfsB FRaseI_Vf 42.7 ± 0.5 27.9 ± 1.2 
 NfsB YfkO_Bs 109 ± 11 43.9 ± 0.5 
 NfsB NfsB_Es 163 ± 8 47.4 ± 6.7 
 NfsB NfsB_Vh >250 50.1 ± 9.6 
  Empty pUCX >>250 >>250 

Table 5-3 IC50 values for RB6145 or azomycin mediated growth inhibition of 18 
nitroreductases from the 7NT E. coli nitroreductase over-expression library. 
RB6145- or azomycin-dependent growth inhibition was monitored by measuring 
strain turbidity (OD600) pre- and post-four hour incubation across a two-fold 
dilution series of RB6145 or azomycin, with a top concentration of 250 µM. 
Percentage growth relative to unchallenged controls was determined and used to 
calculate the concentration at which 50% growth inhibition was seen using 
GraphPad Prism 7.0. Data are the average of 3 biological replicates ± SD. 
Enzymes are ranked by their ability to sensitise 7NT cells to RB6145. 

 

A moderate correlation (R2 = 0.61) between RB6145- and azomycin-mediated 

growth inhibition in 7NT strains was observed, and on this basis we decided 

to proceed with azomycin as a surrogate for preliminary determination of 

the abilities of variants from the NfsA_Ec 7SM library to activate other 2-

nitroimidazole substrates. 
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Figure 5-8 Log-log correlation between IC50 growth inhibitory effects of RB6145 
and azomycin in 7NT nitroreductase over-expression strains. IC50 values of 7NT 
cells over-expressing 18 different wild-type nitroreductases from the 58 
nitroreductase library following challenge with up to 250 µM RB6145 or 250 µM 
azomycin in IC50 assays (Table 5-3). NfsB_Vh was dropped from consideration 
due to its inability to sensitise 7NT cells to up to 250 µM RB6145. 

 

5.3.2 Effects of niclosamide selection on 7NT cells over-expressing NfsA_Ec 

and 7SM library variants 

5.3.2.1 Niclosamide selection of 7NT cells over-expressing wild-type NfsA_Ec in 

low-expressing pUCX 

Niclosamide selection of the 7SM library was conducted using two different 

concentrations of the compound, due to our uncertainty as to how selective 

niclosamide would be for variants exhibiting improved activity with S33. The 

plating of 7NT cells containing an empty pUCX plasmid on LB agar plates 

containing 50 µM IPTG and 0.5 µM niclosamide led to total cell death (note: 

50 µM IPTG was used for induction of nitroreductase expression in all LB 

agar plate selections in this chapter; for clarity this detail will henceforth be 

omitted). Conversely, we observed full growth of 7NT cells bearing NfsA_Ec 

in low-expressing pUCX on LB agar plates containing 0.5 µM niclosamide, 

and chose this as our minimum concentration of niclosamide for selection of 

the 7SM library. When niclosamide was increased to 5 µM in LB agar plates, 

neither the empty plasmid control nor the 7NT cells containing NfsA_Ec in 

low-expressing pUCX were able to grow effectively (<1% of NfsA_Ec-
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expressing cells giving rise to colonies; data not shown), and this was 

selected as a second concentration for 7SM library selection. With this 

higher concentration of niclosamide we sought to investigate how the 

selection of 7SM variants that exhibited higher levels of activity with 

niclosamide than wild-type NfsA_Ec would impact on their subsequent 

activities with S33 and other nitroaromatic compounds. 

 

5.3.2.2 Niclosamide selection of 7NT cells over-expressing NfsA_Ec 7SM library 

variants 

Of the 96 million possible variants in the 7SM library, a subset of 11 million 

variants was transformed into 7NT cells, as we presumed this would allow 

for enough variability to reduce the possibility of selecting multiple colonies 

containing the same variant. The plating of these variants on 0.5 µM 

niclosamide was found to select for 4% of the library, whereas 5 µM 

niclosamide selected for 0.5% of variants. To determine whether the 

different levels of niclosamide selection were exerting a discernible 

influence on the activities of the resulting variants with other nitroaromatic 

compounds, 57 variants were randomly selected from a plate containing 0.5 

µM niclosamide, 57 from a plate containing 5 µM niclosamide, and 57 

variants from a control plate containing no niclosamide. 

We have previously observed varying levels of expression of different 

nitroreductase candidate genes cloned into high-expressing pUCX and 

expressed in E. coli (Prosser et al., 2013), and wanted to confirm prior to 

subsequent activity screening that expression of variants of the 7SM library 

in E. coli 7NT cells was not appreciably different to expression of wild-type 

NfsA_Ec in low-expressing pUCX. We therefore compared the expression of 

ten NfsA_Ec 7SM variants from each condition (no niclosamide selection, 0.5 

µM niclosamide and 5 µM niclosamide) to wild-type NfsA_Ec in low-

expressing pUCX to determine if any of these variants showed appreciable 

differences in protein expression (Figure 5-9). 
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Figure 5-9 SDS-PAGE showing relative protein expression levels of NfsA_Ec 7SM library 
variants and NfsA_Ec in low-expressing pUCX in the E. coli 7NT strain. Relative expression 
levels of ten NfsA_Ec 7SM library variants chosen from LB agar lacking niclosamide. B) 
Relative expression levels of ten NfsA_Ec 7SM library variants selected on 0.5 µM 
niclosamide. C) Relative expression levels of ten NfsA_Ec 7SM library variants selected 
on 5 µM niclosamide. Nitroreductase over-expression was induced with 50 µM IPTG for 
four hours prior to sample collection. Samples were normalised for cell density (OD600) 
and 10 µL of sample loaded per lane.  

 

Of the ten 7SM variants that had not been selected on niclosamide, two 

showed lower levels of expression than wild-type NfsA_Ec (Figure 5-9A, 

Lanes 6 and 10), presumably due to the introduction of amino acid 

substitutions that affected either enzyme stability or functionality. For 
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variants that had been selected on 0.5 µM niclosamide, one variant exhibited 

slightly lower levels of expression (Figure 5-9B, Lane 5), and no appreciable 

differences in expression were observed in any of the ten variants selected 

on 5 µM niclosamide (Figure 5-9C), suggesting that higher concentrations 

of niclosamide only selected for stable and functional 7SM variants. 

 

5.3.2.3 Effects of niclosamide selection on activity of NfsA_Ec 7SM variants with 

other nitroaromatic compounds 

Evaluation of the activities of NfsA_Ec 7SM variants with other 

nitroaromatic compounds was conducted in the E. coli 7NT strain using 

growth inhibition assays. 7NT cells bearing different 7SM variants were 

exposed to a single high concentration of compound that in preliminary 

assays reduced growth of a culture of 7NT cells containing NfsA_Ec in low-

expressing pUCX to 50% that of an unchallenged control. Each collection of 

57 variants was screened in the inner 60 wells of a single 96-well plate 

alongside two 7NT over-expressing NfsA_Ec controls and an empty 7NT 

pUCX control (Figure 5-10). 
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Figure 5-10 Nitroaromatic compound mediated growth inhibition of NfsA_Ec 7SM library 
variants in 7NT. Growth inhibition was monitored by measuring strain turbidity (OD600) 
pre- and post-4 hour incubation with each nitroaromatic compound. Percentage growth 
inhibition relative to unchallenged controls was determined. The growth inhibition of 57 
variants from the NfsA_Ec 7SM library with no prior exposure to niclosamide (orange), 
57 variants selected on 0.5 µM niclosamide (green) and 57 variants selected on 5 µM 
niclosamide (blue) were compared to that of NfsA_Ec in low-expressing pUCX (purple) 
and empty low-expressing pUCX controls (grey) following challenge with A) 500 µM 
CB1954; B) 37.5 µM nitrofurazone; C) 25 µM nitrofurantoin; D) 600 µM 2,4-
dinitrotoluene; E) 25 µM azomycin; or F) 600 µM metronidazole. Data are the average of 
3 biological replicates (error bars omitted for clarity). The mean growth inhibition is 
shown by the black horizontal line for each set of data. 
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 Average growth inhibition (%) 

Nitroaromatic 
compound 

57 NfsA_Ec 
7SM library 
variants not 
selected on 
niclosamide 

57 NfsA_Ec 
7SM library 

variants 
selected on 

0.5 µM 
niclosamide 

57 NfsA_Ec 
7SM library 

variants 
selected on  

5 µM 
niclosamide 

NfsA_Ec in 
low-

expressing 
pUCX 

Empty 
pUCX 

500 µM 
CB1954 

13.9 ± 6.7 33.9 ± 14.2 34.7 ± 14.3 42.6 ± 5.5 
8.9 ± 
2.9 

37.5 µM 
nitrofurazone 

13.9 ± 13.5 66.2 ± 19.2 52.6 ± 13.0 51.4 ± 8.9 
2.1± 
0.6 

25 µM 
nitrofurantoin 

28.6 ± 13.0 60.1 ± 12.3 50.8 ± 9.1 45.3 ± 8.3 
18.1 ± 

4.2 
600 µM 2,4-

DNT 
28.8 ± 6.8 49.6 ± 14.7 42.0 ± 10.1 65.9 ± 4.9 

17.7 ± 
2.4 

25 µM 
azomycin 

10.0 ± 11.0 54.8 ± 25.2 
72.2 ± 16.1 

 
51.0 ± 8.3 

3.8 ± 
4.8 

600 µM 
metronidazole 

5.0 ± 15.8 52.7 ± 24.2 
83.1 ± 12.9 

 
42.7 ± 8.4 

0.0 ± 
0.0 

Table 5-4 Average nitroaromatic compound mediated growth inhibition of NfsA_Ec 
7SM library variants in 7NT. The average growth inhibition of 7NT cells over-
expressing 57 NfsA_Ec 7SM library variants either with no prior exposure to 
niclosamide, selected on 0.5 µM niclosamide or selected on 5 µM niclosamide, 
following exposure to nitroaromatic compounds, were compared to growth 
inhibition of 7NT cells over-expressing NfsA_Ec in low-expressing pUCX or an 
empty pUCX control (Figure 5-10). Data are the average of 3 biological 
replicates and errors represent ± SEM.  

 

In general, NfsA_Ec 7SM library variants that had been pre-selected on 0.5 

µM niclosamide exhibited improved activity (as determined by their ability 

to sensitise 7NT cells to lethal concentrations of these compounds) with all 

six nitroaromatic compounds over non-selected 7SM variants. Furthermore, 

7SM variants that could detoxify 5 µM niclosamide exhibited on average 

higher levels of activity with azomycin and metronidazole than variants 

selected on 0.5 µM niclosamide (Table 5-4).  

In contrast, the average growth inhibition of 7NT cells bearing 5 µM 

niclosamide-selected 7SM variants was lower than 7NT cells containing 0.5 

µM niclosamide-selected variants with nitrofurazone, nitrofurantoin and 

2,4-dinitrotoluene, suggesting that the stronger niclosamide selection was 

somewhat detrimental to enzyme activity with these substrates.  
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For both CB1954 and 2,4-dinitrotoluene the average growth of 7NT cells 

bearing 7SM variants selected on either 0.5 µM or 5 µM niclosamide was still 

lower than that of 7NT cells bearing wild-type NfsA_Ec, suggesting that 

niclosamide selection of the 7SM library does not overtly aid as a selection 

tool for more active enzymes with these two substrates (nevertheless, it 

should be noted that – particularly for CB1954 – only a small number of 

niclosamide-selected variants needed to be examined to identify ones 

having greater activity than wild type NfsA_Ec, suggesting that there is still 

great value in use of niclosamide as a pre-selection tool). In contrast, the 

average growth inhibition of 7NT cells over-expressing 5 µM niclosamide-

selected 7SM variants with azomycin or metronidazole was 1.4-fold and 1.9-

fold higher respectively than that of 7NT cells over-expressing wild-type 

NfsA_Ec, suggesting that niclosamide selection directly enriches for 

improved enzymes with these two substrates. Finally, 7NT cells bearing an 

empty pUCX plasmid exhibited over 15% growth inhibition with the 

compounds nitrofurantoin and 2,4-dinitrotoluene, suggesting high inherent 

toxicity of these compounds even in the absence of nitro-reduction, and 

reflecting the relatively higher levels of growth inhibition observed in 7NT 

cells over-expressing 7SM variants not selected on niclosamide with these 

two compounds. 

 

5.3.2.4 Heatmap and sequencing of 5 µM niclosamide-selected NfsA_Ec 7SM 

variants  

To allow for the observation of particular amino acid preferences at each of 

the seven targeted residues in 7SM variants following niclosamide selection, 

sequencing was conducted on all 5 µM niclosamide-selected 7SM variants 

screened in Section 5.3.2.3. Sequencing and growth inhibition results 

(Figure 5-10) are summarised in Table 5-5 below. The naming convention 

for 0.5 µM and 5 µM niclosamide-selected variants from this point onwards 

will include the niclosamide concentration on which the variant was 

selected, followed by its location on the 96-well plate in subsequent screens 
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e.g. the 10th variant selected on 0.5 µM niclosamide was named 0.5_10. The 

variant 5_39 was the only one for which sequencing results could not be 

determined, due to the co-expression of two different 7SM variants caused 

by the rare event of co-transformation and maintenance of both plasmids in 

the 7NT cells. 

Two variants, 5_8 and 5_16 shared the same amino acid sequence 

(S41H/F42Y/K222R/S224N/R225H/F227V), but induced slightly different 

levels of growth inhibition in 7NT cells following challenge with 

nitrofurantoin, with 5_16 showing two-fold higher levels of growth 

inhibition with this compound. This could reflect some variability in the 

growth inhibition assays conducted and highlights the necessity of more 

sensitive growth inhibition (IC50) assays when accurate determination of the 

ability of variants to sensitise 7NT cells to lethal concentrations of these 

compounds is required. Trends in amino acid preferences will be discussed 

in Section 5.3.5. 
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Table 5-5 Sequencing results and percentage growth inhibition of 5 µM niclosamide-
selected NfsA_Ec 7SM variants with six different nitroaromatic compounds. Growth 
inhibition data is duplicated from Figure 5-10 (standard deviations omitted for clarity). 
Enzymes are ranked by activity with metronidazole. Amino acid occurrences at each of 
the seven site saturation sites in the 7SM library are listed for each variant. The most 
frequently occurring amino acid at each residue across all selected variants is 
highlighted grey. 
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inhibition (%) 60

0 
uM

 
m

et
ro

ni
da

zo
le

25
 µ

M
 

az
om

yc
in

25
 µ

M
 

ni
tr

of
ur

an
to

in
50

0 
µM

 
CB

19
54

37
.5

 u
M

 
ni

tr
of

ur
az

on
e

60
0 

uM
 2

,4
-

di
ni

tr
ot

ol
ue

ne

S4
1

F4
2

F8
3

K2
22

S2
24

R2
25

F2
27

5_6 100.0 42.4 24.8 42.4 33.3 32.8 I F L V S V H
5_14 100.0 67.2 51.6 72.4 42.9 71.5 N F V T R N S
5_32 100.0 83.6 52.2 34.6 70.9 38.5 H F I Q G N R
5_38 100.0 58.8 41.9 73.7 44.9 71.3 N Y L R R N H
5_41 100.0 49.0 41.8 62.3 41.5 67.1 N Y Y K F N N
5_44 100.0 87.6 47.7 41.2 65.8 48.2 H Y F S R L N
5_4 100.0 63.5 45.3 56.1 45.4 46.9 R Y F L D S F

5_24 98.2 53.0 44.1 55.3 28.0 59.1 N H F C C H N
5_18 97.0 82.6 49.6 46.8 46.5 39.0 H Y L R G N L
5_8 96.9 71.7 26.4 37.5 26.9 24.2 H Y F R N H V

5_13 96.9 93.2 49.4 37.0 61.4 40.4 H F Y S S L S
5_15 96.8 96.8 55.3 34.0 65.9 37.6 H L F R L N R
5_57 96.4 31.0 63.7 53.9 51.0 53.4 G F Y H H C R
5_55 95.5 60.2 44.4 47.7 58.1 50.2 R Y F V Y G N
5_17 94.6 78.2 51.7 49.8 63.7 38.9 C H F R H C H
5_12 93.9 71.3 44.9 41.1 38.7 41.3 Y F R E Y N N
5_47 93.8 83.3 59.5 43.8 72.5 51.5 R H L S S N H
5_31 92.9 82.0 51.4 39.2 70.5 46.1 H L L D Y F D
5_28 92.8 83.8 51.9 31.1 76.8 44.9 H S F L S C H
5_43 92.2 55.5 39.9 49.0 61.5 62.9 N N F N D Y H
5_46 91.8 92.5 54.6 32.9 72.1 46.8 H H F D S I Y
5_20 91.1 82.9 57.7 46.0 56.9 43.8 R L F F L S H
5_9 90.7 83.1 47.8 31.7 50.0 36.1 Y F L I R H N 	
5_3 89.2 79.2 47.5 38.8 41.2 39.3 H N L Y L N S

5_10 87.9 59.6 43.9 49.5 54.8 52.4 N N F K F H H
5_51 87.8 91.9 48.8 28.7 63.4 44.5 H N F R N S H
5_22 86.8 89.7 56.9 41.1 68.1 43.2 F L H Q I N H
5_53 86.7 76.2 49.7 40.1 64.8 46.5 R L F P H G S
5_19 85.9 78.6 55.8 17.5 50.6 30.6 H C F Q N F D
5_16 84.5 81.2 55.0 42.7 50.4 39.3 H Y F R N H V
5_23 84.1 75.9 52.3 29.1 60.1 40.3 Y S F L N N S
5_35 82.5 79.5 57.2 22.0 60.4 34.9 Y F C L H R S
5_40 82.2 86.4 50.2 43.2 64.1 55.9 R N L K D V D
5_27 80.8 68.1 61.7 27.8 54.6 34.5 Y Y L R S F R
5_56 80.8 76.5 48.5 37.0 52.7 46.6 F F C S R R D
5_21 79.7 90.2 64.4 30.8 61.9 39.9 F F F R D R F
5_48 78.8 86.1 52.2 35.9 54.1 42.8 F S L L S N H
5_52 76.1 64.7 46.6 11.3 39.3 27.6 H C F Q H C L
5_39 76.0 59.3 38.1 33.1 49.9 40.8
5_5 75.3 93.9 52.6 35.5 39.1 37.5 H N L K G D R

5_26 74.6 88.3 60.2 20.0 55.4 35.2 Y H L S F N H
5_33 73.6 85.4 58.1 25.3 51.4 34.3 H N L Q H I G
5_30 72.5 74.6 58.9 16.1 34.1 28.6 R N Y L H N H
5_58 71.8 88.0 57.9 24.6 60.6 40.4 H H F T N R N
5_45 71.0 87.0 60.7 29.3 59.8 42.5 F H F T S G S
5_34 69.5 77.4 56.9 18.6 53.5 34.2 Y H F G D S G
5_7 69.2 66.1 54.2 26.5 48.5 40.5 Y H F S S S V

5_29 68.6 59.8 59.5 14.2 57.2 33.6 Y N F G D L L
5_49 68.1 70.7 55.2 17.8 58.0 36.8 Y H F Q H I R
5_37 67.4 50.6 57.3 26.4 65.9 38.0 Y H F F C L H
5_2 65.9 74.8 51.1 29.8 43.5 39.8 Y N L E F N D

5_54 64.5 25.7 15.9 22.0 16.9 27.9 Y S Y W N F D
5_25 62.7 59.5 58.7 23.4 65.7 36.4 Y H F N S F N
5_36 62.5 63.1 54.1 12.3 35.5 31.9 Y H F H H S I
5_50 59.5 52.3 51.2 22.0 42.1 40.3 Y H F R R I R
5_11 56.4 52.8 57.2 20.0 40.7 34.4 Y N F P R S S

NfsA_Ec 50.6 51.8 37.0 44.6 46.0 59.9
NfsA_Ec 50.2 44.9 33.1 37.4 42.8 63.9

5_42 39.3 51.4 50.0 8.2 34.2 31.8 Y H L R S N Y
Empty pUCX 0.0 1.8 14.0 7.9 1.9 14.9

80-100% growth inhibition 	 Most frequently occuring
60-80% growth inhibition amino acid residue at this site
40-60% growth inhibition
20-40% growth inhibition
0-20% growth inhibition

Double transformant
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5.3.3 Counter-screen of improved metronidazole-activating NfsA_Ec 7SM 

library variants with S33 

Growth inhibition assays conducted with 7NT cells bearing 7SM variants and 

the prodrug metronidazole showed a substantial number of variants 

exhibiting higher levels of activity than wild-type NfsA_Ec (Figure 5-10 C). 

As we had previously determined a moderate correlation between the 

activity of nitroreductases with metronidazole or S33 (Figure 5-7), the 7SM 

variants conferring the highest levels of growth inhibition in E. coli 7NT cells 

following challenge with metronidazole were subjected to determination of 

their activity with S33 by growth inhibition (IC50) assays. 

 

5.3.3.1 Growth inhibition (IC50) assays with NfsA_Ec 7SM library variants with 

metronidazole and S33 

Fifteen NfsA_Ec 7SM variants that had been selected on 5 µM niclosamide 

and two 7SM variants that had been selected on 0.5 µM NCS showed the 

ability to induce over 93% growth inhibition in 7NT following challenge with 

600 µM metronidazole (Table 5-5 and Figure 5-10 C). These variants were 

re-transformed into fresh 7NT cells, and protein expression levels were 

determined on an SDS-PAGE gel to confirm similar levels of expression to 

NfsA_Ec in low-expressing pUCX (data not shown) prior to more specific 

evaluation of their ability to sensitise E. coli to lethal concentrations of 

metronidazole or S33 (Table 5-6). 

With the exception of 7SM variant 0.5_37, which could only sensitise 7NT 

cells to a 1.4-fold lower concentration of metronidazole than wild-type 

NfsA_Ec and induced an over two-fold worse IC50 value with S33 than 

NfsA_Ec, all selected variants showed a >1.4-fold improvement in sensitising 

E. coli to S33 or >9-fold improvement in sensitisation to metronidazole. The 

two NfsA_Ec 7SM variants that appeared most active with S33, 5_4 and 5_6, 

sensitised 7NT cells to 7-fold and 4-fold lower concentrations of S33, 

respectively, than NfsA_Ec. The variant 5_4 had five amino acid 

substitutions (S41R/F42Y/K222L/S224D/R225S), with wild-type residues at 
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F83 and F227, whereas 5_6 possessed a different set of five substitutions 

(S41I/F83L/K222V/R225V/F227H) and had wild-type residues at F42 and 

S224. These two variants also exhibited the highest improvements in activity 

with metronidazole, sensitising 7NT cells to nearly 95-fold lower (5_4) and 

77-fold lower (5_6) concentrations of metronidazole than wild type NfsA_Ec. 
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     aa residue substitution 

Variant 
S33 IC50 

(µM) 

Fold reduction 
in S33 IC50 

over NfsA_Ec 
Metronidazole 

IC50 (µM) 

Fold reduction in 
metronidazole IC50 

over NfsA_Ec S41 F42 F83 K222 S224 R225 F227 
5_4 14.1 ± 2.5 7.0 7.8 ± 2.3 94.6 R Y WT L D S WT 
5 _6 22.5 ± 2.5 4.4 9.4 ± 1.0 77.8 I WT L V WT V H 
5_55 17.6 ± 2.8 3.7 26.6 ± 2.5 27.6 R Y WT V Y G N 
5_38 28.5 ± 0.5 3.5 36.0 ± 4.8 20.4 N Y L R R N H 
5_18 28.2 ± 1.7 3.5 23.5 ± 5.8 31.3 H Y L R G N L 
5_8 28.9 ± 3.9 3.4 24.9 ± 5.7 29.6 H Y WT R N H V 

5_41 28.9 ± 2.6 3.4 26.7 ± 1.0 27.6 N Y Y WT F N N 
5_32 31.5 ± 5.5 3.1 26.0 ± 15.1 28.3 H I WT Q G N R 
5_15 32.1 ± 3.7 3.1 45.5 ± 6.6 16.3 H L WT R L N R 

0.5_41 31.8 ± 4.6 3.1 61.1 ± 7.8 12.0 V Y L R C N C 
5_14 32.5 ± 4.3 3.0 35.9 ± 3.0 20.5 N WT V T R N S 
5_57 35.9 ± 8.7 2.7 82.1 ± 23.3 9.0 G WT Y H H C R 
5_44 40.3 ± 4.3 2.5 24.2 ± 7.2 30.4 H Y WT S R L N 
5_13 41.6 ± 4.9 2.4 44.2 ± 11.3 16.6 H WT Y S S L S 
5_17 60.5 ± 7.1 1.6 23.1 ± 1.6 31.8 C H WT R H C H 
5_24 72.5 ± 2.9 1.4 55.1 ± 5.4 13.3 N H WT C C H N 

Low-expressing 
NfsA_Ec 

98.7 ± 
16.6 

1.0 735.1 ± 28.7 1.0 WT WT WT WT WT WT WT 

0.5_37 >200 <0.5 523.7 ± 15.4 1.4 Y Y S V R N Y 
Empty pUCX >>200 - >>2000 -        

Table 5-6 IC50 values for S33 or metronidazole mediated growth inhibition of E. coli 7NT cells bearing lead variants from the NfsA_Ec 7SM library. 
Growth inhibition was monitored by measuring strain turbidity (OD600) pre- and post-four hour incubation across a two-fold dilution series 
of S33 (top concentration of 200 µM) or metronidazole (top concentration of 2 mM). Percentage growth relative to unchallenged controls was 
determined and used to calculate the concentration at which 50% growth inhibition was observed, using GraphPad Prism 7.0. Data are the 
average of 3 biological replicates ± SD. Enzymes are ranked by activity with S33. 
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A log-log correlation was conducted on the ability of these 16 7SM variants 

and NfsA_Ec in low-expressing pUCX to sensitise 7NT cells to S33 or 

metronidazole, to determine if the strong correlation observed with wild-

type nitroreductases from the 58 nitroreductase library (Figure 5-7) held 

true here (Table 5-6).  

 

 

Figure 5-11 Log-log correlation between IC50 growth inhibitory effects of S33 and 
metronidazole in 7NT NfsA_Ec over-expression strains. IC50 values of 7NT cells 
over-expressing different NfsA_Ec 7SM library variants or wild-type NfsA_Ec (all 
in low-expressing pUCX) following challenge with up to 200 µM S33 or 2000 µM 
metronidazole in IC50 assays (data from Table 5-6). 

 

A moderate correlation (R2 = 0.60) was observed with metronidazole and S33 

IC50 values, confirming that the screening of metronidazole-active 7SM 

variants provided an enrichment for variants that were also active with S33. 
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5.3.3.2 Active site modelling for NfsA_Ec 7SM variants 5_4 and 5_6 

A B 

  
C  

 

Figure 5-12 Modelling of active site of NfsA_Ec and 7SM library variants. A) 
Modelling of all the active site residues in wild type NfsA_Ec that were targeted 
for site saturation mutagenesis in the 7SM library. Target residues are 
highlighted in purple, and the FMN molecule is coloured yellow. B) Modelling of 
the active site of 7SM variant 5_4. C) Modelling of the active site of 7SM variant 
5_6.  

 

Our modelling of the active site of variant 5_4 shows the substitution of Phe 

at residue 42 for the slightly larger hydrophobic amino acid Tyr, whereas at 

residue 41 the small, uncharged Ser is replaced with a much larger, 

positively charged Arg (Figure 5-12 A,B). At the right-hand side of the 

active site, Lys at 222 and Arg at 225 are replaced with the much smaller 

amino acids Leu and Ser respectively, whereas uncharged Ser at 224 is 



215 

 

 

substituted with the negatively charged Asp. The overall result is a smaller, 

more sterically hindered active site, which might play a role in facilitating 

tighter binding of metronidazole or S33 substrates. 

The active site of 5_6 is quite different to both 5_4 and NfsA_Ec (Figure 

5-12C). Ser at position 41 is replaced with a hydrophobic amino acid, Ile, 

and the native Phe at position 83 is substituted with the slightly smaller Leu. 

At the right-hand cleft both the large, positive amino acids Lys at 222 and 

Arg at 225 are replaced with the much smaller, hydrophobic Val, whereas at 

227 hydrophobic Phe is replaced with a positively charged His, with the 

overall result being a larger, much more open active site. Although highly 

speculative, it is possible that this architecture facilitates access of the 

substrates to the active site. 

 

5.3.3.3 Reduction of S33 by purified His6-tagged purified NfsA_Ec 7SM library 

variant proteins 

To confirm the significant improvements in activity observed in the NfsA_Ec 

7SM variants 5_4 and 5_6, they were re-cloned into pET28a+ in BL21 to allow 

His6-tagged protein purification for the determination of in vitro kinetic 

parameters with S33. 

Preliminary results indicated that both 5_4 and 5_6 showed substantially 

lower kcat and KM values with S33 than wild-type NfsA_Ec, however they both 

appeared to exhibit at least a 4-fold improvement in kcat/KM (Table 5-7). Due 

to low levels of background reduction of NADPH still occurring due to 

incomplete removal of oxygen using the glucose oxidase-catalase oxidase 

scavenging system, accurate KM values could not be derived for either 7SM 

variant, and the high error bars in the measurement of initial velocities for 

both variants (Figure 5-13) mean that only a rough estimate of apparent kcat 

and KM with S33 could be determined.  
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Figure 5-13 Kinetic parameters for the reduction of S33 by purified (His6-tagged) 
NfsA_Ec 7SM library variants 5_4 and 5_6. Initial rates of reaction of A) 5_4 or B) 
5_6, with varying concentrations of S33 (0-200 µM) and 250 µM NADPH with a 
glucose oxidase-catalase oxygen scavenging system (12 units.mL-1 glucose 
oxidase, 12 units.mL-1 catalase, 50 mM glucose) were monitored at 350 nm. At 
each concentration of S33 rates were measured in quadruplicate and errors 
represent ± SD.  
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Enzyme kcat (s-1) KM (µM) 
kcat/KM 

(s-1.M-1) 

NADPH oxidase 
activity (µM 
NADPH.µM 

enzyme-1.s-1) 
7SM 5 _4 0.04 ± 0.01 £ 15 ³ 2700 0.10 ± 0.02 
7SM 5_6 0.05 ± 0.01 £ 20 ³ 2500 0.27 ± 0.04 
NfsA_Ec 2.0 ± 0.4 3700 ± 1100 530 ± 200 0.22 ± 0.04 

Table 5-7 Michaelis-Menten kinetic parameters estimated for NfsA_Ec 7SM library 
variants. Initial rates of reduction were monitored at 350 nm at varying S33 
concentrations and a fixed concentration of excess NADPH (250 µM). Reaction 
rates at each S33 concentration were measured in at least triplicate in the 
presence of a glucose oxidase-catalase oxygen scavenging system (12 units.mL-1 
glucose oxidase, 12 units.mL-1 catalase, 50 mM glucose). Apparent KM and kcat at 
250 µM NADPH were calculated using GraphPad 7.0. An extinction coefficient of 
9,650 M-1 cm-1 was used to determine rates of nitroreductase-mediated reduction 
of both S33 and NADPH and errors represent ± SEM. NADPH oxidase activity 
shows enzyme-mediated NADPH oxidation in the absence of a glucose oxidase-
catalase oxygen scavenging system, measured using an extinction coefficient of 
4020 M-1 cm-1. Kinetic parameters for wild-type NfsA_Ec are duplicated from 
Table 3-6. 

 

5.3.4 Evaluation of chloramphenicol as a positive selection tool for active 

nitroreductases 

5.3.4.1 Chloramphenicol selection of the 58 nitroreductase library 

As mentioned in Section 5.1.2, we also sought to determine if the use of 

alternative nitroreductase positive selection compounds might lead to the 

selection of 7SM variants exhibiting higher levels of activity with certain 

nitroaromatic substrates. To decide if chloramphenicol was suitable for this 

purpose, we first determined if nitroreductases from the 58 nitroreductase 

library in the 7NT strain were capable of detoxifying chloramphenicol in 

liquid growth assays (Figure 5-14). 
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Figure 5-14 Growth of 7NT nitroreductase over-expression strains, post-challenge with chloramphenicol. Growth of strains resistant to 
chloramphenicol was monitored by measuring culture turbidity (OD600) pre- and post-four hour incubation with 200 ng/mL (green bars) or 
400 ng/mL (red bars) chloramphenicol. Percentage growth relative to unchallenged controls was determined. Data are the average of 3 
biological replicates ± SEM. 
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A much lower protective effect was observed for nitroreductases from the 58 

nitroreductase library against chloramphenicol as compared to niclosamide, 

with 20% growth of the 7NT empty pUCX plasmid still observed at 200 

ng/mL chloramphenicol, whereas 400 ng/mL chloramphenicol caused 

complete inhibition of 7NT cells over-expressing most nitroreductases in 

the library. At this higher concentration of chloramphenicol, 7NT cells 

bearing the nitroreductase most capable of detoxifying this antibiotic, 

NfsB_Vv (from V. vulnificus), showed around 50% growth, whereas those 

cells over-expressing NfsA_Ec exhibited 70% growth inhibition. 

 

5.3.4.2 Chloramphenicol selection of 7NT cells over-expressing NfsA_Ec 7SM 

library variants 

At 1 µg/mL chloramphenicol, no growth of 7NT cells bearing NfsA_Ec in low-

expressing pUCX was observed on LB agar plates. When the 7SM library was 

plated on this concentration of chloramphenicol, 0.05% of variants were 

found to be capable of detoxifying the compound, yielding colonies that 

could be picked after 40 hours incubation at 37 °C. 57 chloramphenicol-

selected colonies were selected for further activity analysis with the six 

nitroaromatic compounds that the niclosamide-selected libraries had 

previously been screened against (Section 5.3.2.3). 

 

5.3.4.3 Effects of chloramphenicol selection on activity of NfsA_Ec 7SM variants 

with other nitroaromatic compounds 

Chloramphenicol-selected NfsA_Ec 7SM library variants were subjected to 

growth inhibition using the same concentrations of nitroaromatic 

compounds as in Section 5.3.2.3, along with two 7NT NfsA_Ec controls and 

an empty pUCX control, and compared to inhibition data generated for the 

57 non-selected 7SM variants in Section 5.3.2.3. 
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Figure 5-15 Nitroaromatic compound mediated growth inhibition of 7NT cells over-expressing 
NfsA_Ec 7SM library variants. Growth inhibition was monitored by measuring strain turbidity 
(OD600) pre- and post-4 hour incubation with each nitroaromatic compound. Percentage 
growth inhibition relative to unchallenged controls was determined. The growth inhibition of 
57 variants from the NfsA_Ec 7SM library having no prior exposure to chloramphenicol 
(orange; duplicated from Figure 5-10), and 57 variants selected on 1 mg/mL 
chloramphenicol (pink) were compared to that of NfsA_Ec in low-expressing pUCX (purple) 
and empty low-expressing pUCX controls (grey) following challenge with A) 500 µM CB1954; 
B) 37.5 µM nitrofurazone; C) 25 µM nitrofurantoin; D) 600 µM 2,4-dinitrotoluene; E) 25 µM 
azomycin; or F) 600 µM metronidazole. Data are the average of 3 biological replicates (error 
bars omitted for clarity). The mean growth inhibition is shown by the black horizontal line for 
each set of data. 



222 

 

 

 Average growth inhibition (%) 

Nitroaromatic 
compound 

57 NfsA_Ec 7SM 
library variants 
not selected on 

chloramphenicol 

57 NfsA_Ec 7SM 
library variants 

selected on  
1 µg/mL 

chloramphenicol 

NfsA_Ec in 
low-

expressing 
pUCX 

Empty 
pUCX 

500 µM CB1954 13.9 ± 6.7 34.1 ± 12.8 42.8 ± 5.7 8.0 ± 1.9 
37.5 µM 

nitrofurazone 
13.9 ± 13.5 56.6 ± 15.4 56.1 ± 12.8 1.1 ± 0.8 

25 µM 
nitrofurantoin 

28.6 ± 13.0 65.4 ± 10.7 53.7 ± 6.6 20.1 ± 3.0 

600 µM 2,4-
dinitrotoluene 

28.8 ± 6.8 51.1 ± 17.8 78.2 ± 12.6 21.4 ± 2.7 

25 µM azomycin 10.0 ± 11.0 51.6 ± 19.5 45.7 ± 6.1 0.4 ± 0.1 
600 µM 

metronidazole 
5.0 ± 15.8 71.6 ± 18.3 38.8 ± 7.3 0.0 ± 0.0 

Table 5-8 Average nitroaromatic compound mediated growth inhibition of NfsA_Ec 
7SM library variants in 7NT. The average growth inhibition of 7NT cells over-
expressing 57 NfsA_Ec 7SM library variants that had been selected on 1 µg/mL 
chloramphenicol, following exposure to nitroaromatic compounds, were 
compared to growth inhibition of 57 7SM variants with no prior exposure to 
chloramphenicol (duplicated from Table 5-4), 7NT cells over-expressing 
NfsA_Ec in low-expressing pUCX or an empty pUCX control. Errors represent ± 
SD. 

 

Similar to the niclosamide-selected 7SM variants, the chloramphenicol-

selected variants exhibited improved activity over non-selected 7SM 

variants with all six nitroaromatic compounds. The average growth 

inhibition of 7NT cells bearing 1 µg/mL chloramphenicol-selected 7SM 

variants was greater than cells expressing NfsA_Ec with nitrofurantoin, 

metronidazole and to a lesser extent azomycin, suggesting that 

chloramphenicol could be used as a rapid selection tool for more active 

enzymes with these substrates. However with CB1954, nitrofurantoin, and 

2,4-dinitrotoluene, the average growth of 7NT cells bearing 

chloramphenicol-selected 7SM variants was lower than that of 7NT cells 

bearing wild-type NfsA_Ec, suggesting that chloramphenicol selection is less 

overtly biased toward activity with these compounds.  
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5.3.4.4 Heatmap and sequencing of 1 µg/mL chloramphenicol-selected NfsA_Ec 

7SM variants  

To allow for any trends in amino acid preference at each of the seven 

targeted residues in 7SM variants following chloramphenicol selection to be 

observed, sequencing was conducted on all 57 1 µg/mL chloramphenicol-

selected 7SM variants; sequencing and growth inhibition results (from 

Figure 5-15) are compiled in Table 5-9 below. The naming convention for 

chloramphenicol-selected variants from this point onwards includes Chl 

(short for chloramphenicol), followed by the concentration of 

chloramphenicol variants were selected on (1000 ng/mL) and its location on 

the 96-well plate in subsequent screens e.g. the 10th variant selected on 1 

µg/mL chloramphenicol was named Chl_1000_10. 

No 1 µg/mL chloramphenicol-selected 7SM variants shared the same 

combination of amino acid substitutions as 5 µM niclosamide-selected 7SM 

variants in Table 5-5. Three pairs of chloramphenicol-selected 7SM variants 

shared the same sequences: Chl_1000_2 and Chl_1000_3 

(S41G/F42Y/K222L/S224I/F227D), Chl_1000_7 and Chl_1000 _8 

(S41Y/F41L/F83I/K222R/S224R/R225N/F227N), and Chl_1000_6 and 

Chl_1000_39 (F83N/K222R/S224D/R225H/F227S). Oddly, different levels of 

activity were observed between the latter two pairs of enzymes, in particular 

Chl_1000_8 exhibited far higher levels of activity with metronidazole than 

Chl_1000_7, and Chl_1000_3 showed higher levels of activity with 

metronidazole than Chl_1000_2. Again, this could reflect some variability in 

the growth inhibition assays conducted. 
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Table 5-9 Sequencing results and percentage growth inhibition of 1 µg/mL chloramphenicol-
selected NfsA_Ec 7SM variants with six different nitroaromatic compounds. Growth inhibition 
data is duplicated from Figure 5-15 (standard deviations omitted for clarity). Enzymes are 
ranked in order of activity with metronidazole. Amino acid occurrences at each of the seven 
site saturation sites in the 7SM library are listed for each variant. The most frequently 
occurring amino acid at each residue across all selected variants is highlighted grey. 
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Chl_1000_6 100.0 29.2 41.6 63.0 35.4 87.7 S F N R D H S
Chl_1000_39 100.0 41.6 60.6 70.3 59.5 88.6 S F N R D H S
Chl_1000_22 99.1 79.7 78.6 46.5 75.1 60.5 R F V R G N D
Chl_1000_23 98.0 92.2 82.5 22.9 76.0 42.1 H H F E F N N
Chl_1000_4 95.4 53.1 55.8 34.2 38.6 41.6 Y F Y W F L L

Chl_1000_28 95.2 44.3 64.5 56.3 73.2 81.0 N F C L D Y H
Chl_1000_20 95.0 80.2 73.2 41.7 62.3 51.6 H L F A G L R
Chl_1000 _57 93.4 43.0 50.5 49.1 63.4 70.2 N N F V N I H
Chl_1000_21 90.6 82.4 73.7 40.5 74.7 50.3 H F S P D R S
Chl_1000 _45 89.8 79.4 70.2 36.7 69.5 48.1 H H F T G C N
Chl_1000 _8 89.7 28.3 44.2 38.1 38.1 83.3 Y L I R R N N
Chl_1000_29 89.3 35.5 67.7 55.0 75.4 71.1 N L F Q D Y V
Chl_1000_11 86.4 66.4 66.8 40.6 64.0 57.0 Y L L E H H L
Chl_1000_35 85.6 83.0 76.9 39.8 74.6 52.3 R L F V R H S
Chl_1000_36 84.8 73.3 63.0 32.9 54.2 44.5 H F I V R S R
Chl_1000_16 84.1 57.4 44.9 35.2 37.5 47.4 H F S T Y H S
Chl_1000_5 83.8 37.0 67.5 31.8 54.9 50.2 L Y L Y H S G

Chl_1000_18 82.6 79.4 74.3 35.1 72.0 51.7 H F L Y C I R
Chl_1000_43 80.9 64.0 74.2 45.2 74.9 65.7 C Y F R I H G
Chl_1000_17 80.1 66.0 81.1 37.3 74.0 47.7 Y L L Y R V D
Chl_1000_51 79.8 66.0 80.1 33.0 61.0 41.7 Y Y N S D I H
Chl_1000_46 77.6 29.6 65.6 47.5 75.7 84.0 S N F M V H H
Chl_1000_34 77.2 68.4 50.7 29.8 54.9 34.4 F L F Q G D L 	
Chl_1000_47 75.6 25.9 64.9 46.8 70.0 77.1 N S F R F N C
Chl_1000_55 75.5 75.5 73.1 34.1 62.8 51.0 R N F P H N H
Chl_1000_14 75.3 56.0 71.2 38.8 57.5 53.6 R F H R N C R
Chl_1000_24 73.9 15.8 41.2 39.6 20.6 79.8 S F F N I L D
Chl_1000_37 73.2 65.0 79.8 38.0 67.0 47.3 Y Y L G F D N
Chl_1000_44 72.3 28.9 66.6 14.8 53.1 26.9 N C F L C D N
Chl_1000_26 71.6 69.0 63.6 43.9 51.9 63.7 R N N E S S D
Chl_1000_54 70.0 29.7 61.6 13.7 70.5 40.4 N C F K H H Y
Chl_1000_30 69.0 59.4 62.5 15.6 42.9 29.8 H C F L R H R
Chl_1000_50 68.9 40.6 66.2 29.5 51.8 47.2 Y S F K H N S
Chl_1000_52 67.9 57.3 70.4 30.5 66.9 46.4 H S F D H I S
Chl_1000_49 67.8 76.6 78.8 38.5 78.8 51.2 R H F T H F H
Chl_1000_38 66.2 35.9 72.7 26.9 40.7 39.5 Y G F T R N S
Chl_1000_3 66.2 35.9 62.5 29.8 32.3 33.9 G Y F L I R D

Chl_1000_53 65.2 41.3 76.2 33.0 78.3 39.6 Y L D Q N F N
Chl_1000_12 64.8 27.8 54.8 38.2 59.2 63.2 D F F W H R Y
Chl_1000_41 64.5 21.5 55.1 33.6 58.4 51.6 G N F L I C H
Chl_1000_9 64.2 50.9 77.4 23.4 55.3 41.3 Y N Y Q Y N D

Chl_1000_13 60.9 74.6 66.4 36.9 56.7 46.2 H L L S S S I
Chl_1000_25 60.2 49.4 61.2 21.1 39.6 27.8 H C F F S F H
Chl_1000_42 60.2 59.0 62.6 22.0 52.9 44.3 Y H V V N C D
Chl_1000_33 59.7 50.6 83.1 28.2 73.0 38.2 Y H L R I H H
Chl_1000_56 59.2 27.1 52.4 37.8 39.4 73.6 N H H R N F D
Chl_1000_31 58.0 38.0 56.3 26.2 38.3 28.2 Y F I V L G Y
Chl_1000_27 55.4 65.7 70.9 25.7 52.5 40.0 F H F R I G D
Chl_1000_7 54.7 61.5 64.0 28.3 46.3 46.2 Y L I R R N N

Chl_1000_19 52.7 41.8 56.0 17.7 34.4 24.9 H C Y S G G N
Chl_1000_15 51.7 63.1 72.4 53.9 71.6 87.4 S F F K S R F

NfsA_Ec 47.0 39.3 62.2 49.1 74.0 93.3
Chl_1000_32 44.9 36.4 77.0 27.7 59.1 43.4 Y H N S C H S
Chl_1000_2 44.0 29.4 54.8 37.6 57.6 57.9 G Y F L I R D

NfsA_Ec 42.2 52.2 53.6 45.6 55.3 83.4
Chl_1000_10 40.0 33.4 64.3 11.0 39.4 25.0 Y F D I R Y N
Chl_1000_48 38.1 52.2 53.3 20.4 39.3 38.5 H L N R G G G
Chl_1000_40 37.7 38.8 72.5 14.7 52.8 39.4 Y N L A Y H H
Chl_1000_58 10.7 27.2 50.9 3.4 17.8 12.5 H H Y R D C S
Empty pUCX 0.0 0.4 22.2 9.3 0.5 23.3

80-100% growth inhibition 	 Most frequently occuring
60-80% growth inhibition amino acid residue at this site
40-60% growth inhibition
20-40% growth inhibition
0-20% growth inhibition
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5.3.5 Effects of niclosamide or chloramphenicol selection on amino acid 

distribution in 7SM library variants 

Sequencing results for 5 µM niclosamide- and 1 µg/mL chloramphenicol-

selected NfsA_Ec 7SM variants from Table 5-5 and Table 5-9 were compiled 

to determine any trends in amino acid residue substitutions for variants that 

could metabolise either of the positive selection compounds (see Table 

5-10). 

 

5.3.5.1 Effects of 5 µM niclosamide or 1 µg/mL chloramphenicol selection on 

amino acid distribution in 7SM library variants 

A B 

 
 

Table 5-10 Distribution of amino acids across niclosamide or chloramphenicol-selected 
NfsA_Ec 7SM variants. The proportion of all 57 NfsA_Ec 7SM variants selected with either 
A) 5 µM niclosamide, or B) 1 µg/mL chloramphenicol containing a particular amino acid 
at each site-targeted residue was calculated as a percentage and colour-coded 
accordingly (see legend). The distribution of wild-type amino acid at each residue is 
shown in the top row. 
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At residue 41, both niclosamide and chloramphenicol selection favoured the 

substitution of the larger amino acids His or Tyr for wild-type Ser. At residue 

42, niclosamide selection slightly favoured the substitution of positively 

charged His, whereas chloramphenicol selection favoured the wild-type Phe 

residue. At residue 83 both niclosamide and chloramphenicol selection 

favoured the wild-type Phe residue. At residue 222 both niclosamide and 

chloramphenicol slightly favoured the substitution of Arg, a slightly larger 

(but still basic) amino acid, in place of wild-type Lys. At residue 224 

niclosamide selection favoured wild-type Ser or positively charged His, 

whereas chloramphenicol selection showed no particular bias toward any 

residue at this positon. At residue 225, niclosamide selection strongly 

favoured substitution of the smaller amino acid Asn, whereas 

chloramphenicol selection favoured substitutions to either His or Asn 

(again, both smaller than the wild type Arg). Finally at residue 227 both 

niclosamide and chloramphenicol favoured substitutions of polar amino 

acids in place of hydrophobic Phe, with niclosamide selection favouring His 

and chloramphenicol selection favouring substitutions to Ser, His, Asn or 

Asp in equal measure. 

 

5.3.5.2 Changes in amino acid distribution of leading 5 µM niclosamide variants 

Following the observation of general trends in amino acid substitutions of 

niclosamide or chloramphenicol-selected 7SM variants, we next sought to 

determine if any trends in amino acid distributions could be seen in the 

variants most active with the nitroaromatic compounds counter-screened 

with in Sections 5.3.2.4 and 5.3.4.4. When the 5 µM niclosamide-selected 

7SM variants were counter-screened with alternative nitroaromatic 

compounds, >70% of variants showing increased activity (as measured by 

growth inhibition) over wild-type NfsA_Ec was observed when screened with 

metronidazole, azomycin, nitrofurantoin and nitrofurazone (Table 5-5). To 

determine if improved activity with a particular substrate could be 

correlated with a preference for an amino acid at any of the seven site 
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residues, changes in percentage amino acid distribution (from Table 5-10A) 

in the most active 20 variants with each of these four compounds was 

determined (Table 5-11). 

The niclosamide-selected variants most active with metronidazole showed 

an increased preference for His or Asn, both polar amino acids, at residue 41, 

with a strong disinclination for the hydrophobic Tyr. Interesting Tyr had 

been the most frequently occurring amino acid substitution following 

niclosamide selection, followed by His. At residue 42 there was selection 

against His and Asn, the two most frequently occurring amino acid 

substitutions following niclosamide selection alone, and preference for Tyr 

or wild-type Phe (also hydrophobic). At residue 83 there was a slight 

decrease in the proportion of variants having the wild-type Phe, and at 

residues 224, 225 and 227 there was a slight increase in the proportion of 

variants containing Tyr, Asn and Asn at these sites respectively.  

The variants with the most activity with azomycin showed a strong 

preference for His at residue 41, but strongly disfavoured both Tyr and Asn. 

At residue 83 some preference for Leu was shown, whereas wild-type Phe 

(the most frequently occurring amino acid following niclosamide selection) 

was slightly disfavoured. At residue 222 some preference for Ser was shown, 

and at residue 224 there was a slight preference for smaller amino acids (Ser, 

Gly), whereas His was slightly disfavoured. At residue 225 Phe was 

disfavoured, and at residue 227 some preference for His was observed. 

The leading nitrofurantoin-activating variants showed the opposite trend 

for amino acid preferences at residue 41 to variants active with 

metronidazole, with preference for hydrophobic Tyr but polar residues Asn 

and His were disfavoured. At residue 42, positively charged His was preferred 

whereas Tyr was disfavoured. At residue 222 the polar, uncharged Gln was 

disfavoured, and residues 224 and 225 showed a preference for and against 

His respectively. 
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A. Metronidazole B. Azomycin 

  

C. Nitrofurantoin D. Nitrofurazone 

  

 

Table 5-11 Changes in amino acid distribution of 5 µM niclosamide-selected 7SM variants 
exhibiting improved activity with other nitroaromatic compounds. Amino acid distributions 
of the 20 most active 5 µM niclosamide-selected 7SM variants with either A) 
metronidazole, B) azomycin, C) nitrofurantoin, or D) nitrofurazone, was compared to 
that of all 5 µM niclosamide-selected variants (Table 5-10A). Changes in amino acid 
distribution at each site-targeted residue was calculated as a percentage and colour-
coded accordingly (see legend). The distribution of wild-type amino acid at each residue 
is shown in the top row. 
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The leading nitrofurazone-active variants showed preferences for His at 

residue 41 and against Tyr, and at residue 42 Tyr was also disfavoured. At 

residue 83 there was increased preference for wild-type Phe whereas the 

much smaller Leu was selected against. At residue 225 some preference for 

His was observed, whereas at residue 225 His was disfavoured. 

 

5.3.5.3 Changes in amino acid distribution of the leading chloramphenicol-

selected variants 

We conducted the same calculations as in Section 5.3.5.3 on the 20 most 

active 1 µg/mL chloramphenicol-selected variants with metronidazole, 

azomycin, nitrofurantoin and nitrofurazone (Table 5-9) in attempt to 

determine if improved activity with these substrates could be correlated with 

a preference for an amino acid at any of the seven site residues (Table 5-12). 

The leading metronidazole-activating variants selected on chloramphenicol 

showed a slight preference for positively charged His at residue 41 but 

disfavoured hydrophobic Tyr. At residue 42, there was a strong preference 

for wild-type Phe, followed by the also hydrophobic Leu, and Cys was 

disfavoured slightly. At residue 83 wild-type Phe was disfavoured, and at 

residues 222 and 225, the residues Tyr and Asn respectively (neither of 

which were strongly represented following chloramphenicol selection) were 

preferred. Finally at residue 227, a slight preference for His was observed. 

The variants most active with azomycin exhibited slight preferences towards 

positively charged amino acids Arg and His at residue 41, with selection 

against Tyr and Asn. At residue 42 some selection for hydrophobic Leu was 

observed, at the cost of Cys, and there was also increased selection for Leu at 

residue 83. At residue 222 there was increased selection for negatively 

charged Glu, and selection against Leu. At residue 224 increased selection 

for the very small amino acid Gly at the cost of Asn was shown.  
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A. Metronidazole B. Azomycin 

  

C. Nitrofurantoin D. Nitrofurazone 

  

 

Table 5-12 Changes in amino acid distribution of 1 µg/mL chloramphenicol-selected 7SM 
variants exhibiting improved activity with other nitroaromatic compounds. Amino acid 
distributions of the 20 most active 1 µg/mL chloramphenicol-selected 7SM variants with 
either A) metronidazole, B) azomycin, C) nitrofurantoin, or D) nitrofurazone, was 
compared to that of all 1 µg/mL chloramphenicol-selected variants (see Table 5-10B). 
Changes in amino acid distribution at each site-targeted residue was calculated as a 
percentage and colour-coded accordingly (see legend). The distribution of wild-type 
amino acid at each residue is shown in the top row. 
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The variants most active with nitrofurantoin showed a preference for Arg or 

Tyr at residue 41 at the cost of Asn. At residue 42 some selection against Cys 

was observed. Some preference for Leu was seen at residue 83, whereas at 

residue 222 it was selected against. At residue 225 some preference was seen 

for Asn. 

The most active nitrofurazone-reducing variants showed for hydrophobic 

residues wild-type Phe and Leu and against polar Asn at residue 83, and at 

residue 225 some preference towards His was observed. 

 

5.4 Discussion 

In the research conducted for this chapter we evaluated the ability of the 

nitroaromatic compound niclosamide to select for variants from a large 

targeted site saturation NfsA_Ec library exhibiting improved activity with 

the novel 5-nitroimidazole PET imaging probe S33. This 7SM library 

randomised amino acids at seven key active site residues, and thus we 

expected the vast majority of variants to be non-functional; however it also 

gave us the potential to generate variants with extremely different active 

sites to that of wild-type NfsA_Ec. First, selection of E. coli 7NT cells over-

expressing variants from the 7SM library was conducted using 0.5 µM 

niclosamide, which was the minimum concentration that inhibited growth 

of 7NT cells bearing an empty pUCX plasmid. We observed selection of 4% of 

the 7SM library, and counter-screening of a subset of these selected variants 

revealed that they showed improved abilities over non-niclosamide-selected 

variants to sensitise E. coli to lethal concentrations of six structurally diverse 

nitroaromatic compounds. These compounds included antibiotic drugs, 

environmental pollutants, GDEPT prodrugs, the compound azomycin (used 

as a surrogate for 2-nitroimidazole imaging probes), and the 5-

nitroimidazole prodrug metronidazole, which was utilised as a surrogate for 

S33 in these preliminary assays. When the 7SM library was instead selected 

on 5 µM niclosamide (a concentration above which 7NT cells over-

expressing NfsA_Ec in low-expressing pUCX could grow), a lower proportion 
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of the library (0.5%) was selected for. These variants exhibited even greater 

abilities to sensitise E. coli to metronidazole or azomycin, suggesting a 

positive correlation between the ability of 7SM library variants to metabolise 

these compounds and niclosamide. To confirm that the variants most active 

with metronidazole also demonstrated superior S33-activating capabilities, 

more sensitive IC50 assays were conducted with these lead variants and 

metronidazole or S33. These assays revealed variants that could sensitise 

7NT cells to up to 94-fold and 7-fold lower concentrations of metronidazole 

and S33 than wild-type NfsA_Ec respectively. The two lead variants, 5_4 and 

5_6, each having five different amino acid substitutions, also exhibited 

improved abilities to activate S33 as purified proteins in vitro, with at least a 

4.7-fold improvement in kcat/KM over wild-type NfsA_Ec. However due to 

incomplete scavenging of oxygen by the glucose oxidase catalase system 

employed for in vitro kinetics, the background NADPH oxidase activity of 

these enzymes meant that accurate KM values could not be calculated for 

either variant. We therefore cannot yet determine with any certainty 

whether these variants are more active than the lead NfsA_Ec R225A variant 

discovered in Chapter 3, which exhibited a 7-fold improvement in kcat/KM 

over wild-type NfsA_Ec. 

Nevertheless, the improved activity of these variants with metronidazole in 

vivo has made them of interest for other researchers in the Ackerley lab, who 

are working on the generation of improved metronidazole-activating 

enzymes for use in targeted zebrafish ablation. They are currently being 

taken forward for assessment of activity with metronidazole following stable 

transfection into human cancer cell lines, and a new protocol utilizing an 

NADPH regeneration system to more accurately determine their kinetic 

parameters with metronidazole is currently being optimised. 

We also showed that the nitroaromatic antibiotic chloramphenicol, another 

potential positive selection compound, was able to be detoxified both by 

wild-type nitroreductases from the 58 nitroreductase family and by a subset 

of the 7SM library. 1 µg/mL chloramphenicol, a concentration at which 7NT 
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cells over-expressing NfsA_Ec in low-expressing pUCX as well as 7NT cells 

bearing an empty pUCX plasmid could not grow, selected for around 0.05% 

of the 7SM library. Counter-screening with the same panel of various 

nitroaromatic compounds revealed that these variants also exhibited 

improved capabilities to sensitise 7NT cells to these substrates over non-

selected 7SM variants, and they represent another source of potentially 

improved S33-activating enzymes. Unfortunately due to limited supplies of 

S33, the variants exhibiting the highest levels of activity with metronidazole 

were unable to be counter-screened with S33.  

The results from counter-screening of niclosamide or chloramphenicol-

selected 7SM variants with a panel of nitroaromatic substrates indicated that 

selection with a particular positive selection compound could pre-dispose a 

pooled group of variants for subsequent activity with different substrates. In 

general, a lower concentration of niclosamide (0.5 µM) was more likely to 

select for variants exhibiting improved activity over wild-type NfsA_Ec with 

the nitrofuran drugs nitrofurazone or nitrofurantoin, demonstrating that it 

could be utilised as a sole selection agent for these compounds. A higher 

concentration of niclosamide (5 µM) selected for variants that were in many 

cases much more active with the nitroimidazole compounds azomycin (a 2-

nitroimidazole) and metronidazole (a 5-nitroimidazole) than wild-type 

NfsA_Ec. Selection using 5 µM niclosamide or 1 µg/mL chloramphenicol 

both enhanced the pool of 7SM variants for those exhibiting more activity 

with CB1954 and 2,4-dinitrotoluene; however most of these variants still 

exhibited less activity than wild-type NfsA_Ec. Counter-screening of more 

variants with these two compounds is likely necessary for the discovery of 

nitroreductases that are more active than the wild-type parent enzyme.  

The sequencing of 7SM variants that could detoxify either 5 µM niclosamide 

or 1 µg/mL chloramphenicol gave us insight into the effects of selection on 

amino acid distributions at all seven site-targeted residues. At residue 83 

around half of variants still contained wild-type Phe, suggesting that amino 

acid substitutions at this position did not substantially improve NfsA_Ec 



234 

 

 

activity with either niclosamide or chloramphenicol. Weaker preferences for 

the wild-type amino acid was shown at all other six residues, and amino acid 

substitutions were preferred at residues 41, 222, 225 and 227 following 

niclosamide or chloramphenicol selection.  

Of the 11 million unique 7SM variants transformed into E. coli 7NT cells, 5 

µM niclosamide selected for around 550,000 different variants, whereas 1 

µg/mL chloramphenicol selected for around 55,000 unique variants. A mere 

small subset of 57 variants chosen from each selection pressure were 

sequenced, and no variant was found to be duplicated in both pools. We 

have yet to determine whether amino acid substitutions found in 

niclosamide-selected variants also allows for improvement of enzyme 

activity with chloramphenicol, and vice-versa.  

In that vein, ongoing work conducted by other researchers in the Ackerley 

lab is investigating the activity of active-site randomized NfsA_Ec variants 

that can detoxify high concentrations of both niclosamide and 

chloramphenicol. To achieve this, the work described in this chapter was 

followed by the subsequent creation and screening of another site saturation 

library (the 8SM library) targeting eight other active site residues of NfsA_Ec 

(L43, C45, E99, L103, R133, N134, H215, T219) with niclosamide and 

chloramphenicol and the same panel of nitroaromatic compounds. The 

results from both libraries are giving the Ackerley lab insight into which 

residues are most amenable to amino acid substitutions, and together have 

informed the selection of a final panel of ten active site residues to be 

targeted in a novel NfsA_Ec site-saturation mutagenesis library. This library 

is being created and analysed as part of a Marsden grant received by Dr 

David Ackerley in 2016, seeking to use NfsA_Ec as a model for natural 

enzyme evolution, including the effects of applying simultaneous positive 

and negative selection pressures during evolution.  

The results from this chapter give insight into the effectiveness of 

chloramphenicol and niclosamide selection of the NfsA_Ec 7SM library for 

the rapid discovery of variants exhibiting improved activity with a wide 
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range of nitroaromatic substrates, and lends credence for the potential of 

these compounds as easy-to-utilise selection tools for active nitroreductase 

enzymes from other variant libraries. 
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Chapter 6.  Discovery of novel nitroreductases 

from multi-genomic DNA 

6.1 Introduction 

To expand our current repertoire of nitroreductase enzymes, our lab has 

been interested in the discovery of novel nitroreductases from alternative 

sources of bacterial DNA. Initially, the nitroreductases discovered and 

evaluated in the 1980s (from E. coli, Enterobacter cloacae and Salmonella 

typhimurium; Bryant and DeLuca, 1991; Bryant et al., 1981; Tatsumi et al., 

1982) by other research groups all occurred in intestinal bacterial species, 

and the Ackerley lab has also found highly active nitroreductases in marine 

species (V. vulnificus, V. harveyi, A. fisheri; Prosser et al., 2013) and soil-

dwelling bacteria (P. putida, B. thuringiensis, B. subtilis; Prosser et al., 2013). 

We believed soil bacteria to be a yet untapped potentially highly diverse 

source of novel nitroreductases, as a single gram of soil has been estimated 

to contain 2,000 to 18,000 distinct prokaryote genomes (Daniel, 2005). 

However less than 1% of soil bacteria are able to be cultured under standard 

laboratory conditions, and the most frequently used method to assess the 

entire diversity of the soil metagenome is through the cloning of suitable 

sizes of soil DNA into an appropriate vector and transformation into a host 

organism, usually E. coli (Daniel, 2005). Full-length genes encoded within 

these fragments of DNA can then be discovered following sequence-based or 

function-based screening techniques. We reasoned that creation of 

metagenomic libraries might enable the discovery of novel nitroreductases 

that exhibited higher activity with S33 than wild-type or evolved 

nitroreductases uncovered so far in the research described in this thesis. 
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6.1.1 Creation and screening of metagenomic libraries 

6.1.1.1 Construction of metagenomic DNA libraries 

For the construction of metagenomic libraries, the DNA is first extracted 

either directly from the environmental sample or from recovered microbial 

cells (Kakirde et al., 2010). This DNA is then sheared either mechanically or 

by restriction endonucleases, and appropriately sized fragments of DNA are 

cloned into an appropriate expression vector (Daniel, 2005). Vectors utilised 

for cloning of DNA fragments include plasmids for smaller fragments 

(typically <15 kb), cosmids or fosmids for medium-length fragments (up to 

45 kb), or bacterial artificial chromosomes (BACs) for larger fragments of 

DNA (up to 200 kb; Uchiyama and Miyazaki, 2009). Metagenomic libraries 

are most frequently screened in E. coli strains; however other bacteria 

genera including Agrobacterium, Burkholderia and Pseudomonas have also 

been utilised as screening hosts (Craig et al., 2010). Due to the small size of 

most nitroreductase genes (usually <800 bp), it was reasoned that the 

cloning of smaller fragments of metagenomic DNA into plasmids should 

allow for the capturing of full-length functional nitroreductases. 

Furthermore, plasmids exhibit higher copy numbers than other cloning 

vectors, and could thus allow for the detection of weakly-expressing genes 

as well as the expression of metagenomic genes from vector-based 

promoters (discussed further in Section 6.1.2.1; Daniel, 2005).  

 

6.1.2 Methods for screening of metagenomic libraries 

Sequence-based screening of metagenomic libraries is most often conducted 

either through comparison of gene sequences (derived from next-generation 

sequencing) to genes of interest, or by PCR-based analysis of genes through 

the use of degenerate oligonucleotide primers (based on consensus amino 

acid sequences in enzyme families; Culligan et al., 2014). These forms of 

screening do not require the enzymes to be expressed by the host organism, 

however they only allow for the discovery of close homologues of genes that 

have already been annotated, and discovered genes may not exhibit the 
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desired activity or the entire genes may not be fully captured within the 

metagenomic fragment (Daniel, 2005). 

Functional screening of metagenomic libraries can also be conducted using 

direct selection, where the host strain requires a target protein to be 

expressed to enable growth on selective media (e.g. transporter proteins; 

Daniel, 2005), or through the screening for enzymatic activation of a 

substrate to a colourmetric or fluorometric product (Kakirde et al., 2010). 

Functional screening allows for the potential identification of completely 

novel genes or gene classes for which significant homologues have not yet 

been annotated (Daniel, 2005); however it also requires successful 

transcription, translation and protein folding in the host organism (Gabor et 

al., 2004). 

 

6.1.2.1 Expressing metagenomic genes using vector promoters 

To improve the ability of host organisms to transcribe and translate 

metagenomic genes, different research groups have cloned metagenomic 

fragments downstream of a vector T7 promoter (Lussier et al., 2011; Tegel et 

al., 2011; Terrón-González et al., 2013), and transformed these 

metagenomic libraries into E. coli screening strains lysogenized with the T7 

RNA polymerase from bacteriophage T7 (Studier and Moffatt, 1986). The T7 

polymerase is very selective for the T7 promoter, transcribing the 

corresponding mRNA at a high frequency and generating longer transcripts, 

and RNA elongation also occurs at a five-fold faster rate than with the E. coli 

native RNA polymerase (Tegel et al., 2011). Metagenomic genes cloned in 

using this method can be transcribed and translated in one of three ways: 

independent gene transcription and translation, with both promoter and 

ribosome binding site (rbs) provided by the insert (Figure 6-1A); a 

transcription fusion with the insert providing its own rbs and translated 

separately (Figure 6-1B); or expression as a translational fusion with the 

insert transcribed and translated from the vector promoter and rbs 

respectively (Figure 6-1C; Gabor et al., 2004). The last method requires the 
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insert to be in the same translation open-reading frame (ORF) as the vector 

start codon, and for no transcription terminators or stop codons to be 

present in the fragment of DNA before the start of the gene insert (Gabor et 

al., 2004). 

 

 

Figure 6-1 Different modes of gene expression utilising a vector T7 promoter in a 
heterologous bacterial host. Vector DNA is shaded in grey, insert DNA is white. 
P, promoter; T, transcription terminator. A) Independent gene expression. The 
insert can be cloned in either direction. However, if a transcriptional termination 
sequence is located in-between the present promoter and the coding DNA 
sequence (cds) start, the gene can only be expressed as a transcriptional fusion 
(bottom). B) Expression based on a transcriptional fusion. C) Expression 
dependent on expression signals located on the vector. Here, a promoter that is 
active in the host system may be present (white triangle). However, a suitable 
ribosome-binding site (rbs) is lacking, which is why the gene can only be 
expressed as a fusion protein. ATG and TGA denote the start and stop codons 
for the cds respectively. Reprinted from Gabor et al. (2004) with permission from 
Elsevier. 

 

6.1.3 Previous attempts by the Ackerley lab to recover novel nitroreductase 

genes 

Some previous research conducted in the Ackerley lab sought to recover 

novel nitroreductase genes from a metagenomic library constructed from 

soil taken from a NZ residential property (“the NZ soil library”; Horvat, 

2012; Owen et al., 2012). DNA from this soil had been extracted, partially 

digested with DNaseA, and 1-3kb sized fragments blunt-end cloned into the 

expression plasmid pETDuet-1 behind the T7 promoter (Owen et al., 2012). 

To screen for nitroreductases from this library, masked fluorophores were 
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utilised, which comprise fluorescence-quenching nitro-substituents 

attached to an otherwise fluorescent aromatic heterocycle, such that 

reduction by a nitroreductase allows for detection of the activated 

fluorophore (Horvat, 2012; Prosser et al., 2013). Transformation of 250,000 

clones from this metagenomic DNA library into the E. coli BL21(DE3) strain 

was followed by incubation with two masked blue fluorophores, and 

fluorescent cells were selected using FACS (Horvat, 2012). This ultimately 

led to the discovery of a single nitroreductase that shared 56% amino acid 

identity with NfsA_Ec (Horvat, 2012). However, an incredibly high 

background of other genes recovered (several hundred non-nitroreductases) 

deemed it likely that this NfsA_Ec homologue had simply been recovered by 

chance, and that the attempt at FACS selection had not been effective. One 

likely reason attributed to this was the relatively high levels of cell 

permeability exhibited by these particular fluorophores that, coupled with 

low-level expression of cloned genes, may have resulted in the signal-to-

noise ratio in the naturally autofluorescent E. coli host strain being too low 

for FACS to work efficiently.  

A further attempt conducted in our group at recovering novel 

nitroreductases through functional screening using niclosamide and nitro-

masked fluorophores utilised both the NZ soil library and a Swedish soil 

library as sources of metagenomic DNA (Little, 2015). The Swedish soil 

library had been created from the DNA extracted from garden compost in 

Sweden, and contained approximately 1.3 x 105 unique DNA fragments 

between 2kb-6kb in length cloned into the expression plasmid pRSETB 

(Parachin and Gorwa-Grauslund, 2011). The E. coli 7NT strain (with 

chromosomal knock-outs of genes encoding for seven endogenous 

nitroreductases and the TolC multi-drug efflux pump) was lysogenized with 

lDE3 (forming the strain 7TL) to allow for the chromosomal integration of 

the gene for T7 RNA polymerase, as both the Swedish and NZ libraries were 

cloned into vectors containing T7 promoters (Little, 2015). This was 

followed by the transformation of both metagenome libraries into this strain 

and selection of variants that could detoxify 0.5 µM niclosamide (Little, 
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2015). However counter-screening of 400 of these variants with a nitro-

masked fluorophore showed no activation of the fluorescent compound, and 

sequencing revealed a powerful selection of TolC-like efflux pumps rather 

than nitroreductases (Little, 2015). Unfortunately over the course of this 

work, contamination of pUCX:KG_NfsA_Ec in the Swedish library (both 

plasmids are KanR), and contamination of pUCX:NfsA_Ec in the NZ soil 

library (both plasmids are AmpR) from other nitroreductase sources in the 

lab was discovered (Rory Little, personal communication). This contamination 

was traced back to the original sources of both libraries, and hence for the 

research described in this chapter the decision was made to create a new 

metagenomic library to avoid previous contamination issues. 

 

6.1.3.1 Functional screening with niclosamide and coloured compounds 

Work presented earlier in this thesis (e.g., Figure 4-5) demonstrates that the 

ability to detoxify niclosamide is widespread in bacterial nitroreductases. 

Our previous attempts to utilise niclosamide as a selection compound for 

metagenomic libraries resulted in a powerful selection for genes encoding 

TolC efflux pumps over nitroreductases. This suggests that even low-level 

expression of the former can effectively protect a host cell against 

niclosamide challenge, whereas high-level nitroreductase expression might 

be required to achieve the same effect in a tolC deletion host. To overcome 

this problem, the research described in this chapter utilised a novel strategy 

to ensure high-level expression of cloned genes from metagenomic DNA. 

It was also necessary to implement methodology to differentiate between 

cells that had gained a tolC gene and those that had gained a nitroreductase 

gene. To specifically target the latter group, nitroaromatic compounds that 

change colour upon nitro-reduction were considered for use in the counter-

screening of niclosamide-detoxifying variants from a metagenomic library. 

Previous research conducted by the Ackerley group had shown that two 

different nitroaromatic compounds, 4(5)-nitroimidazole and 2-methyl-4(5)-

nitroimidazole (chemical structures shown in Figure 6-2) change colour 
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following activation by over-expressed nitroreductases in E. coli – the 

former to a red-brown compound, and the latter to a blue-green product in 

growth inhibition assays (Dr Elsie Williams, personal communication). E. coli 

7NT colonies over-expressing NfsA_Ec from pUCX could be distinguished 

from colonies bearing an empty pUCX control on an LB agar plate when a 

top agarose solution containing 5 mM 4-nitroimidazole was poured over 

mixed colonies (Little, 2015). 

 

Figure 6-2 Chemical structures of the annular isomers of 4(5)-nitroimidazole. 

 

 

 

Figure 6-3 Chemical structures of the annular isomers of 2-methyl-4(5)-
nitroimidazole. 

 

4(5)-nitroimidazole and 2-methyl-4(5)-nitroimidazole are not prodrugs in 

their own right, but are intermediates in the synthesis of nitroimidazole 

drugs (Kraft et al., 1989; Pedada et al., 2013). As shown in Figures 6-2 and 
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6-3, the 4(5) notation indicates that both of these compounds exist as 

annular tautomers, whereby the H atom can be located on either N atom in 

the nitroimidazole ring and thus the position of the nitro group can occur at 

either the 4- or 5- positions (Feketeová et al., 2015; Miller et al., 1970). 

However, for the rest of the chapter they will simply be referred to as the 4-

nitro isomer (4-nitroimidazole and 2-methyl-4-nitroimidazole respectively).  

 

6.2 Aims 

• Evaluate the activity of wild-type nitroreductases from the 58 

nitroreductase library with nitro-masked chromophores. 

• Create, using a novel cloning strategy, a highly-expressed library 

containing a T7 promoter. 

• Discover nitroreductases in this library through functional selection 

and screening using nitroaromatic compounds. 

• Evaluate the expression of discovered nitroreductases alongside 

nitroreductases from the 58 nitroreductase library. 

 

6.3 Results 

6.3.1 Evaluation of the activity of members of the 58 nitroreductase library 

with nitro-masked chromophore compounds 

6.3.1.1 Growth inhibition (IC50) assays with nitroreductases and nitro-masked 

chromophore compounds 

To determine the ability of nitroreductases from the 58 nitroreductase 

library to activate 4-nitroimidazole or 2-methyl-4-nitroimidazole, the ability 

of 18 over-expressed nitroreductases in pUCX to sensitise 7NT cells to lethal 

concentrations of either compound was evaluated (Table 6-1). 
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Family Nitroreductase 

2-methyl-4-
nitroimidazole 

IC50 (µM) 

4-
nitroimidazole 

IC50 (µM) 
 NfsA CO_Frp_Vh 64 ± 14 63 ± 5 
 NfsA NfsA_Vf 119 ± 25 123 ± 14 
 NfsA NfsA_Ck 139 ± 30 118 ± 19 
 NfsA NfsA_Vv 148 ± 21 125 ± 19 
 NfsA NfsA_Ec 149 ± 7 113 ± 27 
 NfsA NfrA_Bs 209 ± 23 191 ± 36 
 NfsA NfsA_St 215 ± 45 297 ± 34 
 NfsA NfsA_Es 611 ± 43 671 ± 69 
 NfsA YcnD_Bs 646 ± 146 205 ± 9 
 NfsA NfsA_Kp 776 ± 47 731 ± 134 
 NfsA EcD_Pp 1040 ± 160 >2000 
 NfsB FRaseI_Vf 1290 ± 240 980 ± 160 
 NfsA NfsA_Lw 1440 ± 360 1710 ± 240 
 NfsA NfsA_Li 1640 ± 270 1910 ± 30 
 NfsB YfkO_Bs 5870 ± 510 >2000 
 NfsA Frp_Vh 6230 ± 1700 >2000 
 NfsB NfsB_Vh 7220 ± 1290 >2000 
 NfsB NfsB_Es 8230 ± 330 >2000 
 Nitroreductase 1 YdgI_Bs >10,000 >2000 
  Empty pUCX >>10,000 >>>2000 

Table 6-1 IC50 values of 4-nitroimidazole or 2-methyl-4-nitroimidazole mediated 
growth inhibition of 18 nitroreductases from the 7NT E. coli 58 nitroreductase over-
expression library. 2-methyl-4-nitroimidazole or 4-nitroimidazole-dependent 
growth inhibition was monitored by measuring strain turbidity (OD600) pre- and 
post-four hour incubation with a two-fold dilution series of 2-methyl-4-
nitroimidazole (top concentration of 10 mM) or 4-nitroimidazole (top 
concentration of 2 mM). Percentage growth relative to unchallenged controls 
was determined and used to calculate the concentration at which 50% growth 
inhibition was seen using GraphPad Prism 7.0. Data are the average of 3 
biological replicates ± SD. Enzymes are ranked by their ability to sensitise 7NT 
cells to 2-methyl-4-nitroimidazole. The concentration of 4-nitroimidazole could 
not be increased above 2 mM due to precipitation of compound in assay media. 

 

Members of the NfsA family were able to sensitise 7NT cells to lower 

concentrations of 4-nitroimidazole and 2-methyl-4-nitroimidazole than 

enzymes from the NfsB or Nitroreductase 1 families, suggesting that for 

functional screening these compounds may be more selective for NfsA 

enzymes over members of other nitroreductase families (provided sub-lethal 

concentrations of the compounds were used). The only member of the NfsB 

family able to sensitise 7NT cells to 4-nitroimidazole was FRaseI_Vf. Due to 
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the precipitation of 4-nitroimidazole in assay media at concentrations above 

2 mM, IC50 values could be not calculated for all other NfsB family enzymes, 

EcD_Pp, Frp_Vh or YdgI_Bs. 

 

6.3.1.2 Correlation between 4-nitroimidazole or 5-nitroimidazole compound-

mediated growth inhibition 

Since the nitro group of 4-nitroimidazole and 2-methyl-4-nitroimidazole 

compounds can also occur at the 5-nitro position, we sought to determine if 

a strong correlation between the ability of nitroreductases to activate these 

two compounds and S33 was present i.e. if nitroreductases exhibiting the 

most activity with these nitro-masked chromophores were also the most 

active enzymes with S33. The IC50 values of 7NT cells over-expressing 19 

different nitroreductases from the 58 nitroreductase library with S33 (from 

Table 3-4) was correlated with the IC50 values with 4-nitroimidazole or 2-

methyl-4-nitroimidazole (from Table 6-1). A limited correlation was 

observed between S33 and 2-methyl-4-nitroimidazole (R2 = 0.20; Figure 

6-4), whereas an apparently higher correlation (R2 = 0.62; Figure 6-5) was 

observed between S33 and 4-nitroimidazole (bearing in mind that seven 

nitroreductases could not be included in the correlation analysis due to their 

inability to sensitise E. coli to the highest concentrations of S33 or 4-

nitroimidazole used). In the case of 2-methyl-4-nitroimidazole, this 

suggested that metagenomic nitroreductases exhibiting the most activity 

with the nitro-masked chromophore would not necessarily be highly active 

with S33.  
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Figure 6-4 Log-log correlation between IC50 growth inhibitory effects of 2-methyl-4-
nitroimidazole and S33 in 7NT nitroreductase over-expression strains. IC50 values 
of 7NT cells over-expressing 18 different wild-type nitroreductases from the 58 
nitroreductase family following challenge with up to 2 mM 4-nitroimidazole 
(Table 6-1) or 300 µM S33 in IC50 assays (Table 3-4). NfsA_Es was dropped 
from the correlation analysis due to its inability to sensitise 7NT cells to up to 
300 µM S33. 

 

 

Figure 6-5 Log-log correlation between IC50 growth inhibitory effects of 2-methyl-4-
nitroimidazole and S33 in 7NT nitroreductase over-expression strains. IC50 values 
of 7NT cells over-expressing 18 different wild-type nitroreductases from the 58 
nitroreductase family following challenge with up to 2 mM 4-nitroimidazole 
(Table 6-1) or 300 µM S33 in IC50 assays (Table 3-4). EcD_Pp, YdgI_Bs, 
YfkO_Bs, Frp_Vh, NfsB_Vh, and NfsB_Es were dropped from the correlation 
analysis due to their inability to sensitise 7NT cells to up to 2 mM 4-
nitroimidazole. NfsA_Es was dropped from the correlation analysis due to its 
inability to sensitise 7NT cells to up to 300 µM S33. 
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Figure 6-6 Log-log correlation between IC50 growth inhibitory effects of 4-
nitroimidazole and 2-methyl-4-nitroimidazole in 7NT nitroreductase over-
expression strains. IC50 values of 7NT cells over-expressing 18 different wild-type 
nitroreductases from the 58 nitroreductase family following challenge with up to 
2 mM 4-nitroimidazole or 10 mM 2-methyl-4-nitroimidazole in IC50 assays 
(Table 6-1). EcD_Pp, YdgI_Bs, YfkO_Bs, Frp_Vh, NfsB_Vh, and NfsB_Es were 
dropped from the correlation analysis due to their inability to sensitise 7NT cells 
to up to 2 mM 4-nitroimidazole. 

 

Conversely, with the exception of EcD_Pp, four NfsB family enzymes and 

YdgI_Bs (due to the inability to calculate IC50 values of 7NT over-expressing 

these enzymes following challenge with 4-nitroimidazole), a strong 

correlation was observed between the ability of NfsA nitroreductases to 

sensitise 7NT cells to 4-nitroimidazole or 2-methyl-4-nitroimidazole (R2 = 

0.90; Figure 6-6), suggesting a higher likelihood of recovering NfsA family 

enzymes following counter-screening with these compounds than enzymes 

from the NfsB or Nitroreductase 1 families. 

 

6.3.2 Attempts to create a metagenomic library 

6.3.2.1 Novel methods for cloning of metagenomic DNA libraries 

As discussed in Section 6.1.3.1, previous attempts by our lab to utilise 0.5 

µM niclosamide as a positive selection compound for nitroreductases from 

metagenomic libraries resulted only in the selection of tolC-like efflux pump 

genes. As noted above, we hypothesised that the expression of 
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nitroreductase genes was too low to allow for successful detection of 

nitroreductase enzymes. We therefore implemented an alternative cloning 

strategy that could allow for the insertion of genes directly after the T7 

promoter and vector rbs, to maximise their expression. 

The restriction enzyme FatI recognises the nucleotide sequence CATG, and 

DNA fragments digested with this enzyme can be ligated into a vector 

digested with NcoI, as they would share compatible cohesive ends (Figure 

6-7). 

 

 

Figure 6-7 FatI and NcoI restriction enzyme DNA cleavage sites. 

 

We reasoned that the use of FatI for partial cleavage of a metagenomic 

library could allow for the cloning of genes having an ATG start codon 

immediately preceded by a C, into a vector digested with NcoI. To create 

such a vector a modified multiple-cloning site of pET28a+ was designed, 

within which the NdeI restriction site occurring after the His6-tag was 

replaced with an NcoI site, and all other NcoI sites deleted from the MCS 

(Figure 6-8). Genes cloned in using this method would not require their own 

transcription promoter or rbs to be encoded upstream, as they would be 

transcribed from the T7 promoter and translated from the vector rbs, in 

frame with the His6-tag. 
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Figure 6-8 Modified pET28a+ multiple-cloning site for expression of metagenomic 
fragments. 

 

This modified multiple-cloning site was cloned into an E. coli/Pseudomonas 

shuttle vector, pUCP22 (West et al., 1994), which contained a gmR 

(gentamicin resistance) gene, as this would presumably reduce the risk of 

contamination of the metagenomic library with other nitroreductase sources 

in the Ackerley lab.  

Our first attempt at creating a metagenomic library utilised ZooDoo 

compost as a source of DNA (manure derived from mammals from 

Wellington Zoo that had been used to create compost and mixed with bark). 

We reasoned that this would be a rich source of gastrointestinal bacterial 

species, however the approach failed due to extraction of only degraded, 

low-molecular-weight DNA.  

Cosmid libraries that had been previously made from NZ soil samples by 

members of the Owen lab were then investigated as another potential source 

of DNA. This DNA was of a high molecular weight, free from organics such 

as humic acid that can reduce cloning efficiency, and not degraded. We 

considered that the inevitable cloning of portions of the cosmid vector into 

the library would have little effect on subsequent screening of the library. 

However, following the cloning of this library we noted issues with the pET-
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pUCP22 plasmid construct (unexpected upregulation of plasmid copy 

number exerting confounding effects on colony size and colour). Moreover, 

post niclosamide selection there was an exceptionally high rate of false 

positives deriving from fragments of inserted cosmid vector DNA (variants 

that could detoxify niclosamide but contained no ORFs within the inserted 

fragment, and exhibited no nitroreductase activity when counter-screened 

with nitro-masked chromophores or metronidazole), which we were unable 

to explain. These observations led to the abandonment of both the cosmid 

DNA and the pET-pUCP22 construct.  

Due to time constraints towards the end of this research, rather than 

conducting a comprehensive metagenomic screen on a de novo library, a 

proof-of-principle library was created instead in the pET28a+ vector. This 

library utilised a small collection of genomic DNA from several culturable 

bacterial strains in the Ackerley lab that were known to contain 

nitroreductase genes with FatI restriction sites preceding the gene start 

codons. We reasoned that this would allow comprehensive testing of 

whether this cloning strategy was generally feasible and effective, and could 

improve the proportion of nitroreductase to tolC genes discovered.  

 

6.3.3 Creation of multi-genomic DNA library in pET28a+ 

6.3.3.1 Selection of bacterial genomes with FatI-cleavable nitroreductases 

For the selection of bacterial genomes containing nitroreductase genes with 

a FatI restriction site immediately preceding the ATG start codon, we first 

identified suitable candidates through the analysis of published genomic 

sequences of bacterial strains available in the Ackerley lab, using 

annotations provided by the NCBI Prokaryotic Genome Annotation Pipeline 

(https://www.ncbi.nlm.nih.gov/genome/annotation_prok/). Three strains, B. 

subtilis, C. koseri, and P. putida were found to contain at least one member 

from the NfsA or NfsB enzyme families (Table 6-2), and had previously been 

utilised as sources of enzymes for the 58 nitroreductase library (Prosser et 

al., 2013). The fourth strain, Burkholderia thailandensis, was a culturable soil 
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bacterium utilised by the Owen lab at Victoria University and made available 

to us for this research. This strain contained putative nitroreductase genes 

from three different families within the Nitro FMN superfamily (Table 6-2), 

one of which (the Nitroreductase 2 family) had no homologues within the 

current 58 nitroreductase library. 

Nitroreductase 
Bacterial 

strain Family 
Accession 
number 

Number of 
internal FatI 
restriction 

sites 

YfkO_Bs 
B. subtilis  
str. 168 

NfsB 
ADE73858

.1 
3 

YdgI_Bs 
B. subtilis  
str. 168 

Nitroreductase 
1 

WP_00322
5379.1  

5 

NfsA_Ck 
C. koseri  

ATCC 27156 
NfsA 

WP_01213
3106.1 

3 

NfsA_Pp 
P. putida  
KT2440 

NfsA 
WP_01095

3425.1 
2 

NfsB_Pp 
P. putida  
KT2440 

NfsB 
WP_01095

3384.1 
1 

AzoR_Pp 
P. putida  
KT2440 

AzoR 
ABQ77513

.1 
5 

Uncharacterised 
nitroreductase 

P. putida  
KT2440 

Nitroreductase 
2 

WP_01095
5256.1 

2 

Uncharacterised 
nitroreductase 

B. 
thailandensis 

 E264 

Nitroreductase 
2 

WP_00988
8637.1 

1 

Uncharacterised 
nitroreductase 

B. 
thailandensis 

E264 

Arsenite 
oxidase 

WP_00989
3809.1 

1 

Uncharacterised 
nitroreductase 

B. 
thailandensis 

E264 

Nitroreductase 
5 

WP_00989
7344.1 

3 

Table 6-2 List of candidate nitroreductases containing a FatI restriction site 
immediately preceding the ATG start codon. 

 

6.3.3.2 Screening of control nitroreductases with 4-nitroimidazole and 2-methyl-

4-nitroimidazole 

As the genes yfkO_Bs, ydgI_Bs, nfsA_Ck, nfsA_Pp, nfsB_Pp, and azoR_Pp had 

already been cloned into pET28a+ (albeit with a preceding His6-tag), they 

were transformed into the 7TL strain to observe the ability of the encoded 
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His6-tagged enzymes to detoxify 0.5 µM niclosamide and reduce 4-

nitroimidazole or 2-methyl-4-nitroimidazole on LB agar plates containing 

50 µM IPTG. Enzymes were first plated on LB agar plates containing 

niclosamide and incubated at 37 °C overnight. The following day a top 

agarose solution containing 5 mM 4-nitroimidazole or 10 mM 2-methyl-4-

nitroimidazole was poured over the colonies, and the plate left at room 

temperature for up to 24 hours for colour changes to be observed.  

 

Nitroreductase 

Percentage of 
colonies able to 
detoxify 0.5 µM 

niclosamide 

Time at which 
colour change 
with 5 mM 4-

nitroimidazole in 
top agarose was 

observable 

Time at which 
activity with 10 
mM 2-methyl-4-
nitroimidazole in 
top agarose was 

observable 
YfkO_Bs 100% 1 hour 1 hour 
YdgI_Bs 70% 4 hours 1 hour 
NfsA_Ck 40% 1 hour 1 hour 
NfsA_Pp 70% 1 hour 1 hour 
NfsB_Pp 10% 24 hours 24 hours 
AzoR_Pp 100% No activity No activity 

Empty 
pET28a+ 
plasmid 

0% No activity No activity 

Table 6-3 Activity of control nitroreductases in pET28a+ with niclosamide and 
nitro-masked chromophores.The percentage of 7NT cells over-expressing six 
different nitroreductases on LB agar plates containing 50 µM IPTG and 0.5 µM 
niclosamide was calculated relative to growth on plates without niclosamide. 
Activities of the same nitroreductases with the nitro-masked chromophores 4-
nitroimidazole or 2-methyl-4-nitroimidazole were determined as the time taken 
(in hours) for a colour change of these same colonies to be observed following top 
agarose administration of either compound. 

 

Of the six control nitroreductases tested, only 7NT cells over-expressing 

YfkO_Bs or AzoR_Pp showed no inhibition in their ability to form colonies 

on 0.5 µM niclosamide (Table 6-3). YdgI_Bs, NfsA_Ck and NfsA_Pp showed 

varying levels of growth inhibition, and only 10% of NfsB_Pp over-

expressing cells were able to detoxify this concentration of niclosamide. 

This suggested that selection of a metagenomic library on niclosamide 

might miss some nitroreductase-containing colonies, and in an attempt to 
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alleviate this issue we attempted to use lower concentrations of niclosamide, 

or upregulate nitroreductase expression through increased concentrations of 

IPTG in the agar plate. Unfortunately, 7NT cells bearing an empty pET28a+ 

plasmid were able to grow on plates containing 0.25 µM niclosamide, and 

increased IPTG concentrations (up to 250 µM) negatively affected the 

growth of nitroreductase over-expressing cells (results not shown). 

Nevertheless, the use of nitro-masked chromophore-containing top agarose 

was able to distinguish between 7NT cells over-expressing active 

nitroreductases from those bearing inactive nitroreductases (AzoR_Pp, 

which does not exhibit any activity with S33; Figure 3-11) or an empty 

pET28a+ control (Table 6-3). Surprisingly, nitroreductases such as YdgI_Bs, 

for which IC50 values with either nitro-masked chromophore could not be 

determined (Table 6-1), did exhibit activity with these compounds upon 

their inclusion in the top agarose solution (Table 6-3). 

 

6.3.3.3 Creation of multi-genomic DNA library 

For the creation of the proof-of-principle FatI library from bacterial gDNA, 

genomic DNA was extracted from strains of P. putida, C. koseri, B. subtilis 

and B. thailandensis that had each been cultured overnight in 100 mL LB, 37 

°C at 200 rpm. They were mixed in equal molar ratios (relative to the size of 

respective chromosomal DNA sequences) and a test restriction digest was 

performed using 300 ng multi-genomic DNA and varying concentrations of 

FatI (Figure 6-9) to determine the optimal concentration for a partial 

restriction digest. 

0.25 U FatI gave the highest concentration of digested DNA at the desired 

size i.e. 1-2.5 kB (Figure 6-9, Lane 3), and this reaction was scaled up to 

allow for the digestion of 50 µg multi-genomic DNA. The entire restriction 

digest was visualised on a DNA agarose gel containing SyBr Safe by gel 

electrophoresis, and the segment of gel containing the 1-2.5 kb fragments of 

DNA was dissected and the DNA electro-eluted from the agarose gel. The 

DNA was ligated into NcoI-cleaved pET28a+ (note: the vector was not 
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treated with alkaline phosophatase prior to ligation to prevent self-ligation, 

as we had previously observed extremely low numbers of transformations 

following this step), resulting in a 30% insert rate. This ligation was first 

transformed into the E. coli strain EC100 (i.e. DH10B, a specialized 

transformation strain; Durfee et al., 2008) and variants were recovered as 

per Section 2.6.9.5, plasmid DNA extracted and transformed into the E. coli 

7TL screening strain. In total 5 million unique variants were transformed 

into the 7TL strain. 

 

 

Figure 6-9 Partial restriction enzyme digest of multi-genomic DNA with FatI. 
Cleavage of 300 ng of mixed genomic DNA across two-fold dilutions of FatI. (2) 
0.5 U; (3) 0.25 U; (4) 0.13 U; (5) 0.063 U; (6) 0.032 U; (7) 0.016 U FatI; (8) 
undigested control. 

 

6.3.3.4 Screening of multi-genomic library with niclosamide  

The metagenomic library in 7TL was plated on LB agar plates containing 50 

µM IPTG and 0.5 µM niclosamide. Around 0.015% of variants were able to 

detoxify niclosamide (roughly 7,500 colonies of the 5 million total), and of 

these, 72 clones were picked and sequenced to determine the number of 

variants containing tolC-like genes vs nitroreductase genes (Table 6-4).  
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Protein Type Bacteria 
Cloned position (forward/reverse transcription 

frame, position of start codon) 
# 

Clones 

% of 
total 

clones 
Accession 

TolC TolC C. koseri  
Forward, starts 127 bp downstream from NcoI 2 

29 
WP_012135

166.1 Forward, starts 582 bp downstream from NcoI 1 
Reverse 18 

TolC TolC 
E. coli 

W3110 
Reverse 22 31 

ACM48572.
1 

NfsA_Ec NfsA 
E. coli 

W3110 
Forward, starts 106 bp downstream from NcoI 10 

15 APC51123.1 
Forward, starts 182 bp downstream from NcoI 1 

AzoR_Ec AzoR 
E. coli 

W3110 
Forward, start codon encoded for by NcoI 6 

10 
WP_000048

950.1 Forward, starts 587 bp downstream from NcoI 1 

NfsB_Ec NfsB 
E. coli 

W3110 
Forward, starts 11 bp downstream from NcoI 1 

3 
CQR80176.

1 Reverse 1 

YodC 
Nitroreductase 

1 
B. subtilis 

Forward, starts 102 bp downstream from NcoI 2 
10 

WP_003231
196.1 Reverse 5 

NfsA_Ck NfsA C. koseri Forward, start codon encoded for by NcoI 1 1 
WP_012133

106.1 

NfsB_Ck NfsB C. koseri Reverse 1 1 
WP_047458

272.1 

Table 6-4 Sequencing results of metagenomic hits that could detoxify 0.5 µM niclosamide. 
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The sequencing results showed an extremely high proportion of genes from 

the E. coli strain W3110 (tolC, nfsA_Ec, azoR_Ec, nfsB_Ec) cloned into the 

multi-genomic library, which was surprising as this strain had not been 

utilised as a source of genomic DNA due to the lack of nitroreductases 

containing a FatI restriction site preceding the enzyme start codon. 

Ultimately it turned out that the lab stock of P. putida KT2440 was 

contaminated with E. coli W3110, and the high incidence of these genes 

being found may have been exacerbated by the usage of the 7TL strain for 

screening, which is derived from W3110. In total, tolC genes only made up 

59% of all multi-genomic hits discovered, with half derived from E. coli 

W3110 and half from C. koseri (the C. koseri TolC protein shares 91% protein 

identity with E. coli TolC). E. coli W3110 nitroreductases made up 28% of 

proteins discovered (NfsA_Ec, NfsB_Ec, AzoR_Ec), and the YodC 

nitroreductase from B. subtilis, which is not present in the 58 nitroreductase 

family, was also found in 10% of variants. The only other nitroreductases 

found were NfsA_Ck and NfsB_Ck from C. koseri. The majority of genes 

discovered were not cloned in using the FatI strategy (only nfsA_Ck and 

azoR_Ec genes had their start codons encoded within the NcoI restriction 

site, i.e. Figure 6-1 C), however they were cloned in behind the T7 

promoter, suggesting that they could be transcribed by the T7 promoter (and 

translated not through the rbs located on pET28a+, but through rbs 

sequences present in the cloned DNA fragment; i.e. Figure 6-1 B). Seven 

variants (containing genes encoding for YodC, NfsB_Ec or NfsB_Ck) were 

cloned in the reverse direction to the T7 promoter, suggesting that these 

genes were being expressed from their own transcription and rbs translation 

sequences within the cloned DNA fragments (i.e. Figure 6-1 A). 

 

6.3.3.5 Counter-screening of niclosamide-selected colonies with 4-nitroimidazole 

and 2-methyl-4-nitroimidazole 

In parallel with the experiments described in Section 6.3.3.4, variants from 

the multi-genomic library that could detoxify 0.5 µM niclosamide were 
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counter-screened with top agarose containing 5 mM 4-nitroimidazole 

(Figure 6-10A) or 10 mM 2-methyl-4-nitroimidazole (Figure 6-10B) in an 

attempt to distinguish nitroreductase genes from tolC genes. 81 colonies 

that could activate either compound were also picked and sequenced (Table 

6-5). 

 

 
A 

 

 
B 

 

Figure 6-10 Activation of nitro-masked chromophores by multi-genomic library 
variants also capable of detoxifying 0.5 µM niclosamide. 7NT cells over-expressing 
variants from the multi-genomic library that were able to form colonies on LB 
agar plates containing 0.5 µM niclosamide were counter-screened with top 
agarose containing A) 5 mM 4-nitroimidazole; or B) 10 mM 2-methyl-5-
nitroimidazole. 
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Protein Type Bacteria 
Cloned position (forward/reverse transcription 

frame, position of start codon) 
# 

Clones 

% of 
total 

clones Accession 

NfsA_Ec NfsA 
E. coli 

W3110 

Forward, starts 106 bp downstream from NcoI 60 

81 APC51123.1 
Forward, starts 182 bp downstream from NcoI 1 
Forward, starts 630 bp downstream from NcoI 1 
Forward, starts 782 bp downstream from NcoI 1 

Reverse 3 

NfsB_Ec NfsB 
E. coli 

W3110 

Forward, starts 11 bp downstream from NcoI 2 
7 CQR80176.1 Forward, starts 234 bp downstream from NcoI 2 

Reverse 2 

NfsA_Ck NfsA C. koseri 

Forward, start codon encoded for by NcoI 2  
WP_012133106.1 Forward, starts 259 bp downstream from NcoI 1 5 

Forward, starts 511 bp downstream from NcoI 1  

NfsB_Ck NfsB C. koseri 
Forward, starts 261 bp downstream from NcoI 1 

2 WP_047458272.1 
Reverse 1 

NfsB_Pp NfsB P. putida Forward, start codon encoded for by NcoI 1 1 WP_010953384.1 

YodC 
Nitroreductase 

1 
B. 

subtilis 
Forward, starts 99 bp downstream from NcoI 

1 1 WP_003231196.1 

Table 6-5 Sequencing results of 0.5 µM niclosamide-selected metagenomic hits that could reduce either 4-nitroimidazole or 2-methyl-4-
nitroimidazole.
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As expected, no genomic variants containing tolC genes were found 

following counter-screening with either nitro-masked chromophore. The 

proportion of genomic fragments expressing either NfsA_Ec or NfsB_Ec from 

E. coli W3110 increased substantially, with NfsA_Ec now making up 81% of 

all counter-screened variants, and NfsB_Ec expressed in 9% of variants. 

AzoR_Ec, which does not exhibit activity with either 4-nitroimidazole or 2-

methyl-4-nitroimidazole (Table 6-3) was not present in any counter-

screened variants. The incidence of YodC from B. subtilis dropped from 9% 

(Table 6-4) to 1% following counter-screening (Table 6-5; though it does 

exhibit some activity with both nitro-masked fluorophores; results not 

shown), however the occurrences of both NfsA_Ck and NfsB_Ck increased 

(from 1% each in Table 6-4 to 5% and 2% respectively; Table 6-5). Counter-

screening also revealed one variant over-expressing NfsB_Pp from P. putida, 

which had not been found following niclosamide selection alone. The 

counter-screening of niclosamide-detoxifying variants with nitro-masked 

chromophores therefore appeared to be a successful means of selecting 

solely for nitroreductase variants, with the caveat that certain 

nitroreductases (AzoR_Ec) that do not exhibit activity with the masked 

chromophores will be lost from the pool of nitroreductases recovered. 

 

6.3.3.6 Expression levels of nitroreductase hits from multi-genomic library 

To determine the relative levels of expression of nitroreductase enzymes 

found in Sections 6.3.3.4 and 6.3.3.5, SDS-PAGE analysis of these variants 

was conducted. Each variant was grown in two separate cultures at 37 °C, 

200 rpm for 4 hours, with one culture containing the addition of 50 µM IPTG 

to determine if the gene was being transcribed from the vector T7 promoter 

(Figure 6-11). Protein levels in whole-cell lysate were compared to that of 

their His6-tagged counter-parts where available. 

With the exception of NfsB_Pp, all His6-tagged nitroreductases showed some 

basal protein expression (Figure 6-11, Samples 1,7,11,15) that was 

substantially upregulated upon IPTG induction. Three of the four NfsA_Ec 
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variants cloned in downstream of the T7 promoter (Figure 6-11, Samples 2, 

4-5) showed upregulation of protein expression following IPTG induction, 

suggesting transcription from the T7 promoter even though all samples were 

cloned in substantially downstream from the NcoI restriction site. Sample 

6, which contains NfsA_Ec cloned in the reverse frame, showed no 

appreciable basal protein expression and no up-regulation following 

induction with IPTG. None of the NfsB_Ec samples showed basal protein 

expression or IPTG-induced up-regulation (Figure 6-11, Samples 8-10), 

suggesting that only minimal expression of this nitroreductase was required 

for activity with niclosamide and nitro-masked chromophores. Surprisingly, 

both the nitroreductases NfsA_Ck and NfsB_Pp, when cloned in such that 

their start codon was encoded for by NcoI (Figure 6-11, Samples 12, 19) 

exhibited minimal basal protein expression and no up-regulation in 

expression following IPTG induction. This suggested that perhaps that the 

presence of a C-terminal His6-tag (at least in the case of NfsA_Ck) aided in 

the expression of high levels of soluble protein. No observable expression 

was seen in any other NfsA_Ck or NfsB_Ck variants, regardless of whether 

they were cloned in downstream of the T7 promoter (Figure 6-11, Samples 

13-14,16) or in the reverse frame (Figure 6-11 Sample 17). A slight up-

regulation of YodC from B. subtilis cloned in downstream of the Figure 6-11, 

Sample 20), and no visible expression was observed of the same 

nitroreductase cloned in the reverse frame (Figure 6-11, Sample 21).  



262 

 

 

 

 

Figure 6-11 SDS-PAGE gel showing relative protein expression levels of His6-tagged nitroreductases and nitroreductase hits from multi-genomic 
library in 7NT. Nitroreductase-expressing cultures were grown with (+) or without (-) induction by 50 µM IPTG for 4 hours prior to collection 
of whole-cell lysate. Whole-cell lysate samples were normalised for cell density (OD600) and 10 µL of sample loaded per lane. 
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1. His6-NfsA_Ec (MW 29.0 kDa) 
2. NfsA_Ec, forward, starts 106 bp downstream from NcoI (MW 26.8 kDa) 
3. NfsA_Ec, forward, starts 182 bp downstream from NcoI (MW 26.8 kDa) 
4. NfsA_Ec, forward, starts 630 bp downstream from NcoI (MW 26.8 kDa) 
5. NfsA_Ec, forward, starts 782 bp downstream from NcoI (MW 26.8 kDa) 
6. NfsA_Ec, reverse (MW 26.8 kDa) 
7. His6-NfsB_Ec (MW 26.1 kDa) 
8. NfsB_Ec, forward, starts 11 bp downstream from NcoI (MW 23.9 kDa) 
9. NfsB_Ec, forward, starts 234 bp downstream from NcoI (MW 23.9 kDa) 
10. NfsB_Ec, reverse (MW 23.9 kDa) 
11. His6-NfsA_Ck (29.0 kDa) 
12. NfsA_Ck, forward, start codon encoded for by NcoI (26.9 kDa) 
13. NfsA_Ck, forward, starts 259 bp downstream from NcoI (26.9 kDa) 
14. NfsA_Ck, forward, starts 511 bp downstream from NcoI (26.9 kDa) 
15. His6-NfsB_Ck (26.1 kDa) 
16. NfsB_Ck, forward, starts 261 bp downstream from NcoI (23.9 kDa) 
17. NfsB_Ck, reverse (23.9 kDa) 
18. His6-NfsB_Pp (26.4 kDa) 
19. NfsB_Pp, forward, start codon encoded for by NcoI (24.2 kDa) 
20. YodC (B. subtilis), forward, starts 99 bp downstream from NcoI (22.3 kDa) 
21. YodC (B. subtilis), reverse (22.3 kDa) 
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6.4 Discussion 

This chapter describes the utilization of a novel cloning strategy for the 

proof-of-principle creation of a multi-genomic library, and subsequent 

discovery of nitroreductases from this library using nitroaromatic positive 

selection and screening compounds. We demonstrated the successful 

selection of a variety of nitroreductase enzymes, the majority of which came 

from E. coli W3110. Despite apparent high levels of contaminating E. coli 

DNA resulting in a dominating percentage of nfsA_Ec and nfsB_Ec genes 

being recovered in this proof-of-principle study, the successful recovery of 

the nfsA_Ck and nfsB_Pp genes from this library indicated that FatI partial 

digestion is potentially a useful strategy for recovery of nitroreductase genes 

from a metagenomic library. It remains to be seen if the abundance of E. coli 

enzymes found in this library is due to simply to an over-representation of 

the W3110 genomic DNA, and we have yet to determine if nitroreductases in 

other E. coli genomes contained in soil DNA would be as highly represented 

in future metagenomic libraries. Deliberate selection of soil from areas 

where remnants of gastrointestinal E. coli species are less likely to occur 

should allow for the avoidance of this issue. Of the 10 nitroreductase 

enzymes likely present in the library that contained a FatI restriction site 

immediately preceding the start codon, only two of these (NfsA_Ck and 

NfsB_Pp) were found following screening of the library with niclosamide and 

4-nitroimidazole or 2-methyl-4-nitroimidazole. This may have been partly 

due to the overwhelming number of multi-genomic fragments containing 

NfsA_Ec, which made up 81% of counter-screened variants. No 

nitroreductase enzymes from B. thailandensis were discovered in the variants 

sequenced in this chapter, although it is possible that none of the annotated 

proteins exhibit activity with niclosamide or 4-nitroimidazole or 2-methyl-

4-nitroimidazole. Due to the success of using pET28a+ as a cloning vector 

for this multi-genomic library, we postulate that it would be an ideal vector 

for future cloning of soil metagenomic libraries, albeit with some minor 

modifications. To reduce the risk of contamination with other 

nitroreductase sources in the Ackerley lab, the kanamycin resistance 
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cassette in pET28a+ could be replaced with an alternative antibiotic 

resistance cassette. For example, Manna et al. (2013) demonstrated the 

successful disruption of ampR and kanR genes in a variety of vectors through 

the insertion of a tetracycline resistance cassette (tetR), which had no effect 

on plasmid copy numbers, and the same strategy could be utilised for the 

insertion of tetR in place of kanR in pET28a+. Furthermore, the substitution 

of the modified pET28a+ MCS (as described in Section 6.3.2.1) would allow 

for His6-tag expression of FatI-cloned nitroreductases, which may also 

increase the overall expression of these enzymes and allow for a higher 

proportion of nitroreductase genes (relative to tolC-like genes) to be 

recovered from the library. However a lower proportion of survival of 7NT 

cells over-expressing some nitroreductases (e.g. NfsB_Pp) in the pET28a+ 

vector on LB agar plates containing 0.5 µM niclosamide was noted, relative 

to the ability of their pUCX-cloned counterparts to detoxify niclosamide in 

liquid media. This could reflect the lower copy number of plasmids with a 

pBR322 origin of replication (e.g. pET28a+) relative to those with a mutated 

pUC origin (e.g. pUCX; Lin-Chao et al., 1992), and suggests that the use of a 

plasmid containing the latter may allow for the recovery of more 

nitroreductase genes. Finally, due to the high proportion of nitroreductases 

discovered that were not cloned in using the FatI strategy, we have yet to 

determine if metagenomic library creation using this enzyme would allow 

for the discovery of more nitroreductase genes than cleavage of 

metagenomic DNA using a less specific endonuclease, such as DNaseI. 

Direct comparison of these two strategies would allow for the determination 

of whether the former strategy actually improves our ability to recover 

nitroreductases from the library, or whether it is more likely to miss 

nitroreductase genes that contain a large number of internal FatI restriction 

sites. The FatI cloning strategy may also be useful for discovery of any kind 

of enzyme from a metagenomic library where high-level expression is 

required to facilitate effective screening. 

The counter-screening of niclosamide-detoxifying colonies with 4-

nitroimidazole and 2-methyl-4-nitroimidazole from LB agar plates was also 



266 

 

 

successful; however, it was likely one of the factors contributing to the 

increased recovery of nfsA_Ec genes from this multi-genomic library, as it 

appeared to demonstrate very strong activation of both nitro-masked 

chromophores. The selection of colonies that can activate these compounds 

on LB agar plates from metagenomic libraries may also be more likely to 

recover nitroreductase variants from the NfsA family, as their colonies are 

likely to exhibit the strongest colour change. Thus for future screening of 

metagenomic libraries, counter-screening of niclosamide-detoxifying 

variants in liquid assays with nitro-masked chromophores as well as other 

nitroaromatic compounds (e.g. metronidazole or nitrofurazone) may allow 

for more successful recovery of enzymes from alternative nitroreductase 

families. 
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Chapter 7.  Key findings, conclusions and future 

directions 

7.1 Research motivation 

The research described in this thesis involved the engineering of 

nitroreductase candidates, primarily for their potential use in human GDEPT 

clinical trials. Our collaborators in this work have sought to improve on the 

original NfsB/CB1954 enzyme-prodrug GDEPT pairing through the creation 

of next-generation prodrugs with improved pharmacological attributes as 

well as the engineering of specialised tumour-targeting C. sporogenes 

vectors for gene delivery to tumour tissues. Other (present and past) 

members of the Ackerley lab have focused on the improvement of the 

activity of nitroreductase candidates with these prodrugs, and more 

recently, with PET imaging probes. One of the key limitations in human 

GDEPT trials is the inability to rapidly and non-invasively confirm 

localisation of nitroreductase genes in the patient prior to systemic prodrug 

administration, and our lab has thus sought to use PET imaging probes that 

can be activated by nitroreductase enzymes to cell-entrapped forms to allow 

for PET scans to determine gene location. The initial research conducted in 

the Ackerley lab in this field focused on the adaptation of 2-nitroimidazole 

PET imaging probes, which had originally been developed for imaging of 

hypoxic tissues, for nitroreductase activation (e.g., Copp et al., 2017). 

However, the comparison of PET imaging of NfsA_Ec nitroreductase-

expressing tumours in mice versus untransfected tumours revealed relatively 

high background activation of the probe due to hypoxia, suggesting that 

reduced sensitivity would be an issue even with evolved nitroreductase 

enzymes. Therefore my efforts were focused on bespoke 5-nitroimidazole 

PET imaging probes designed by our collaborators exclusively for 

nitroreductase activation, as they possess a sufficiently low one-electron 

transfer potential to avoid being activated by human enzymes under hypoxic 

conditions.  
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7.2 Summary of key findings 

7.2.1  Discovery of wild-type nitroreductases that exhibited activity with S33 

Through the screening of a 58 nitroreductase library, which comprises wild-

type nitroreductase candidates from a range of enzyme families and 

bacterial species, I discovered a substantial number from the NfsA and NfsB 

families that demonstrated the ability to activate S33 in E. coli. From the 

latter family, only a subset of nitroreductases that shared less than 45% 

identity with E. coli NfsB exhibited activity with this compound. Further 

analysis revealed that the NfsA enzymes YcnD_Bs and NfsA_Ec, and the NfsB 

enzyme YfkO_Bs were amongst the most active S33 nitroreductases in our 

collection, and these were selected for further study. For the analysis of 

kinetic parameters of these enzymes with S33, their high background 

NADPH oxidase activity relative to their activity with S33 (i.e., enzymatic 

transfer of electrons donated by NADPH directly to oxygen molecules 

present in the solution instead of S33) meant that Michaelis-Menten kinetic 

parameters for reduction of S33 were unable to be directly measured. As an 

alternative method, we settled on the use of a glucose oxidase-catalase 

oxygen scavenging system to remove oxygen from the solution, allowing for 

rates of reduction to be measured with a higher degree of accuracy (albeit 

still with large errors). The estimated kcat/KM for the YcnD_Bs, NfsA_Ec, and 

YfkO_Bs nitroreductases with S33 were all below 103 s-1.M-1, which is low 

relative to the discernible levels activity they exhibited in vivo and may 

indicate inaccuracies in our calculation of the extinction coefficient for S33. 

Nevertheless, throughout this work the general methodology was primarily 

used to compare levels of in vitro activity between different wild type 

enzymes and evolved variants thereof, and an inaccurate extinction 

coefficient would not interfere with these relative comparisons. 
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7.2.2 Screening site-targeted libraries for variants exhibiting improved 

activity with S33 

For the initial evaluation of evolved nitroreductase variants that could 

activate S33, I screened previously created site-targeted libraries of the NfsA 

enzymes YcnD_Bs and NfsA_Ec, which had been designed by previous 

members in the Ackerley lab to improve the activity of these enzymes with 

the potential GDEPT prodrug PR-104A (Copp et al., 2014; Prosser, 2011). 

Screening of these libraries with S33 was conducted using the lacZ SOS assay 

in the E. coli SOS-R2 strain, which reports on the level of endogenous E. coli 

SOS response that is activated in response to sub-lethal DNA damage in the 

cell. The SOS-R2 strain contains a chromosomally integrated lacZ gene 

fused downstream of an sfiA SOS gene promoter, and has previously been 

validated for the quantification of nitroreductase activity with sub-lethal 

concentrations of DNA-damaging prodrugs (Prosser et al., 2013) and S33 

(Williams, 2013). The variant most active with S33 that was recovered from 

the YcnD_Bs SSM library contained an accidental amino acid substitution, 

I163V, as well as the site-targeted substitution Y227V, and demonstrated a 

ca. 3-fold improvement in kcat/KM over wild-type YcnD_Bs. From the NfsA_Ec 

SDM library, the lead variant only had one amino acid substitution, R225A in 

the active site, and exhibited a much higher 14-fold improvement in kcat/KM 

over wild-type NfsA_Ec. 

 

7.2.3 Creation and screening of random mutagenesis libraries for improved 

S33 activation 

Our lab was also interested in the evolution of an NfsB enzyme e.g. YfkO_Bs 

for improved S33 activation for two key reasons: we have observed in the 

past that NfsB enzymes tend to exhibit higher kcat and KM kinetic parameters 

with given substrates, and we sought to determine whether this might 

translate to superior activity with S33 in vivo; secondly, our collaborators 

have found NfsB family nitroreductases to generally be more tolerated and 

functional in C. sporogenes than NfsA family enzymes, albeit based on fairly 
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small sample sizes. Owing to the lack of a solved crystal structure for 

YfkO_Bs, we utilised a random mutagenesis approach for evolution, using a 

low-fidelity DNA polymerase to introduce random base substitutions into 

the gene during PCR amplification. Simultaneously, we created a random 

mutagenesis library for YcnD_Bs, in an attempt to generate variants that 

were more active with S33 than those found from the site-targeted library. 

Due to the substantially larger library sizes that can theoretically be created 

for error-prone libraries, and the higher probability of the variants in these 

libraries to simply be non-functional, we utilised the positive nitroaromatic 

selection compound, niclosamide, to first remove generally inactive 

nitroreductases from the pool. For screening of the remaining variants for 

their activity with S33, we used the GFP SOS assay, which utilises E. coli 

strains bearing the sfiA promoter transcriptionally fused to a plasmid-based 

gfp gene and has been shown to permit ultra-high-throughput screening 

(Copp et al., 2014, 2017).  

The lead four variants discovered from each of yfkO and ycnD libraries 

following the first rounds of random mutagenesis and cell sorting were used 

as a mixed template for generation of enzymes for the second found. Two 

rounds of directed evolution conducted on YfkO_Bs generated a variant with 

two amino acid substitutions (F82L, M110I) that exhibited a 6-fold 

improvement in kcat/KM with S33 over wild-type YfkO_Bs. This variant also 

demonstrated an improved ability to activate the next-generation prodrug 

SN36506, and a proprietary next-generation single-fluorine analogue of S33, 

SN37819. This error-prone evolution approach was less successful in 

improving the activity of YcnD, with the top variants recovered having 

almost no appreciable improvements in activity with S33, due to their 

comparison during screening to a wild-type YcnD_Bs control that expressed 

at far low levels (which was not discovered until after two rounds of directed 

evolution).  

 



271 

 

 

7.2.4 Use of nitroreductase positive selection compounds for the discovery of 

improved S33-activating variants 

As an extension of the use of low levels of niclosamide to enrich 

nitroreductase libraries for active enzymes, we investigated whether higher 

concentrations of niclosamide or another nitroaromatic positive selection 

compound, chloramphenicol, could be utilised as sole selection agents for 

nitroreductases that exhibited improved activity with S33. For this research 

we utilised a site-targeted NfsA_Ec library that had been synthesised for the 

Ackerley lab, with degenerate codons at seven key active site residues, 

allowing for up to 20 amino acid substitutions at each site for a total of 96 

million possible unique variants. The use of concentrations of niclosamide 

or chloramphenicol, above that which wild-type NfsA_Ec could detoxify, 

selected for under 1% of variants within the 7SM library. To determine the 

effects of these selection pressures on activities with other substrates, a 

small subset of variants recovered post-selection with either niclosamide or 

chloramphenicol were counter-screened against a panel of six structurally 

diverse nitroaromatic compounds. Both niclosamide and chloramphenicol 

exhibited the capacity to enrich the pool of NfsA_Ec variants for those able 

to sensitise E. coli to lethal concentrations of all six compounds. 

Furthermore, a subset of selected variants exhibited higher levels of activity 

than wild-type NfsA_Ec, demonstrating that these positive selection 

compounds could be utilised as generic agents for selection of improved 

nitroreductases. Within the subsets of variants screened we discovered two 

NfsA_Ec variants, each containing five different amino acid substitutions, 

that upon preliminary kinetic analysis appeared to exhibit over 4-fold 

improvements in kcat/KM with S33 relative to wild-type NfsA_Ec. 

 

7.2.5 Utilising nitroaromatic selection and screening compounds for discovery 

of new nitroreductase enzymes 

Finally, we sought to discover nitroreductases from nature that exhibited 

higher activity with S33 than any of the wild-type or evolved nitroreductase 
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variants evaluated thus far. Due to time constraints we were unable to 

successfully create a suitable soil metagenome library; however a small 

proof-of-principle library was created from bacterial genomic DNA using a 

novel cloning strategy that we predicted would allow for improved 

expression of nitroreductase genes from metagenomic fragments in E. coli. 

From this library we demonstrated that both nitroreductase and tolC efflux 

pump-encoding genes could be pulled out from the library following 

selection on low levels of niclosamide, and counter-screening using nitro-

masked colourmetric compounds allowed for the successful recovery of 

solely nitroreductase-expressing gene fragments. We predict that this will 

allow for the future discovery of nitroreductase enzymes from unculturable 

bacterial strains, some of which may not presently have annotated 

homologues. 

 

7.3 Critical evaluations of methods used in this research 

7.3.1 pUCX expression plasmid 

The use of pUCX as a nitroreductase expression plasmid over the course of 

this research was initially confounding due to the existence of two forms of 

the vector, one of which contained mutations that led to a much lower 

expression of nitroreductase enzymes in E. coli. Since this discovery, we 

have switched to the sole use of the former vector where possible; but in 

certain instances, such as the 7SM library which was already cloned into 

low-expressing pUCX, the re-cloning of a wild-type control into low-

expressing pUCX for comparison was required. However, in the case of the 

former plasmid, the increased levels of nitroreductase expression from high-

expressing pUCX might not be ideal in all circumstances; e.g. wild-type 

YcnD_Bs, following induction with either 25 or 50 µM IPTG, sensitised E. coli 

to similar concentrations of metronidazole. This suggests that the over-

expressed enzyme may in fact be depleting the intracellular NADPH pools in 

cells, and may not allow for accurate determination of the activity of 

improved variants with metronidazole or other nitroaromatic substrates in 
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vivo. To determine if this is indeed the case during IC50 assays, enzyme 

expression could be induced with several different concentrations of IPTG, 

to determine the highest concentration of IPTG at which a variant is still 

capable of sensitising E. coli to the same fold-lower concentrations of a 

compound (relative to a wild-type control). In many cases it may be 

necessary to use lower concentrations of IPTG for the induction of over-

expressed variant nitroreductases, in particular if the wild-type or other 

parent enzyme utilised for comparison already exhibits high levels of 

activity with the compound. We showed that the IC50 values of 7NT cells 

over-expressing YcnD_Bs with metronidazole could be determined without 

any IPTG induction whatsoever, suggesting that there was still substantial 

leaky expression of this nitroreductase to sensitise E. coli to the prodrug. 

Alternatively, the inclusion of higher concentrations of glucose in the 

growth and challenge media (our lab uses 0.4% glucose in overnight cultures 

and 0.2% glucose in challenge media) could be utilised for increased 

repression of the lac promoter.  

 

7.3.2 GFP SOS assay and FACS 

The research conducted in this thesis revealed limitations on the use of the 

gfpmut3b gene as a plasmid-based reporter for prodrug or PET probe-

induced DNA damage in E. coli. It was shown that the background levels of 

fluorescence could confound the fluorescence induced following 

nitroreductase activation of SOS-inducing compounds, which potentially 

limits the efficacy of selecting for improved nitroreductase candidates using 

FACS. Furthermore, we have shown that the presence of background GFP 

affects the sensitivity of E. coli cells to lethal concentrations of these 

compounds. A potential way to fix the former issue could involve the 

inclusion of a lexA regulator gene on the GFP plasmid to allow for more 

basal repression of the sfiA promoter. Alternatively, the use of 

photoswitchable fluorescent proteins, which switch colour following 

activation by a particular wavelength of light (Zhou and Lin, 2013), might 
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allow for the ‘resetting’ of the basal fluorescence prior to challenge with 

DNA-damaging compounds; although some of these proteins require 

activation using UV light (Wiedenmann et al., 2004) which might in itself 

activate the SOS response (Janion, 2008) and further confound the results.  

Alternatively, there are a wide panel of alternative blue, cyan, yellow, and 

red fluorescent proteins that have been produced by many research groups 

(Day and Davidson, 2009; Piatkevich and Verkhusha, 2011) that may not 

have a cytotoxic effect in E. coli, with the further advantage that excitation 

of fluorescent proteins at longer wavelengths than those required for the 

detection of GFP might diminish the background signal due to E. coli 

autofluorescence.  

 

7.3.3 Enzyme evolution and protein fitness 

The majority of directed evolution research conducted in the Ackerley lab 

has focused on the generation of variants having slight amino acid 

differences to parent enzymes, followed by screening for variants exhibiting 

improved activity with a particular substrate, and the use of these variants 

as templates for further rounds of mutagenesis. However, substantial 

amounts of research suggest that this traditional approach, whereby evolved 

enzyme variants are ‘climbing a peak’ towards a local fitness maximum i.e. 

the most active enzyme achievable with the substrate in question, may not 

allow for the most active variant within the entire landscape to be revealed 

(Poelwijk et al., 2007; Weinreich et al., 2006). More specifically, it tends to 

ignore the effects of individual amino acid substitutions that on their own 

may have little or a negative impact on enzyme activity (i.e. dipping into a 

fitness ‘valley’); but that have the potential to exhibit beneficial epistatic 

interactions with other altered residues (Bornscheuer et al., 2012; Dalby, 

2011). For example, Steinberg and Ostermeier utilised four different 

evolution strategies to evolve the antibiotic resistance gene TEM-15 b-

lactamase using comprehensive saturation mutagenesis - strict positive 

selection, neutral selection, negative selection, and oscillating selection (the 
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latter three strategies employing three rounds of that particular selection, 

followed by a further five rounds of positive selection; Steinberg and 

Ostermeier, 2016). Variants were discovered following the negative selection 

strategy that exhibited upwards of four-fold improvements in activity over 

the best variants resulting from eight rounds of strictly positive selection 

(Steinberg and Ostermeier, 2016).  

Other researchers have also shown that neutral drift selection, where 

enzymes are subjected to mutagenesis and then selected for the retention of 

generic enzyme activity, can generate pools of enzymes that are highly 

evolvable when subjected to a new selection pressure (Bershtein et al., 

2008). Based on our demonstration that niclosamide and chloramphenicol 

can both be used to apply a purifying selection that eliminates inactive 

enzyme variants from a pool while still permitting a very large number of 

simultaneous mutations to accrue, we propose that these compounds could 

be used in a similar fashion to enable “guided drift” – that is, enzyme 

variants that have traversed broad distances across a fitness landscape, but 

still retain some form of generic nitroreductase activity. 

Finally, another potential strategy for directed evolution that has yet to be 

undertaken by the Ackerley lab involves the initial generation of enzymes 

exhibiting improved stability (e.g. thermostability) over wild-type parent 

enzymes. Other research groups have shown that enhancing the overall 

stability of enzymes in early rounds of evolution can promote their capacity 

to tolerate more destabilizing active site mutations involved in the specific 

alteration of enzymatic activity with a particular substrate (Bloom et al., 

2006). In this regard, there has been renewed interest in the field of 

ancestral enzyme reconstruction, where the ancestral sequence is conferred 

from alignments and phylogenetic analysis of modern derived enzymes 

(Gumulya and Gillam, 2017). Ancestral enzymes are generally regarded as 

being useful both for their frequent ability to activate a wider range of 

substrates than more specialised modern enzymes, and for usually 

exhibiting much higher thermostability and broader pH tolerance (Alcalde, 
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2017). The construction of ancestral nitroreductase sequences may therefore 

allow for the subsequent generation of variant libraries containing a larger 

proportion of stable enzymes that may also exhibit activity with many 

different nitroaromatic substrates. 

 

7.4 Future directions 

The research described in this thesis achieved varying levels of success of 

the engineering of nitroreductase enzymes for improved activation of S33. 

We have generated NfsA_Ec and YfkO_Bs variants have that exhibit 

improved activity both in E. coli and in vitro, and there is great potential for 

further directed evolution (e.g., using epPCR) of lead NfsA_Ec or YfkO_Bs 

variants to further improve their activity with S33. However we have not yet 

shown the ability of these variants to stably express in human cell lines, or 

demonstrated their improved activation of S33 over wild-type parent 

nitroreductases in tumour cells. Previous research conducted in the Ackerley 

lab has shown that we are not yet capable of predicting the ability of 

individual nitroreductase variants to be tolerated in human cell lines (Copp 

et al., 2017; Prosser et al., 2013; Williams, 2013), and furthermore we have 

noted that variants exhibiting strong improvements in the ability to 

sensitise E. coli cells to lethal concentrations of prodrugs do not always 

demonstrate the same capacity to do so in human cells. Confirmation of the 

improved ability of our evolved nitroreductase variants to activate S33 in 

human cell lines can be rapidly conducted following incubation with a 

fluorescent anti-S33 antibody and visualization of the shift in fluorescence 

of cells in a flow cytometer. In the future, this will be confirmed for the most 

promising variants generated in this study, prior to sending stably-

transfected tumour cells lines (such as the HCT-116 colon carcinoma line 

that we commonly work with in the Ackerley lab, e.g. Copp et al., 2017; 

Prosser et al., 2013) to our Radiation Oncology collaborators at the 

University of Maastricht for evaluation in mouse micro-PET models. If these 

variants demonstrate improved activation of S33 in these micro-PET 
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models, the ability to active SN36506 as well as capable integration into C. 

sporogenes spores, they could potentially be utilised in human clinical trials 

as tumour-targeted enzymes whose localisation can be confirmed by PET 

imaging prior to activation of a GDEPT prodrug for specific ablation of 

cancerous tissues.
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