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ABSTRACT 

 

Tuberculosis, the disease caused by the mycobacterial pathogen Mycobacterium 

tuberculosis, has been, prior to the COVID-19 pandemic, the world’s deadliest infectious 

disease. The illness has been afflicting humans for centuries, and despite decades long 

efforts to eradicate it and the availability of curative treatment options, tuberculosis 

remains prevalent across most of the globe. According to the WHO Tuberculosis Reports, 

approximately 1.7 billion people are estimated to be infected by the bacteria and 1.5 

million people die from the disease every year. Effective diagnostics and treatment are 

key to combating any infectious disease pandemic and in this work, we present a novel 

approach to improving both. We created a magnetophoretic microfluidic device which 

uses recombinant mycobacteriophage tail fiber proteins bound to magnetic nanoparticles 

to pull down mycobacterial cells, selectively concentrating the cells before performing a 

diagnostic microbiological stain protocol. We have shown that we could lower the limit of 

detection of Mycobacterium tuberculosis from a synthetic sputum sample by 6 to 26-folds 

per milliliter of sample, without significantly altering the process used at point-of-care 

clinics. We also investigated the synergistic interactions between drugs, which we believe 

is a key element to improving efficacy of drug regimen, but also for the creation of new 

drug combinations, specifically designed to work together. We have shown that using low 

doses of Bedaquiline causes inhibitors of PEPCK to be synthetically lethal, despite their 

lack of whole cell activity on their own. This suggests that typical drug discovery campaign 

may be missing some valuable compounds, that could play an important part of a 

combination regimen. Furthermore, we have synthesized the necessary substrate 
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required for the development of an enzymatic assay for peptidyl tRNA hydrolase. This 

assay could then be used to identify inhibitors of PTH, which could restore Mtb sensitivity 

to macrolides. These drug discovery campaigns seek to make a better use of synergistic 

drug interaction and use this information as an integral part of drug discovery.  
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NOMENCLATURE 
 

Mtb Mycobacterium tuberculosis 

M. smeg Mycobacterium smegmatis 

TB Tuberculosis 

TFP Tail Fiber Protein 

MB-P Tail Fiber Protein bound Magnetic Beads 

GFP Green Fluorescent Protein 

BDQ Bedaquiline 

PEPCK Phosphoenolpyruvate Carboxykinase 

PEP Phosphoenolpyruvate 

OAA Oxaloacetate 

PK Pyruvate Kinase 

LDH Lactate Dehydrogenase 

NADH Nicotinamide adenine dinucleotide 

μM Micromolar 

nM Nanomolar 

CFU Colony Forming Unit 

PTH Peptidyl tRNA Hydrolase 

tRNA Transfer RNA 

SDS-PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

Urea-PAGE Urea-Polyacrylamide Gel Electrophoresis 

SAR Structure-Activity Relationship 

CDC Center for Disease Control 
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CHAPTER I 

 INTRODUCTION: 

 

THE TUBERCULOSIS BURDEN 

 

In recent years, tuberculosis has surpassed HIV has the deadliest infectious disease in 

the World(1). Despite decades-long efforts to eradicate the disease, its global burden has 

remained somewhat stagnant, with its incidence declining 1.6 % per year during the 2000-

2018 period, short of the “End TB Strategy” milestone(1).  There are multiple factors 

contributing to this, including antiquated point-of-care diagnostics, the extensive and 

lengthy regimen currently used to treat the disease, as well as the rise of antibiotic 

resistance.  

Tuberculosis is the disease associated with a bacterial infection by Mycobacterium 

tuberculosis (Mtb). The earliest signs of tuberculosis can be traced back to Ancient Egypt, 

where signs of the disease were found in mummies(2).  However, since those signs of 

tuberculosis were only discovered in mummies centuries later, there wouldn’t be any 

writings on the disease until much later. Indeed, the first written descriptions of pathology 

that could be described as tuberculosis-like were found in India and China approximately 

3000 years ago(3). From that point on, signs of tuberculosis could be found at almost any 

point of human history, being referenced constantly across the globe and various cultures. 

References to the illness can be found in the Bible(4), in Ancient Greece and in the 

Roman Empire(3).  
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Growth of civilization on a previously unseen scale during the Roman Empire era also 

brought what appears to be the beginning of the tuberculosis pandemic. Although 

pathological observation of tuberculosis had been found long before Rome was founded, 

these cases were rare and dispersed. However, during the Roman Empire era, we see 

these cases increase in frequency as the Empire grew(5). This is nothing particularly 

surprising, as civilization grows, people live closer to one another and interact more 

frequently. Roads were built and people started moving further and further. All these 

factors are well known contributors to the spread of infectious disease and are likely to 

have driven up the frequency of tuberculosis in Europe. 

Over the course of the 17th, 18th and 19th centuries, the tuberculosis pandemic continued 

to grow, acquiring a few nicknames along the way. In the 18th century it was called “The 

Robber of Youth”, due its elevated mortality rate of 900 per 100 000 each year and the 

fact that it was even more elevated in young people. Around that same era, it acquired 

the nickname of “White Plague”, this time due to how pale people affected by the disease 

looked. A century later, tuberculosis had become known as “The Captain of All These 

Men of Death”, as the epidemic had spread throughout Europe and North America, it is 

believed that it was then responsible for one in four deaths(3). 

Over the course of the next few years, more and more became known about the extent 

of the disease and its possible origins. Scientists started to understand the infectious 

nature of the illness, as well as its effects on the body. Matthew Baillie first described the 

cheese-like necrotic granulomas, known as caseum, in 1793. Then, a few years later, in 

1810, the generalized nature of the disease was described by Gaspard-Laurent Bayle of 

Vernet(3). Jean-Antoine Villemin later demonstrated that tuberculosis was indeed an 
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infectious disease, which had been a quite contested point prior to his 1865 work “Cause 

et nature de la tuberculose: son inoculation de l’homme au lapin” and 1868 “Études sur 

la tuberculose. Preuves rationelles et expérimentales de sa spécificité et de son 

inoculabilité”(6).  

 

However, the most significant step forward in understanding tuberculosis came in 1882, 

when the German doctor Robert Koch discovered the bacteria responsible for this 

affliction, Mtb. He sought to look for a foreign agent that could be responsible for the 

affliction. He made unusual observation from staining of the bacteria he had isolated from 

patients. Strangely, the bacillus behaved similarly to the causative agent of leprosy(7),  

which turned out to be Mycobacterium leprae a close relative of Mtb. The staining protocol 

discovered by Robert Koch would later be perfected by Franz Ziehl. This technique would 

become known as Ziehl-Neelsen stain, commonly referred to as Acid-Fast staining. To 

this day, Acid-Fast staining remains a crucial method for the identification of Mtb, as will 

be discussed later(8, 9).  

Dr. Koch was able to repeatedly isolate bacilli within lesions of infected patients. To try to 

further demonstrate the hypothesis that this bacterium was the cause of tuberculosis, 

Koch isolated it and devised means to propagate it. He was able to show that bacteria 

isolated from patients was able to grow on lung tissues and that infecting guinea pigs with 

these isolated bacteria lead to tuberculosis disease. Through these experiments, he was 

able to convincingly demonstrate that tuberculosis was caused by a single infectious 

agent; Mtb. For his work, he was awarded the Nobel Prize in Medicine in 1905(8).  
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Since the discovery of the Mtb bacilli, the pandemic as continued to spread despite 

available treatments. The current statistics are staggering. An estimated 1.7 billion people 

are believed to be infected by the mycobacterial pathogen. Although the majority of the 

infected individuals will never develop the disease, the number of active tuberculosis 

cases remains high, at approximately 10 million new cases per year, leading to an 

estimated 1.5 million deaths on an annual basis(1, 10). To place that number into 

perspective, according to the WHO, the COVID-19 pandemic that brought the world to a 

halt in 2020 caused 1.3 million reported deaths that year, although the WHO also 

suggests the true number is likely to be closer to 3 million. Nevertheless, the number of 

deaths associated with tuberculosis is of similar magnitude as those caused by COVID-

19, but has been happening year after year, for decades. Developing countries carry the 

overwhelming majority of the tuberculosis burden, with 8 countries (India, China, 

Indonesia, Philippines, Pakistan, Nigeria, Bangladesh and South Africa) accounting for 

two thirds of the global number of TB cases. As such, tuberculosis is considered a disease 

of poverty and therefore the global community often fall short of the funding necessary 

for TB prevention, diagnosis, and care. In 2019, only US$ 6.8 billion was available, while 

an estimated US$ 10.1 billion was required(1).  

Tuberculosis is considered a curable disease. The recommended regimen consists of two 

phases: intensive and continuation. During the intensive phase, four drugs are 

administered daily for a total of 8 weeks. These drugs are Isoniazid (INH), Rifampicin 

(RIF), Pyrazinamide (PZA) and Ethambutol (EMB). After those first 8 weeks of treatment, 

RIF and INH will continue to be administered daily for an additional 18 weeks. In total, the 

preferred regiment for the treatment of tuberculosis comprises 182 doses(11). Due to this 
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exhaustive treatment course, non-adherence is quite frequent, with studies estimating 

non-adherence to be around 25-30%(12-14).  

These anti-mycobacterial agents were all discovered over a period of a few years, from 

the 1950s to 1970s. Since then, a few more candidates have been studied, but it took 

until 2012 for a new drug to be approved by the FDA(15). That drug was Bedaquiline, an 

inhibitor of ATP synthase. Since then, two more drugs received approval Delamanid (EU-

only) in 2014(16) and Pretomanid in 2019(17). At the moment, these drugs are only to be 

used for cases of multi drug resistant TB (MDR-TB). 

 

The emergence of multi drug resistant tuberculosis is also increasingly becoming a 

concern. A total of 186 772 cases of multi drug resistant tuberculosis were diagnosed in 

2018, up from 160 684 cases the previous year(1). Several key countries, such as Russia, 

Myanmar, South Africa and China, are seeing an increase in Rifampicin resistant 

tuberculosis infections(18). Recent studies have shown that the majority of drug resistant 

infections were due to the direct transmission of a drug resistant strain of Mtb rather than 

acquired resistance due to prior treatment(19), it is thus crucial to reduce and eventually 

eliminate transmission. 

 

Mtb is spread from person to person primarily by respiratory droplets. The pathogen will 

then make its way through the pulmonary system to the lower respiratory tract, where it 

will be ingested by alveolar macrophages.  Unlike many pathogens, Mtb does not try to 

avoid phagocytosis, but in fact promotes it through multiple receptor such as C-type lectin 

receptors (CLRs)(20), scavenger reporters (SRs)(21) and complement receptors 
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(CRs)(22). Mtb is an intracellular pathogen able to survive inside infected macrophages 

by altering its environment and halting phagosome maturation(23). The exact mechanism 

by which Mtb achieves is not completely understood and is an active area of TB research.  

Phagosome maturation is regulated by Rab GTPases. The Rab5-Rab7 conversion is a 

crucial step in maturation from early to late endosome(24), and it is believed that this is 

one of the mechanisms targeted by Mtb that leads to maturation arrest(25). The 

phagosomal maturation arrest is a crucial element to Mtb’s survival. Indeed, the 

intracellular nature of the pathogen is one of the reasons it is so difficult to treat.  In the 

macrophage it is exposed to acidic pH, nitric oxide stress, limited nutrients and hypoxic 

stress(26). These stressors cause the bacteria to enter a latent stage, where many 

cellular processes are significantly reduced, making drug discovery more challenging.  
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CHAPTER 2 

 

HIGHLY SENSITIVE DETECTION OF MYCOBACTERIUM TUBERCULOSIS BY 

COMBINING MYCOBACTERIOPHAGE TAIL FIBER PROTEINS AND 

MAGNETOPHORETIC MICROFLUIDICS 

 

Introduction 

 

The very first step towards eradication of any epidemic is fast and efficient diagnostics. 

Although there are a variety of methods used for diagnosing patients displaying TB-like 

symptoms, on the global scale, current diagnostics falls short of our needs, especially in 

developing countries with limited resources in terms of funding and infrastructures. 

Testing can be separated into two categories, point-of-care testing, and laboratory testing. 

In the case of tuberculosis, the laboratory testing methods are accurate and sensitive. 

They range from cell culturing, chest X-ray, tuberculin skin test and PCR based 

diagnostics(27). These techniques are often required to be done in some centralized 

laboratory, due to the expensive equipment used and operating expertise that isn’t always 

available in local clinics.  

The chest x-ray (CXR), tuberculin skin test (TST) and Interferon-γ Release Assay (IGRA) 

methods are very commonly used in the United States to screen immigrants. This is 

especially prevalent amongst international college students. Indeed, the American 

College Health Association, which counts 700 higher learning institutions as its members, 

recommends TST, IGRA to be used to screen all students coming from high-incidence 
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countries 

(https://www.acha.org/documents/resources/guidelines/ACHA_Tuberculosis_Screening

_May2020.pdf). Due to the magnitude of the TB pandemic, that list comprises most 

countries, the list of “low-incidence” being much shorter, and populated mainly with the 

world’s richest countries, and a handful of Caribbean countries.  

The Tuberculin Skin Test is one of the preferred screening tests. Per the CDC, TST is 

performed by injecting 0.1 milliliter of purified Tuberculin protein into the skin of the 

forearm and observing the reaction to the injection(28). The diagnosis is made by 

measuring the induration created at the injection site, the larger the induration the 

stronger the positive diagnosis is. The biggest downside to TST is the high frequency of 

false positives. There are multiple factors that can lead to false positive results by TST, 

such as previous exposure to non-tuberculosis mycobacteria, and more significantly prior 

vaccination with the bacille Calmette-Guerin (BCG) vaccine(28). Since almost every 

country outside the United States and Canada has a BCG vaccination program (or did at 

some point)(29), the TST can only be relied on in a narrow set of circumstances.  

Interferon-γ Release Assay measures, as the name suggests, measures the release of 

interferon by white blood cells when exposed to tuberculosis specific antigens(30). Per 

CDC guidelines, this technique is often recommended in situations where TST is 

expected to fail, most importantly for anyone who has received the BCG vaccination. 

However, IGRA is more expensive, almost 10 times the cost of TST.  

The chest X-Ray is commonly used to confirm prior test results, either by TST or IGRA. 

It is a radiological imaging test, based on the observations of anterior posterior 

radiograph. Tuberculosis creates lung lesions that are visible by X-Ray, and as such, the 
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presence of lesions in the lungs, coupled with a positive result with either TST or IGRA is 

a strong indicator of TB disease. However, the presence of lesions alone is not considered 

by the CDC or the WHO to be a definitive diagnosis of tuberculosis(31).   

 

One of the more recent and sensitive techniques for detection of Mtb is the GeneXpert 

MTB/RIF system developed by Cepheid. The GeneXpert MTB/RIF is a molecular 

diagnostics tool relying on nucleic acid amplification. Its main advantage is that it cannot 

only detect the presence of Mtb, but also detect the presence of the most common 

Rifampicin resistance mutations located in the rpoB gene(32, 33). However, this specific 

diagnostics tool requires specific instrumentation and single use cartridges. As such the 

cost per test is much higher than some of the other options. Cost-analysis studies have 

found this method to be cost-effective despite the higher cost(34). However, the initial 

investment threshold is much higher, mostly keeping this tool away from point-of-care 

settings, especially in developing countries(34).  

 

The point-of-care methods are where we are severely lacking in terms of sensitivity and 

accuracy. Point-of-care diagnosis is a crucial element of the fight against Mtb but is also 

plagued with significant limitations. These clinics are typically limited in terms of 

equipment, budget, trained staff, and also stable and robust access to electricity. It is 

therefore not surprising that to this day, the most widely employed method used for 

diagnosing possible tuberculosis patients is the sputum smear microscopy test, followed 

by culture-based diagnosis(35). The sputum test is simple, fast, and cheap. A small 

fraction of a patient’s sputum sample will be placed on a microscope slide and stained 
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with Ziehl-Neelsen reagent. This will stain all acid-fast bacteria present in the sample 

which includes all mycobacteria as well as a few other types of microorganisms. Although 

the selectivity of the test is not optimal, due to the fact that it will stain a few other bacterial 

species, the low sensitivity is the major issue with this technique. The lack of sensitivity 

can be explained by the small amount of sample that can be processed at one time. 

Indeed, although multiple milliliters of sputum can be obtained for each patient, only 

approximately 10 microliters are used per slide. Furthermore, this small amount of volume 

still represents 10 000 fields of view when imaged at 100x, which is the magnification 

used for the test. A standard sputum smear microscopy test will look at 100-300 fields of 

view, further diluting how much of the sample is actually being tested(36). Because of 

this, in order to observe a single mycobacterium cell, the bacterial load must be at least 

10 000 bacilli per milliliter, which is high. The follow up culture-based test is much more 

sensitive. However, due to the slow growth rate of the bacteria, it can take up to a month 

for the laboratory to be able to make a diagnosis.  

 

This lack of sensitivity leads to multiple false negative smear tests, which unfortunately 

can be propagated through the community. Studies have attempted to quantify how much 

of the spread of tuberculosis could be attributed to false-negative smear tests. In a 1999 

study, it was estimated that smear-negative tuberculosis patients accounted for 17% of 

the Mtb spread in San Francisco(37). Another similar study published in 2008, attributed 

approximately 13% of the Mtb spread to smear-negative patients, this time in the 

Netherlands(38). A third study in the Greater Vancouver area (2004) concluded that at 

least 1/6 of Mtb transmission came from smear negative patients (39). This is not all that 
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surprising when considering how long it takes to get further testing done, specifically 

culture tests. Indeed, in developing countries, although sputum smear microscopy is the 

first test done at the point-of-care, samples are typically sent to a central lab for culture 

testing. This has a much higher sensitivity than smear microscopy, however it takes a 

month to obtain the results due to Mtb slow growth rate. This is compounded by the often-

slower means of communication in the developing world, therefore allowing infected 

individuals to continue to interact within their communities, spreading the pathogen.  

 

Mycobacteriophages are viruses that have the ability to bind and inject their DNA into 

mycobacteria, followed by viral DNA replication and eventually leading to cell lysis. 

Bacteriophages are divided into three categories based on their tail morphology seen 

under electron microscopy. These categories are myoviridae, siphoviridae and 

podoviridae. The myoviridae have a rigid contractile tail, while the siphoviridae have a 

long flexible tail and the podoviridae have a short stubby tail. The overwhelming majority 

of known mycobacteriophages have been siphoviridae, with a few myoviridae and no 

known podovirdae(40).  

 

All bacteriophages have some form of a tail fiber protein that is responsible for the 

adsorption of the virus to the bacterial membrane. The nomenclature can become a little 

confusing, since each morphological bacteriophage classifications uses different names 

for similar tail fiber structures. Briefly, there are three types of tail fiber-like proteins, short 

and long tail fiber proteins as well as tail spike. The long tail fibers extend outward from 

the baseplate. The long tail fiber proteins are usually responsible to the first viral 
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adsorption step. Short tail fibers are also attached to the baseplate, but in general 

downward position. As the name suggests, they are typically shorter. The tail spike is 

primarily seen in podoviridae and is a very short and stubby protein. According to the 

literature, this binding interaction of tail fiber is weak, and in order for the virus to be 

irreversibly attached to the cell, multiple tail fibers must be bound at the same time(41). 

Short tail fibers will then irreversibly bind to the cell before injecting the viral DNA.  

The viral will then use the host machinery for replication and protein synthesis to generate 

more viral particles, which will then be released when the host cell is lysed by the various 

lysis proteins encoded by the viral genome.  
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Identification and Binding Specificity of Mycobacteriophage Tail Fiber Proteins 

 

Since sputum smear microscopy remains the most commonly used point-of-care 

diagnostics in areas where tuberculosis is most prevalent, our approach was to bring 

improvement to sensitivity without bringing too much change to the current methodology. 

The biggest obstacle to sensitive diagnostics tools based on microscopy is the amount of 

sample that can be processed at once. Indeed, regardless of the amount of available 

sample, only a small fraction can be visualized and analyzed. As such, in order to improve 

sensitivity of sputum smear microscopy, we must find a way to specifically concentrate 

large volumes of sample, into a smaller volume, which can later be imaged, quantified 

and analyzed.  

To do this, we decided to use an approach not unlike affinity chromatography, which is 

used for purification of proteins from cell lysate. Briefly, the lysate is applied to a 

chromatography column, which contains a biomolecule capable of binding to the protein 

of interest, typically some kind of tag that was bioengineered onto the recombinant protein 

of interest. The idea would be that we may be able to specifically concentrate Mtb if we 

were able to bioengineer a molecule capable of binding whole mycobacterial cells from 

sputum samples and use it to separate the bacterium from the rest of the sample. 

The obvious first step to this approach is to identify such molecules that would be capable 

of binding to Mtb. Luckily a large reservoir of such molecules exists in Nature and are 

readily available. These molecules are mycobacteriophage tail fiber proteins. More 

specifically they are the Receptor Binding Domain (RBD) at the tip of the tail fiber protein, 
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which is responsible for the binding of the mycobacteriophage to the cell surface of the 

mycobacterial species the virus can infect.  

Unfortunately, in the literature, there were no mycobacteriophage tail fiber proteins 

previously annotated and experimentally validated for any mycobacteriophage, despite 

the fact that large databases of mycobacteriophage are readily available(40).  

In order to identify a tail fiber protein, we first looked at the literature to find possible 

similarities between tail fiber proteins identified in other bacteriophages and the gene 

product of a mycobacteriophage.  Using this approach, we obtained our first candidate 

tail fiber protein, gp232 of mycobacteriophage Bxz1. Although previously annotated as a 

putative head decoration protein, it was also shown to have similarities to gp204 of phage 

E3, a myoviridae cable of infecting Rhodococcus equi. The annotation of head decoration 

protein is also a bit unusual and unlikely. Indeed, head decoration proteins are typically 

small proteins(42), meanwhile gp232 is one of Bxz1’s largest proteins with over 1000 

residues. This is much more typical of tail fiber proteins, which tend to be one of the larger 

open reading frames in the bacteriophage genome. One element that could lead one to 

believe gp232 is a head decoration protein is the immunoglobulin-like domain it contains, 

which has been found in head decoration proteins such as protein pb10 of bacteriophage 

T5(42, 43).  However, these domains have also been found in tail fiber proteins and other 

bacteriophage structural proteins(43).  

In order to demonstrate that gp232 of Bxz1 is a probable tail fiber protein that can 

selectively bind to Mycobacteria, we decided to use a confocal fluorescence microscopy 

approach. We chose this approach because it allows a direct comparison between the 

binding interactions between the tail fiber protein and different bacteria in a single 
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experiment, virtually guaranteeing identical experimental conditions and identical 

confocal microscope settings for all bacteria tested. In order to do so we first created a 

recombinant protein, tagged with Green Fluorescent Protein (GFP) and a hexa-histidine 

tag, expressed it in E. coli and purified it by affinity chromatography. Once we have 

obtained the purified recombinant tail fiber protein, we assessed its binding selectivity by 

adding the purified protein to a mixed bacterial culture containing both Mycobacterium 

smegmatis, the bacteria Bxz1 was isolated on, and E. coli, a gram-negative bacteria that 

cannot be infected by Bxz1, and therefore should not be bound by its tail fibers. To better 

visualize this, and to be able to distinguish between the two bacterial species more easily, 

the E. coli strain used was also expressing a red fluorophore (mCherry). Both bacteria 

were mixed in a ratio of approximately 1:1. For this experiment, we decided to use a 

relatively low concentration of tail fiber proteins and used no washing steps. Since the 

strength of the interaction was unknown, we wanted to avoid disrupting the interaction by 

using centrifugation to remove excess protein.  

The results are in strong accordance with gp232 being a tail fiber protein of Bxz1 (Figure 

1, page 22). Under these experimental conditions, we observed no colocalization 

between the green fluorescence coming from the gp232 fusion protein and the red 

fluorescence from the mCherry E. coli. However, cells that were not expressing red 

fluorescence, which by process of elimination must be M. smegmatis, were readily 

labelled with green fluorescence, indicating that the fluorescent tail fiber proteins were 

bound to the cell surface of M.smeg, but not E. coli. Furthermore, using confocal 

microscopy’s ability to use a narrow focal plane, we observed that the pattern of 

fluorescent labelling changed. Indeed, when we focused on the middle of the bacteria, 
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the highest intensity was at the perimeter of the cell (Figure 1B, page 22), however when 

we moved the focal plane a little higher, focusing on the top of the bacteria, the 

fluorescence was strongest in the middle (Figure 1C, page 22). Taken together these 

results suggest that the fluorescent tail fiber protein is bound to the cell surface of 

Mycobacterium smegmatis but is unable to do so with E. coli. These results are strongly 

consistent with the hypothesis that gp232 is indeed a probable tail fiber protein of Bxz1.  

Unfortunately for us, the mycobacteriophage Bxz1 is unable to infect Mtb. Like virtually 

all mycobacteriophages, it was first isolated by enriching with M. smegmatis. It is not 

uncommon for bacteriophages to have the ability to infect multiple species within a genus, 

but it is not a guarantee. In the case of Bxz1 the host range did not extend to the Mtb(44).   

We thus shifted our focus towards another mycobacteriophage, one with the ability to 

infect Mtb. We chose TM4 as the candidate because of its ability to infect Mtb is well 

documented(45, 46) due to its use as a transduction tool and because its genome is one 

of the most well annotated of all mycobacteriophages. Despite the relatively complete 

annotation of TM4, no tail fiber protein had been properly identified. To identify the 

probable tail fiber protein, we took advantage of some well conserved genome 

organization features of bacteriophage. Within many phage genomes, the genes are 

clustered by function. Tail assembly is one of the better examples of this. That structural 

cluster can typically be found by identifying the tape-measure protein, which determines 

the length of the major tail of the virus(47). This specific protein is often preceded by a 

chaperone protein characterized by a -1 translational frameshift(48). Once the chaperone 

(gp15, gp15-16) and tape-measure protein (gp17) have been identified, we can often find 

tail fiber proteins in the genes immediately downstream. In the case of TM4 these proteins 
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had already been annotated has minor tail proteins (gp19-gp26)(46). One of these genes 

annotated as minor tail protein is likely to be the tail fiber protein responsible for binding 

to the bacteria.  

We also know that tail fiber proteins are typically one of the larger open reading frames 

in a bacteriophage genome. We could thus further narrow down the likely candidates 

based on gene size; indeed, well known tail fiber proteins tend to be relatively large, gp17 

of T7 is 500 residues(49) while gp37 of T4 is over 1000 residues(50). By only considering 

genes of at least 350 amino acids, located within the tail assembly cluster, we could 

narrow down the tail fiber to four potential genes: gp18, gp19, gp21 and gp23. To further 

narrow down the candidates, we took advantage of another features of bacteriophage tail 

fiber protein. Although the sequence of two tail fiber protein genes from different 

bacteriophages can share little to no similarity, their three-dimensional structures tend to 

be similar. We therefore hypothesized that, although gp232 of Bxz1 may not have much 

sequence homology to any of the candidate tail fiber proteins of TM4, it is likely that their 

structures would be similar. We thus decided to use a structure prediction software called 

I-TASSER(51) to identify which one, if any, of our candidates’ genes shared similar 

structural features than our previously identified probable tail fiber protein (Figure 2, page 

23).  

The results from gp23 were particularly encouraging. The predicted model of gp232 of 

Bxz1 and gp23 of TM4 were very similar to one another (Figure 3C, page 25). Additionally, 

the threading model selected by I-TASSER for both of these genes was the same PDB 

entry (4OM9) (Figure 3A, page 24). The actual model is not what we were interested in, 

because it is highly unlikely to be correct, without a very good model. However, the fact 
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that I-TASSER recognized similarities in structural features and used the same PDB entry 

to build a model strongly suggest that gp232 of Bxz1 and gp23 of TM4 are likely to be 

structurally similar.  Furthermore, the general organization of secondary structural 

features is highly similar between the two proteins (Figure 3B, page 24). Taken together, 

these results made gp23 the strongest candidate as a putative tail fiber protein from 

mycobacteriophage TM4.  

In order to confirm this and evaluate the binding specificity of this protein, we used the 

same confocal microscopy approach as we previously used with gp232. The results were 

the same as with the other probable tail fiber protein (Figure 4, page 26). There was no 

colocalization between the green fluorescence of the gp23-GFP fusion protein and the 

mCherry expressed by E.coli. However, just like previously observed with GFP-gp232, 

cells that were not expressing mCherry, which are presumed to be M. smegmatis, were 

labelled with green fluorescence indicating that our gp23 based recombinant protein was 

able to bind to the cell surface of mycobacteria. Just like in the previous experiment, 

adjusting the focal plane of the confocal microscope altered the distribution of the 

fluorescent signal consistent with labelling of the cell surface.  

 

Furthermore, since TM4 is able to infect Mtb as well as Mycobacterium smegmatis, we 

repeated our mixed bacterial population confocal microscopy experiment, but this time 

replaced mCherry E. coli with mCherry Mtb. We continued using a strain of M. smegmatis 

that does not express any fluorescence. Since we expect the tail fiber protein to be able 

to bind both bacterial species, we expect to observe GFP labelling of both bacteria in the 
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mixture, the Mtb expressing red fluorescence as well as the non-fluorescent M. 

smegmatis. 

 

Our results did in fact demonstrate that gp23 of TM4 was able to bind both mycobacterial 

species. However, our results clearly show a difference in fluorescence intensity between 

the two species (Figure 5A-D, page 27). Indeed, not all cells expressing mCherry seemed 

labelled with the tail fiber protein, and those that were, had visibly lower fluorescence 

intensity. This result is not entirely surprising. Like most mycobacteriophages, TM4 was 

discovered by enriching with M. smegmatis, it is thus likely that this specific 

mycobacteriophage has higher binding affinity with that specific species.  

 

In order to investigate this further, we repeated the experiment, but this time using a 

monoculture of Mtb. When compared to the mixed population experiment, the labelling of 

Mtb was more predominant when M. smegmatis was absent (Figure 5E-H, page 27). This 

suggests a binding preference for M. smegmatis over M. tuberculosis. The binding 

dynamics between tail fibers and various host microbes could be an interesting avenue 

for further studies.  

 

For this approach to be successful, the proteins must be able to bind to the bacteria and 

remain bound while the rest of the sample is washed away. Therefore, the next step was 

to evaluate the stability of the binding interaction over time between the recombinant tail 

fiber protein and the mycobacterial cells. To test this, we decided to use a microfluidics 

approach. The advantages of microfluidics are relatively straightforward. First, by using 
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microfluidics, we are able to process relatively large samples (milliliter amounts), while 

the captured bacteria will remain bound in a very small volume. Secondly, the flow rate 

can be sped up to increase the processing speed of the sample but can also be reduced 

to lower the shear force applied to the bound protein. Third, this approach allows the 

sample to be thoroughly washed without major disruption to the captured cells, as 

washing solutions can easily be applied to the microfluidic chip to remove as much of the 

sample contaminants as possible.  

We constructed a microfluidic chip, which was capable of capturing bacterial cells due to 

the shallow height of the device’s channels. Mycobacterium smegmatis cells were first 

injected into the device, where the bacteria remained captured, but the media was able 

to continue flowing towards the outlet. We then injected the GFP-labelled recombinant 

tail fiber protein of gp23 in the device at 5 μL per hour for 3 hours. We then washed the 

cell continuously overnight at the same flow rate with 7H9- OADC media. Our results 

clearly demonstrate that the recombinant tail fiber protein is capable of remaining bound 

to the mycobacteria over a long period of time in a microfluidics setting as the 

fluorescence intensity remained high, despite hours of constant washing (Figure 6, page 

28). 

 

Sub-Chapter Summary 

 

Taken together, these results strongly suggest that we have identified two probable tail 

fiber proteins. Both gp232 of mycobacteriophage Bxz1 and gp23 of Mycobacteriophage 

TM4 display selective binding towards the bacterial species they are able to infect, 
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consistent with the expected behavior of such proteins. Furthermore, through our confocal 

microscopy assays we have also shown that these proteins can be recombinantly 

expressed, purified and that they retain their ability to bind to the cell surface of 

mycobacteria. Lastly, we demonstrated that in a microfluidics setting, the GFP labelled 

tail fiber protein is able to bind to M. smegmatis and remain bound for long periods of time 

with constant flow sheer force being applied.  We can thus conclude that the probable tail 

fiber protein gp23 of TM4 possesses all the necessary characteristics to be used as a 

biomolecule capable of selectively capturing Mtb and to concentrate the bacteria in a 

microfluidics environment. 
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Binding selectivity of gp232 of Bxz1 demonstrated by confocal 

microscopy 

Co-culture of M. smegmatis and E. coli expressing mCherry in the presence of GFP-

gp232. Representative image (A.) shows no colocalization between GFP fusion TFP 

and E. coli, but significant interaction with M. smegmatis. Adjustment of the focal plane 

is consistent with GFP labelling of the bacterial membrane (B and C). Control 

experiment with GFP alone shows no interaction of fluorophore with either bacteria, 

strongly demonstrating that interaction is through TFP (D-F). 
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Figure 2 
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Figure 2. Workflow for the identification of the tail fiber protein of 

Mycobacteriophage TM4 

Workflow explaining the workflow employed to identify gp23 as probable tail fiber 

protein by sequentially narrowing down candidates based on known aspects of 

bacteriophage biology and tail fiber proteins themselves. Sequencing and annotation 

was obtained from the Actinobacteriophage Database(40) 
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Figure 3 
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Figure 3. I-TASSER structure prediction software suggests gp23 of TM4 shares 

structural features with previously identified Bxz1 tail fiber gp232 

Based on results of the I-TASSER software gp232 of Bxz1 and gp23 of TM4 share 

structurally similar features. They share the same PDB entry as the best threading 

model (A.), have a similar organization of the secondary structure domains (B.) and the 

predicted models look similar (C.) 
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Binding selectivity of gp23 of TM4 demonstrated by confocal 

microscopy 

Representative split channel images of a co-culture of M. smegmatis and E. coli 

expressing mCherry shows no co-localization between the mCherry signal of the E. coli 

cells and the GFP fluorescence of the TFP. Merged images (A and E), Bright Field (B 

and F), mCherry (C and G) and GFP (D and H) 

 

  

A. B
. 

C
. 

D. 

E. F. 

G. H. 



 

27 
 
 

 

Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Binding selectivity between Mycobacterial species demonstrated by 

confocal microscopy. 

Representative raw split channel confocal microscopy images of a co culture of 

mCherry Mtb and M. smegmatis (A-D) or a monoculture of mCherry Mtb (E-H). Tail fiber 

proteins in a co-culture environment appear to have worse colocalization with mCherry 

Mtb than in monoculture both in intensity and frequency.  
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Figure 6 

 

  

 

Figure 6 : Time-course imaging in a microfluidic device shows binding stability 

over time. 

Fluorescence microscopy (GFP) and bright field (BF) images of Mtb cell captured in a 

shallow channel microfluidic device. The device was washed with 7H9 OADC for 18 

hours.  
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Development of a Magnetophoretic Microfluidic Device for the Tail Fiber Dependent 

Capture of Mycobacterium tuberculosis 

 

Once tail fiber proteins were identified and their binding selectivity and stability were 

experimentally demonstrated by confocal microscopy, we sought to create a device that 

would be capable of selectively capturing mycobacteria, while allowing other biological 

material to be washed away. Since microfluidics had already shown promise in a prior 

experiment, we decided to utilize this approach once more.  

We had already shown that tail fiber proteins could remain bound to mycobacteria in a 

narrow channel design. However, this approach would not be appropriate for a 

diagnostics application, as this device would capture all material that is the same size as 

Mtb or larger. Additionally, although tail fibers were able to fluorescently label Mtb cells in 

this microfluidic chip design, a diagnostics application would require fluorescent 

microscope, which is unavailable at point-of-care clinics and would be very expensive to 

acquire.  

In order to be able to use light microscopy as a final readout, our approach needed to 

immobilize the Mtb cells inside the device through immobilization of the tail fiber protein 

it interacts with, so that non-specific biological material from the sample could freely wash 

out of the device and that the remaining cells could be stained by Acid-Fast staining and 

imaged with a light microscope. 

In the field of microfluidics, one common approach to immobilize analytes inside of the 

device is magnetophoresis, which consists of using a magnetic field to pull down the 

molecule of interest bound to magnetic particles.  
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  For this approach to work, we first had to be able to conjugate our tail fiber proteins onto 

a magnetic particle. We were able to obtain commercially available magnetic 

nanoparticles conjugated with nitrilotriacetic acid (NTA), which is a chemical commonly 

used to purify proteins containing a hexa-histidine tag during affinity chromatography. 

Since our recombinant tail fibers already contained a hexa-histidine tag capable of binding 

to an NTA molecule, this was the perfect design for our microfluidic device.  

The microfluidic device itself was a fairly simple design (Figure 7A, page 36). It contained 

a single inlet and a single outlet. Inside the device, the channel would then separate into 

4 different channels each containing a capture chamber, which would be place on top of 

a magnet to pull down the magnetic nanoparticles. The channel height was 20 μm, which 

is wide enough to allow any sample contaminants to be washed away, while things bound 

to the nanoparticles would remain at the bottom of the device until the magnetic force is 

removed. The device was constructed from Polydimethyl Siloxane (PDMS) that is bound 

to a glass substrate. 

The nanoparticles we used were 132 nm in diameter and were coated with NTA and were 

obtained from MicroMod. We chose to use nanoparticles of that size in order to increase 

the number of nanoparticles that could be bound to each mycobacterial cell, which 

measures approximately 5 μm in length (Figure 7B, page 36). Before each experiment, 

tail fiber proteins would be added to these magnetic beads to create the magnetic 

bead/tail fiber protein complex (MB-P). Excess tail fiber proteins would then be washed 

away by using a magnetic microcentrifuge tube holder. 
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Once the device design was finalized and constructed, we then needed to optimize the 

various parameters and quantify their effects on capture efficiency.  To assess capture 

efficiency, we decided to use an Mtb strain that was constitutively expressing mCherry. 

The use of a fluorescent bacterial strain would make both the quantification of bacteria in 

the starting culture and the quantification of cells captured in the device much easier. 

Indeed, using fluorescent bacteria allows us to use a lower magnification microscope to 

image the microfluidic channels and count the number of cells that were captured during 

the experiment. Furthermore, it also allowed us to quickly quantify the concentration of 

our starting culture, without having to plate out the culture to count the number of colony 

forming units (CFUs). Having the ability to rapidly quantify our starting cell concentration 

was crucial since initial cell concentration is an important parameter for this study. 

Furthermore, we also decided to use single cells for capture efficiency experiments. Mtb 

has a tendency to form large bacterial clumps when grown in a liquid culture. However, 

for quantification of capture efficiency purposes, clumps would be problematic as each 

area of fluorescence could be a single cell or a clump of a few hundred cells. Therefore, 

before injecting into the device, each culture was first briefly sonicated, which has been 

shown to break up clumps, and filtered through a 5μm syringe filter, which should only 

allow single cells to pass through.  

Our experimental design to calculate capture efficiency was straightforward. We would 

first evaluate the cell concentration of our starter culture by adding 5μL of culture onto a 

microscope slide. We would then image that slide under a fluorescent microscope (20X) 

and count the total number of cells on the slide. From that number, we could back 

calculate the concentration of the starter culture. Since that concentration was typically 
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higher than the desired concentration for our experiments, we would then dilute into fresh 

7H9 to a final volume of 1mL. We would then add the MB-P to the sample containing Mtb 

cells. After 30 minutes of incubation that mixture would then be injected into the device 

already placed in a magnetic field. After the sample has been fully injected, we would 

then wash for 2 hours with fresh 7H9 media. After washing, the entire device would be 

imaged with a fluorescent microscope and the number of fluorescent cells would be 

counted. The capture efficiency was calculated by dividing the number of cells found in 

the device by the number of cells injected. 

 

Before we could evaluate any variable, we first used two control experiments to test the 

amount of non-specific capture expected from the device. First, we inject Mtb cells without 

the MB-P present. The primary objective of this control experiment was to assess the 

non-specific interaction between Mtb and the device itself. We expect the capture of Mtb 

cells to be dependent on its interactions with MB-P, thus this control approximates how 

much of the sample could remain trapped inside the device without interacting with MB-

P. The second control consisted of injecting MB-P along with mCherry expressing E. coli. 

Not unlike the first experimental control, this one was also evaluating the amount of non-

specific capture present. The magnetic beads are physical objects and as such could 

non-specifically trap bacteria. Since we know that gp23 of TM4 is not capable of binding 

to E. coli, the measured capture efficiency must be attributed to non-specific interactions 

between the bacteria and the magnetics beads. Our results for both controls show very 

little cell capture, with capture efficiency of 7±1% for the E. coli control and a capture 
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efficiency of 4±6% for the control with no MB-P. We thus concluded that non-specific 

interactions are likely to contribute to the experimental capture efficiency only minimally. 

 

The first variable we decided to optimize was the flow rate. There are obvious advantages 

to higher flow rates, as it can speed up the sample processing time. However, the 

downsides can also be significant, as higher flow rate can negatively affect capture 

efficiency in two different ways. The higher flow rate will result in higher sheer force, which 

could disrupt the binding interaction between the MB-P and the mycobacteria. Since the 

length of the channel was kept constant, higher flow rate could also affect capture 

efficiency by reducing the total time the sample spends in the capture chamber and thus 

how long it is exposed to the magnetic field. We decided to use varying flow rates, 

between 200 and 500 μL per hour and calculated the capture efficiency under all these 

conditions. Our results (Figure 8A, page 37) clearly demonstrate that flow rate up to 

400μL did not have any significant negative impact, with a calculated capture efficiency 

around 40% at 200, 300 and 400 μL per hour. There was however a slight decrease in 

capture efficiency at 500μL per hour, with an average capture efficiency of close to 20%.  

 

Next, we sought to understand the relationship between the initial cell concentration and 

the measured capture efficiency. In order for this approach to be successful at reducing 

the limit of detection of sputum smear microscopy, it is incredibly important that the 

capture efficiency remains high at low cell concentrations. We thus varied the number of 

cells injected into the device, ranging from 500 bacilli per mL and up to 10 000 bacilli per 

mL. The results were then plotted and a linear trend was observed (Figure 8B, page 37), 
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indicating that initial cell concentration did not significantly affect the capture efficiency, 

which remained around 40% throughout the entire range of cell concentration used.  

 

Up to this point our device performed quite well, however each prior experiment was done 

in a pure Mtb culture. The reality of sputum is quite different, with a large amount of other 

biological material present in the sample. In order to evaluate the effects of possible 

contaminants on the capture efficiency, we added excess E. coli to the culture prior to 

injecting into the device. We chose E. coli, because it resembles Mtb in terms of shape 

and size, but as we have demonstrated in prior experiments, it does not interact with the 

tail fiber proteins. If our method is specific to Mtb, it should not be affected by the presence 

of other biological substances, such as other bacteria. We tested three different samples, 

representing three different ratios of Mtb to E. coli. The first sample contained 10% Mtb, 

the second 1% Mtb and the last 0.01% Mtb. Each one of the capture efficiency 

experiments was done in triplicate. The results show no significant difference between 

the three different ratios of Mtb to E. coli (Figure 8C, page 37), strongly indicating that 

biological contaminants do not have a significantly negative effect on capture efficiency, 

and that our capture device is specific to Mtb. This experiment is however not a substitute 

for testing the capture efficiency in a real sputum sample, but the results are encouraging. 

 

Sub-Chapter Summary 

 

Taken together, these data demonstrate that by combining magnetophoretic microfluidic 

with our tail fiber proteins we were able to capture approximately 40% of the total number 
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of cells injected in the microfluidic device. This capture efficiency was constant across 

multiple flow rates and across a wide range of initial cell concentrations. Furthermore, our 

control experiment demonstrate that this capture efficiency is dependent on the 

interaction between the tail fiber protein connected to the magnetic bead and 

mycobacteria, since very few cells would remain in the device in the absence of MB-P or 

when evaluating the capture efficiency of a bacterial species that does not interact with 

the tail fiber proteins such as E. coli. We also demonstrated that the measured capture 

efficiency remained mostly unchanged when contaminants were added to the Mtb 

sample, even when E. coli was in 10 000X excess. Although these results are not 

definitively applicable to a true sputum sample, our results demonstrate the potential of 

our microfluidic device and demand further testing. 
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Figure 7 Design of the magnetophoretic microfluidics and MB-P 

Design of the microfluidic device (A) shown with the actual device shown on top and a 

pictorial representation on the bottom. Microscopy images show the MB-P bound to the 

Mtb cell using a light microscope (B, top left) and a fluorescence microscope (B, top 

right & bottom) 
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Figure 8. Optimization and characterization of magnetophoretic separation of Mtb 

cells by MB-P 

Effects of flow rate (A.), sample concentration (B.) and non-Mtb bacterial contaminants 

(C.) on the Mtb capture efficiency of the microfluidic device, measured by fluorescence 

microscopy. Limit of detection (D) of the microfluidic device in synthetic sputum as 

measured by acid-fast staining and counted with a light microscope. 
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Acid Fast Staining of Synthetic Sputum Sample Processed by Magnetophoretic Device 

 

Our prior work clearly demonstrates that our magnetophoretic microfluidics device is 

capable of consistently capturing mycobacteria in a small volume. Our robust experiment 

however only used samples that were vastly different from sputum in terms of 

composition.  

Unfortunately, obtaining sputum samples is impossible in a BSL-2 facility, therefore we 

decided to use synthetic sputum. The synthetic sputum was commercially available from 

ClaremontBio and was the closest we could get to a true sputum sample in our laboratory. 

Unfortunately, the capture efficiency experiment previously used was no longer 

appropriate since the synthetic sputum had significant fluorescence background, which 

rendered enumeration by fluorescence microscopy impossible.  

We thus decided to test the capture efficiency by using another experimental design that 

most resembles true clinical samples. There are a few significant changes between this 

series of experiment and the previous capture efficiency. First, we replaced 7H9 media 

with synthetic sputum obtained from ClaremontBio. Second, we did not filter the bacterial 

culture before injecting into the device, we did however keep the sonication step. This will 

break down large clumps of cells to smaller clumps, but we will not completely eliminate 

them from the sample. The intention for this change was to more closely resemble clinical 

samples, where Mtb cells form clumps, but these clumps are not as large as those 

observed when the cells are grown in culture in the lab. Third, the most significant change 

is how cells would be enumerated. 
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Because background fluorescence was too high with the synthetic sputum, we decided 

to use a more clinically relevant acid-fast staining approach. There are a few significant 

changes required in order to achieve this goal. First, the cell captured in the device must 

now be taken out of the device.  The most effective way to do so was to remove the 

magnetic field after washing and collect the totality of the contents of the microchannels. 

However, this created another problem that needed to be addressed. Indeed, by 

removing the magnetic field, all the contents of the device would be released, which 

renders staining and imaging very difficult, since the magnetic beads will remain bound 

to the cell. Furthermore, since the beads were much smaller than the cell itself, the 

particles were able to coat the bacteria, making the actual microorganism very difficult to 

distinguish from other particles under a microscope. Our solution to this problem was to 

treat the ejected sample with high concentration of imidazole prior to staining. Imidazole 

is used in affinity chromatography to elute Hexahistidine-tagged protein from the Ni-NTA 

resin it was purified on. Since our tail fiber proteins were attached to the magnetic beads 

using the same chemistry, the addition of imidazole would cause the tail fiber to be 

released from the magnetic beads. And since the bacteria was bound to the beads by the 

tail fiber proteins, this will cause the beads to detach from the bacteria. We then further 

separated the beads from Mtb by vortexing the ejected sample containing imidazole and 

used a strong magnet to pull the now detached beads aside.  

After the supernatant was removed from the magnetic beads, we took out 10 μL for acid-

fast staining. Briefly the sample was placed on a cover slide and air dried on a warm hot 

plate. After the sample dried, we then heat fixed it to the slide by briefly flaming the glass 

side. Then, we added a paper towel, trimmed to the right size, on top of the sample and 
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flooded it with Carbolfuchsin. The slide was then placed above a steaming water bath for 

5 minutes, while adding additional Carbolfuchsin as needed to avoid drying. After the time 

had elapsed, the paper towel was removed, the slide rinsed with water and then destained 

with an acid alcohol solution containing 1%HCl in 95% ethanol. The slide was rinsed once 

more after destaining and was then ready for imaging. A typical acid-fast stain would 

typically have a counterstaining step, however, since our experiment contained only 

mycobacteria, there was no need for methylene blue counterstaining.  

The enumeration process was performed with a light microscope and a 100X objective in 

a manner that resembles a typical sputum smear microscopy diagnostic. We observed 

various fields of view at random throughout the entire smear. We counted the number of 

fields of view required to obtain five images containing at least one acid fast positive bacilli 

for up to 300 fields of view. Samples with higher concentrations were then extrapolated 

to the number of positive fields of view that would have been seen in 300 images. For 

example, if it required 100 images to observe 5 positives, this data point would be 

recorded as 15 positives in 300 images. This allowed us to directly compare the results 

between various concentrations of cells in the initial sample.  

 

Before we were able to test any experimental samples, we had to establish a baseline for 

the sensitivity of the technique. Although the published limit of detection for sputum smear 

microscopy is often referred to as 10 000 bacilli/mL, this is a bit misleading. The true limit 

of detection varies wildly between laboratories, due to the skills of the people performing 

the smear and the evaluation. The published value of 10 000 bacilli/mL represents the 

best case scenario, but in practice it can be anywhere from 10^4 to 10^5(36). We thus 
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decided to first assess the limit of detection using this method, when we performed the 

experiment, in our own facility. We prepared cell samples containing know quantities of 

cells and performed our staining and imaging protocols. Our results indicated that our 

limit of detection is located somewhere between 17 600 and 26 400 per mL. This result 

was in-line with expectations. Our results fell in the expected range of outcomes, but 

unsurprisingly was slightly worse than the limit of detection seen at laboratories with 

extensive experience with such assay.  

 

We tested four different initial cell concentrations; 10 000, 5000, 3000 and 1000 bacilli 

per mL. Each sample was mixed with MB-P, captured inside the magnetophoretic device, 

released and stained. From each processed sample we prepared three separate smears 

for imaging. For the two highest concentrations (10 000 and 5 000 bacilli per mL), cells 

were easy to find and since we were able to find 5 positive images in less than 300 frames, 

we extrapolated the results (Figure 8D, page 37 and Figure 9, page 43). We were also 

able to find a few cells from the sample containing 3000 bacilli per mL originally, however 

we only observed an average of 3 positive images per smear out of the 300 fields of view 

that we observed. For the lowest concentration tested of 1000 bacilli per mL, we were 

able to observe a single positive frame out of the 300 fields of view imaged in one 

replicate, but unable to detect any bacteria in the other two smears. Since we had to 

replicate multiple smears in order to get a single positive, we considered 1000 bacilli per 

mL to be undetectable with our method. As such, we approximate the limit of detection to 

be somewhere between 1000 and 3000 bacilli per mL.  
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Our results (Figure 8D, page 37) demonstrate that our sample processing device was 

able to lower the published detection limit 3.3 to 10-fold. However, when compared to our 

own detection limit, which takes into account our own experience and skills performing 

the acid-fast staining, our device shows an improvement of detection limit of 5.87 to 26.4-

folds. Importantly, since our device can process any sample volume our limit of detection 

represents the lowest number of total cells that must be injected into the device. Not 

necessarily concentration. While all our experiments were performed from a 1mL sample 

volume, the necessary concentration would be halved if we were to process 2mL of 

sample. As such the improvement of the limit of detection should be described as 5.87 to 

26.4-fold improvement per mL of sample processed.  
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Figure 9 

 

A. 
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B. 
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C. 

 

 

Figure 9 Light Microscopy Images of Acid-Fast Staining used to determine limit of 

detection  

Representative images taken after Microfluidic capture of Mtb,release of contents by 

removing the magnetic field, removal of beads with imidazole and acid fast staining of 

the resulting samples. Each image shown is taken from a different initial cell 

concentration: 10 000 Bacilli per mL (A), 5000 Bacilli per mL (B.) and 3000 Bacilli per 

mL (C.).  
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Chapter Summary 

 

Taken together our results show that we were able to identify and purify probable tail fiber 

proteins from two different mycobacteriophages, Bxz1 and TM4. Our data also 

demonstrate that each tail fiber is able to bind to its bacterial host in a selective manner 

and that this binding selectivity is maintained when recombinantly expressed. However, 

our data cannot absolutely conclude that these proteins are in fact tail fiber proteins, but 

only that these proteins behave as it would be expected. For the purpose of this work, 

this is sufficient since the objective was to identify proteins capable of selectively binding 

to mycobacteria. The magnetophoretic microfluidic device we have designed to take 

advantage of these probable tail fiber proteins was able to capture approximately 40% of 

all Mtb cells injected. The resulting processing step, which utilizes magnetophoretic 

microfluidics and mycobacteriophage tail fiber protein to essentially concentrate Mtb cells 

in a selective manner, significantly lowered the detection limit of a synthetic sputum 

sample spiked with Mtb by acid-fast staining and observation under a light microscope. 

We were able to readily detect samples containing 3000 bacilli per mL, while the 

published limit of detection for acid fast staining is at around 10 000 bacilli per mL. 

However, since the true limit of detection can vary significantly between labs and 

scientists performing the test, we believe our device results should be compared to the 

limit of detection from our own acid-fast staining experiments. The limit of detection when 

we performed the experiment was closer to 20 000 bacilli per mL. Furthermore, since our 

limit of detection is based on total cells injected in the device and not concentration, it can 

be further lowered by increasing sample volume.   
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Materials and Methods 

 

1. Protein Expression and Purification 

GFP-gp23 was constructed by cloning a truncation of the C-terminal 365 residues of gp23 

into the vector 2GFP-T (Addgene #29716). The N-terminal GFP fusion construct also 

includes an N-terminal hexahistidine tag. The cloned plasmid was transformed into E. coli 

(BL21 DE3) for protein expression. Cells were grown to an optical density (OD60) of ~0.8, 

and then induced with 0.5 mM IPTG and cultured overnight at 18 oC for protein 

expression. Cells were harvested and then lysed by mechanical force (LM20 

Microfluidizer) in a lysis buffer containing 50 mM HEPES 7.5, 5% glycerol, 250 mM NaCl, 

and 5 mM Imidazole. The recombinant GFP-gp23 protein was purified by affinity 

chromatography using a Ni-NTA Resin (Roche, cOmplete-His) and eluted with 250 mM 

imidazole. The purified protein was further purified by size-exclusion chromatography 

(HiPrep 26/60 Sephacryl S-300, Cytiva) using a buffer containing 25 mM HEPES 7.5, 5% 

glycerol and 150 mM NaCl. The purified protein was concentrated using a centrifugal 

concentrator (Sartorius Vivaspin Turbo 15). 

 

2. Microbial cell culture 

The Mtb strain used was a strain of Mc27000 Mtb(52) and constitutively expressing 

mCherry constructed on a plasmid with hygromycin resistance. Cells were grown in the 
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Middlebrook 7H9 media containing OADC and hygromycin. Cells were grown to OD600 of 

1 before using in the experiments, which typically takes approximately 5 days.  

E. coli (BL21 DE3) expressing mCherry was grown on LB media containing carbenicillin 

to maintain an IPTG-inducible PTXB1 plasmid expressing mCherry. An overnight culture 

was used to inoculate fresh LB media containing carbenicillin and IPTG, and grown until 

mid-log phase before imaging.  

 

3. Confocal Microscopy Imaging 

Microscopy to image tail fiber protein tagging of microbial cells were conducted  using a 

Zeiss LSM780 confocal microscope with a 63X objective lens (N.A. 1.3) and a 1.6x optical 

magnification slider. Tail fiber proteins at a final concentration of ~ 0.1 mg mL-1 were co-

incubated for 15 min at room temperature with microbes (OD600 of 1). M. tuberculosis 

cells and E. coli cells were tagged separately, and then mixed at va1, before being 

injected into a low height cell trapping microfluidic device. Excess protein was briefly 

washed by flowing additional LB media into the channel. Confocal imaging of gp232-GFP 

fusion protein was carried out on a standard slide with a number 1 coverslip treated with 

poly-lysine. Images were taken the same way as the gp23-GFP. 

 

4. Fabrication of the microfluidic magnetophoretic Mtb capture device  

The microfluidic device consists of a microfluidic channel made of polydimethylsiloxane 

(PDMS) and a 0.15 mm thick glass substrate (24 by 50 mm2). The PDMS microfluidic 

channel is composed of a single inlet, a single outlet, and four parallel microchannels that 
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connect the inlet and outlet (Fig. S5). The width and length of the microchannel is 1 mm 

and 14 mm, respectively. The PDMS microfluidic channel was fabricated using a 

conventional soft lithography process (REF). First, the master mold was made of a 20 µm 

thick layer of SU-8 2025 photoresist (Kayaku advanced materials, USA) patterned on a 

3-inch silicon wafer. This SU-8 master mold was then coated with tridecafluoro-1, 1, 2, 2-

tetrahydrooctyl-1-trichlorosilane (United Chemical Technologies, Inc., Bristol PA) to 

facilitate release of the replicated PDMS microchannel layer (10:1 mixture, Sylgard 184, 

Dow Corning, Inc., MI). After oxygen plasma treatment of both the PDMS layer and the 

glass substrate, they were bonded together for 24 h at 80⁰C.  

 

5. Operation of the microfluidic system for Mtb cell capture 

A stack of 10 neodymium-iron-boron (NeFeB) permanent magnets (K&J Magnetics, Inc., 

USA), generating an external magnetic flux of 1.3 T, was placed underneath the 

magnetophoretic device and placed in parallel arrangement about the flow direction (Fig. 

S5(B)). When the prepared sample was flowed into the microchannel, Mtb cells covered 

with the combination of tail fiber protein and MB were attracted towards the bottom 

substrate where the magnetic field is strongest and held on the substrate during the 

separation process. Other debris and undesirable substances in the sample were washed 

away during the washing process. A Zeiss Axio Observer Z1 microscope (Carl Zeiss 

Micro Imaging, LLC) with a 20x magnitude lens was used to count the number of Mtb 

cells in the microchannel using mCherry (excitation: 587 nm, emission: > 610 nm).        
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6. Bacterial cell enumeration for the measurement of the capture efficiency of the 

microfluidic device 

The Mtb (mCherry MC27000) cells were grown in a shaker incubator for one week at 37℃ 

in 7H9/OADC media. In order to obtain a single-cell suspension, bulk culture was 

sonicated for 10 s, filtrated using 5 µm filter (VWR), and centrifuged at maximum rpm. 

The cell pellet was suspended in 1 mL of 7H9-ADC media and then diluted 100 times. 5 

µL of the cell solution was dropped on a glass slide and a cover glass (18 by 18 mm) was 

placed on the solution. A Zeiss Axio Observer Z1 microscope with a 20x magnitude lens 

was used to count the number of Mtb cells using mCherry. After cell counting, cell 

concentration with 1000 cells mL-1 was prepared and plated on agar for off-chip cell 

counting. This experiment was repeated three times and we confirmed that about 1000 

cells were found on each agar plate, which demonstrates that the cell counting is quite 

accurate to be used for the sample preparation with different cell concentrations. A certain 

amount of the prepared Mtb cell solution was added in 1 mL of 7H9-ADC media, which 

have different initial cell concentrations from about 500 to 10000 cells mL-1. The Mtb cell 

clumps used for Ziehl-Neelsen staining were prepared separately by sonication for 10s 

and vortex for 10s without filtration. After that, the prepared Mtb cell clumps with different 

concentrations of about 1000, 3000, 5000, and 10000 cell clumps mL-1 were added in 1 

mL of an artificial sputum solution (ClaremontBio). In the case of cell counting of E. coli, 

after E. coli overnight culture, the cell concentration was measured using an optical 

density meter (600 nm, OD600). Based on the assumption that OD600 of 1.0 has an E. coli 

concentration of 109 colony-forming unit (CFU) mL-1, the cells with about 104, 105, and 

107 cells mL-1 were prepared for test.  



 

51 
 
 

 

 

7. Ziehl-Neelsen Staining 

250mM Immidazole was added to the sample collected from the microfluidic device to 

separate tail fibers from magnetic beads. The beads were pulled asides with a magnetic 

microcentrifuge rack and the remainder of the sample was collected. 10μl was smeared 

on a slide and air dried. The smear was then flooded with Ziehl-Neelsen Carbolfuchsin 

solution (Sigma Aldrich) and heated above a steaming water bath for five minutes.. The 

slide was then rinsed with water and decolorized with acid-alcohol (1% HCl in 95% 

etOH).Since our samples only contained Mtb cells the counter stain was omitted. . Slides 

were imaged with a 100X optical lens on a Nikon Diaphot-TMD Microscope. Images were 

captured with an Omax A3RDF50 Camera using ToupView software. For the sensitivity 

experiments, up to 300 random fields of view were observed, and the number of frames 

containing Acid fast positive cells were counted. For higher cell concentrations the 

number of frames to observes five positive fields of views were counted and extrapolated 

to 300 frames.  

 

 

8. On-chip binding stability test 

The device fabrication was described above. Here, the master mold made of a 0.9 µm 

thick layer of SU-8 2002 photoresist was used. M. smegmatis with the cell concentration 

of 107 cells mL-1 was injected into the device at a flow rate of 5 ul h-1 for an hour and 

trapped in a 0.9 µm channel. Next, the tail fiber protein with 0.25 mg mL-1 was injected 
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into the device at a flow rate of 5 ul h-1 for 3 h, and then 7H9-ADC media was injected 

into the device at the same flow rate to remove dead cells, debris and residue of tail fiber 

protein. The cells were incubated in the channel overnight at 37℃. A Zeiss Axio Observer 

Z1 microscope with a 100x magnitude lens was used for time-lapse imaging using GFP 

(excitation: 488 nm, emission: > 510 nm). 

 

9. On-chip TB cell separation 

A syringe pump continuously provided controlled flow through the inlet to the 

microchannel and the sample flow rate was set to be 200, 300, 400, and 500 µL h-1. A 

magnet was placed underneath the device and high-gradient magnetic fields were 

generated in the microchannel, Subsequently, the prepared Mtb cells suspended in 1 mL-

1 of 7H9-ADC media or the artificial sputum solution were flown through the device, 

captured on the microchannel, and imaged with a microscope for cell counting.   
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CHAPTER 3 

SYNTHETIC LETHALITY OF PEPCK INHIBITORS DURING BEDAQUILINE 

EXPOSURE 

 

Introduction 

 

Central carbon metabolism is a crucial biochemical pathway in most living things. Its role 

is to convert nutrients into energy, most commonly in the form of ATP, or into biomass. It 

comprises of multiple pathways, each contributing to the cell’s metabolism based on its 

environment and nutrients. Some of the more important central carbon metabolism 

pathways are Glycolysis (Entner-Doudoroff Pathway), Gluconeogenesis and the citric 

acid cycle (also known as TCA or Krebs cycle). Understanding these pathways, and their 

role within Mtb is crucial in order to develop inhibitors that could have anti-mycobacterial 

activity.  

 

Glycolysis is a multi-enzyme pathway that breaks down glucose into two pyruvate 

molecules, while generating two net ATP molecules and two NADH molecules, which will 

be used to generate additional ATP molecules through oxidative phosphorylation. 

Glucose is believed to play a role in vivo since a double mutant of Mtb’s glucokinase, 

which renders the bacteria unable to utilize exogenous glucose, reduced the ability of the 

infection to persist in the lungs(53). Glycolysis is also the pathway of central carbon 

metabolism where glycerol enters. Glycerol is a common carbon source used for growing 

Mtb cells in cultures as it grows the fastest in its presence(54). The biological relevance 
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of glycerol as a carbon source is however disputed. While the evidence that a gene critical 

for the utilization of glycerol as a carbon source is non-essential for Mtb growth in murine 

model(55) supports the notion that glycerol is not an important carbon source, there is 

also evidence suggesting that glycerol can be found in human-like lung lesions in 

mice(56), indicating that the bacteria could have access to its preferred in vitro carbon 

source. Glycolysis is a biochemical process that can typically operate aerobically or 

anaerobically. In the absence of Oxygen, pyruvate will be fermented into lactate by the 

enzyme lactate dehydrogenase (LDH). However, Mtb does not have a fermentative LDH, 

capable of interconversion between pyruvate and lactate. Rather, Mtb contains a putative 

quinone dependent LDH enzyme, able to irreversibly oxidized L-lactate into pyruvate(57).  

 

The citric acid cycle is most commonly known as the TCA or Krebs cycle. When combined 

with oxidative phosphorylation, it is the most energetically efficient pathway of central 

carbon metabolism. The TCA cycle is a multi-enzyme cyclic pathway which generates 

NADH that can later be used to create ATP by the electron transport chain and ATP 

synthase, using oxygen as a terminal electron acceptor.  

The TCA cycle does have a few alternative branches than the “standard” cycle. One of 

such variations that is very prominent in Mtb is the glyoxylate shunt. The shunt is 

essentially a shortcut between isocitrate and malate/succinate. The enzyme isocitrate 

lyase (Icl1) is responsible for breaking down isocitrate into succinate and glyoxylate. 

While the succinate can re-enter the TCA cycle, the resulting glyoxylate will be used as 

substrate for malate synthase, which will convert the glyoxylate into malate, which in turn 

can re-enter the TCA cycle. The glyoxylate shunt allows the cell to bypass two NADH and 
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carbon dioxide producing steps of the citric acid cycle. This allows the bacteria to reduce 

production of NADH, which can cause redox imbalance in low oxygen, yet still allow 

gluconeogenesis to occur and utilization of fatty acid carbon sources for biomass 

production. There is also evidence suggesting that glyoxylate accumulation is toxic to the 

bacteria, indicating that both ICL and MS have critical roles(58). 

 

While even chain fatty acid can be metabolized via β-oxidation into acetyl-CoA, 

catabolism of odd chain fatty acids and cholesterol both result in the production of 

propionyl-CoA, which unlike acetyl-CoA cannot enter the Krebs cycle directly. Indeed, 

propionyl-CoA requires another alternative branch of the TCA cycle known as the 

methylcitrate cycle. Interestingly, the enzyme Icl1 participates in both the glyoxylate shunt 

and the methylcitrate cycle, acting as both an isocitrate lyase (ICL) and a methylisocitrate 

lyase (MCL), which is otherwise lacking in the Mtb genome(59). Birefly, the cycle starts 

with methylcitrate synthase, which catalyzes the reaction between oxaloacetate and 

propionyl-CoA, producing methylcitrate and CoA. The final step of this cycle is carried out 

by the MCL enzyme, resulting in the production of succinate and pyruvate. Similarly to 

the glyoxylate shunt, the methylcitrate cycle utilizes and produces molecules involved in 

the TCA cycle, thus making both of these distincts pathways connected to the citric acid 

cycle. 

 

Gluconeogenesis is a multi-enzyme pathway responsible for the generation of glucose 

from fatty acid carbon sources. Many of the enzymes that are part of this pathway are bi-

directional and are therefore shared between glycolysis and gluconeogenesis. There are 
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however some key enzymes in glycolysis that are non-reversible and must be bypassed 

in gluconeogenesis. These enzymes are hexokinase, phosphofructokinase and pyruvate 

kinase. They are bypassed by glucose-6-phosphatase, fructose-1,6-bisphosphatase and 

phosphoenolpyruvate carboxykinase (PEPCK) respectively.  

PEPCK is the first committed step of this process and is a crucial enzyme for this 

biochemical process to occur. Although it is primarily known for its central role in 

gluconeogenesis, PEPCK is capable of catalyzing the interconversion of oxaloacetate 

and phosphoenolpyruvate and is thus reversible. In Mtb, phosphoenolpyruvate 

carboxykinase (pckA) has been shown to be essential for growth on strict fatty acid carbon 

source. Additionally, it has also been demonstrated to be essential to establish and 

maintain infection in murine model(60). Fatty acid is believed to be a primary carbon 

source utilized by Mtb in vivo. This was demonstrated by Segal and Bloch in 1956 when 

they discovered that bacteria isolated from infected lungs preferentially grew on fatty acid 

ex vivo. Additional research demonstrated that genes involved in fatty acid metabolism 

were significantly upregulated during infection(61, 62), solidifying the hypothesis that fatty 

acids play a significant part in Mtb metabolism.  

Additionally, PEPCK has been linked to a variety of other important cellular pathways that 

may be contributing to its essentiality. One of such pathway is the GAS pathway, named 

as such because it relies on the Glyoxylate shunt, Anaplerotic fixation of carbon dioxide 

and eventual generation of succinyl CoA by Succinyl CoA synthase(63). The GAS 

pathway is believed to be responsible for pyruvate dissimilation. Another pathway 

implicating PEPCK is the Reductive TCA cycle. The reductive TCA cycle pathway is 

believed to mainly be utilized under hypoxia(64). Although Mtb is an obligate aerobe, it is 
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able to survive at very low oxygen concentration and the reductive TCA pathway could 

be a contributing factor. When oxygen is low, oxidative phosphorylation slows down, 

because there is a lack of terminal electron acceptor and this leads to an accumulation of 

NADH. This accumulation is deleterious to the cell as the NADH:NAD+ ratio is critical for 

cell to maintain proper redox balance and viability. In fact, redox imbalances are used in 

many in vitro cell viability assays such as Alamar Blue (Rezasurin). The reductive TCA 

cycle is believed to reduce the NADH:NAD+ ratio by utilizing enzymes that convert NADH 

to NAD+ such as malate dehydrogenase, fumarate reductase and malic enzyme(64). The 

reductive TCA pathway ultimately leads to the secretion of succinate, which has been 

observed under low oxygen tension. Interestingly, both the GAS pathway and Reductive 

TCA explain accumulation of secreted succinate, which is believed to play a role in 

maintaining membrane potential(64). 

 

For all these reasons, PEPCK has become a very attractive target for the development 

of anti-mycobacterial drugs. Prior work in our laboratory has laid the groundwork for 

further development of inhibitors(65). Our lab established a biochemical assay to 

measure PEPCK enzyme activity in vitro. We were also able to identify a potent lead 

molecule that showed significant enzyme level inhibition, despite a lack of whole cell 

activity, even on a strict fatty acid carbon source (Figure 10, page 62). The lead molecule 

consisted of a previously identified inhibitor of human cytosolic phosphoenolpyruvate 

carboxykinase (cPEPCK), known as Axon 1165. The discovery of this inhibitor was made 

by a group of scientists at Roche, published in three sequential papers(66-68). The 
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xanthine-based molecule was previously shown in our lab to also be active on Mtb 

PEPCK, and thus became the backbone for structure activity relationship studies (SAR).  

One area of major concern with the Axon 1165 compound is that it was developed as an 

inhibitor of human cPEPCK, meaning that although it can also inhibit the mycobacterial 

enzyme, it will most definitely have off target effect on the human orthologues, which 

could lead to cytotoxicity of the compound. Creating specificity was thus a crucial element 

of the work performed prior to this dissertation.  

Our group was able to create this specificity by taking advantage of slight variations in the 

protein sequence, specifically in the active site. Since the lead molecule is a GTP 

competitive inhibitor, this is where it will bind. When the structures of human cPEPCK and 

Mtb PEPCK are overlaid we can notice very little variation between the two orthologues, 

but one significant difference is that the residues corresponding to methionine 296 of the 

human enzyme is replaced by leucine 281 in the mycobacterial enzyme (Figure 11, page 

63). The methionine residue is much bulkier than the leucine residue from the 

mycobacterial orthologue. As such this difference was exploited to increase inhibitor 

specificity towards the bacterial target. This was achieved by expanding of the N1 

functional group, thus creating steric hindrance between the inhibitor and the human 

cPEPCK. Using this approach, inhibitor PEPCK-0057 displayed an IC50 16 times lower 

towards the pathogenic orthologue than its human counterpart(65) (Figure 11, page 63).  

Unfortunately, up to this point, none of the inhibitors in our collection displayed any whole 

cell activity, despite the restricted carbon source present in the culture media. Multiple 

factors could contribute to this phenotype. Some targets require a very high level of 

inhibition in order to cause cell death. Some other possibilities include a lack of 
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bioavailability of the molecule, preventing it from reaching a high enough cellular 

concentration to kill the mycobacteria. Whatever the case may be, expanding our 

collection of PEPCK inhibitors was crucial in order to help us understand what is going 

on, and potentially obtain whole-cell active compounds.  
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Expanding the Collection of PEPCK Inhibitors 

 

The lack of whole-cell activity of the inhibitors of PEPCK that were previously identified in 

the laboratory was concerning, but not entirely unexpected. We thus needed to continue 

the lead optimization of the xanthine-based inhibitor series in order to push both potency 

against the enzyme, as well as specificity towards the Mtb orthologue of PEPCK.  

The enzyme assay was previously established in our laboratory. Briefly, the assay is a 

pyruvate kinase (PK) and lactate dehydrogenase (LDH) coupled assay, where PEPCK is 

the rate limiting step. We measured the decrease of absorbance at a 340nM wavelength, 

which is the absorbance peak for NADH. Since LDH converts pyruvate to lactate while 

producing NAD+ from NADH, the rate of decrease of absorbance at 340nM correlates 

with the rate of activity of the LDH enzyme. As the coupled enzymes are in excess, the 

activity level of LDH is dependent upon the amount of pyruvate, which in turn depends on 

the amount of PEP. Since the conversion of Oxaloacetate (OAA) to PEP is catalyzed by 

PEPCK, and that it is the rate limiting step of the whole reaction, the rate of decrease of 

absorbance at 340nM is correlated with the level of activity of PEPCK. As such, reduction 

of the negative slope represents inhibition of PEPCK. 

We expanded our collection of PEPCK inhibitors by testing 44 additional compounds that 

were based around the Axon-1165 lead molecule (Table 1, page 64). The compounds 

were designed in collaboration with the TB Alliance and synthesized by Wuxi. To measure 

the level of inhibition for each compound we used a dose response in order to calculate 

the IC50 of the molecule. The highest concentration used was 20μM and the compounds 

were diluted 2-fold between concentrations. The lowest concentration was approximately 
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20nM. Since each compound was part of the same series, which had already shown 

significant inhibition, most compounds tested retained inhibitory activity against Mtb 

PEPCK. The most potent IC50 values calculated were around 40nM. Seven compounds 

tested had IC50 below 100nM, with an additional 14 displaying sub micromolar IC50 (Table 

1, page 64). Unfortunately, the activity against the human cPEPCK correlated closely with 

activity against the mycobacterial enzyme. Although the selectivity remained present for 

most compounds, the magnitude of the selectivity remained similar to that of previous 

compounds, ranging between 5 and 30-fold specificity. Table 2 (page 67) provides 

structural information for some of the PEPCK inhibitors that are used or referenced in this 

work. 
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Figure 10 Development of lead PEPCK inhibitor molecule, based on Axon-1165, 

an inhibitor of cytosolic PEPCK 

Crystal structures of Mtb PEPCK (A&B, Light Blue) and Human PEPCK (A&B, Beige) 

bound with Axon 1165 (C). Xanthine core of the PEPCK inhibitor lead molecule, with 

identified groups used for SAR studies. (D)  

*Reprinted from the doctoral thesis of Haelee Kim, “Structure-guided Inhibitor Design of Mycobacterium 

Tuberculosis Drug Targets from Central Carbon Metabolism”, 2016, Department of Chemistry, Texas 

A&M University  
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Figure 11 Development of inhibitory specificity towards mycobacterial PEPCK 

through modification of N1 group  

Crystal structure of Mtb PEPCK (A, Blue) bound with PEPCK -0057 (B), overlayed on 

the crystal structure of Human cPEPCK (A, Light Pink), shows potential steric hindrance 

between PEPCK inhibitor and Methionine 296 of human cPEPCK, creating inhibitor 

specificity as shown in C.  

*Reprinted from the doctoral thesis of Haelee Kim, “Structure-guided Inhibitor Design of Mycobacterium 

Tuberculosis Drug Targets from Central Carbon Metabolism”, 2016, Department of Chemistry, Texas 

A&M University 
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Table 1.  

 

Compound ID 
IC50 Mtb 

PEPCK(nM) 

IC50 Human 

cPEPCK(nM) 

PEPCK-0087 702.5 680.7 

PEPCK-0088 3548 1625 

PEPCK-0093 2017 >20000 

PEPCK-0106 854.7 9350 

PEPCK-0107 389.9 >20000 

PEPCK-0108 1567 >20000 

PEPCK-0109 373.6 16288 

PEPCK-0109A 2578 >20000 

PEPCK-0113A 4389 >20000 

PEPCK-0114 10894 >20000 

PEPCK-0115 >20000 >20000 

PEPCK-0120 1047 >20000 

PEPCK-0121 >20000 >20000 

PEPCK-0121 169476 >20000 

PEPCK-0123 3403 >20000 

PEPCK-0125 1670 >20000 

PEPCK-0126 70.81 937.4 

PEPCK-0127 41.28 538.5 
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Table 1 Continued 
 
 

Compound ID 
IC50 Mtb 

PEPCK(nM) 

IC50 Human 

cPEPCK(nM) 

PEPCK-0128 94.64 411.1 

PEPCK-0129 44.25 606.7 

PEPCK-0130 106.7 3618 

PEPCK-0131 40.13 1251 

PEPCK-0132 630.9 6727 

PEPCK-0133 1086 >20000 

PEPCK-0135 280.3 5411 

PEPCK-0136 336.5 2200 

PEPCK-0137 1226 5356 

PEPCK-0138 5600 >20 000 

PEPCK-0139 17564 >20000 

PEPCK-0140 15134 >20 000 

PEPCK-0141 >20000 >20000 

PEPCK-0142 63.5 522.7 

PEPCK-0143 93.33 931 

PEPCK-0144 272 2077 

PEPCK-0145 527.6 2392 

PEPCK-0146 816.5 10202 

PEPCK-0147 12093 >20000 
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Table 1 Continued 
 

Compound ID 
IC50 Mtb 

PEPCK(nM) 

IC50 Human 

cPEPCK(nM) 

PEPCK-0148 7369 >20000 

PEPCK-0149 3538 >20000 

PEPCK-0150 >20000 >20000 

PEPCK-0151 >20000 >20000 

PEPCK-0152 >20000 >20000 

PEPCK-0153 197.7 2483 

PEPCK-0154 157.4 1600 

 

Table 1. Enzyme inhibition Data of compounds against Mycobacterium 

tuberculosis PEPCK and human cytosolic PEPCK 

IC50 measured by enzymatic assay for compounds derived from the lead molecule Axon 

1165. Each IC50 was calculated by Graphpad Prism, from duplicate data. Light green 

represents sub micromolar IC50 against Mtb PEPCK, dark green represents IC50 below 

100μM against Mtb PEPCK, Red represents sub micromolar IC50 against human 

cPEPCK. Highest concentration tested was 20μM, therefore were represented as 

>20μM. 
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Table 2. 

 

Compound 
ID 

N1 N3 C8 
Mtb  

PEPCK 
IC50(nM) 

Human 
cPEPCK 
IC50(nM) 

PEPCK-
0001 

 

 
 

440 200 

PEPCK-
0057 

 

 

 

200 3394 

PEPCK-
0128 

 

 

 

94.64 411.1 

PEPCK-
0129 

 

 

 

44.25 606.7  

PEPCK-
0131 

   

40.13 1251 

PEPCK-
0135 

   

280.3 5411 
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Table 2 Continued 
 

Compound 
ID 

N1 N3 C8 
Mtb  

PEPCK 
IC50(nM) 

Human 
cPEPCK 
IC50(nM) 

PEPCK-
0136 

   

336.5 2200 

PEPCK-
0144 

   

277 2077 

 

Table 2. Structure Activity Relationship of PEPCK Inhibitors 

Structure of PEPCK inhibitors used or mentioned in the thesis. The structural information 

of each compound is broken down to the three groups identified previously (N1, N3, C8), 

while the xanthine core remains intact. The IC50 was calculated by the enzyme assay 

described in the thesis and is represented in nM.  
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Whole-Cell activity of PEPCK inhibitor in the presence of Bedaquiline 

 

Unfortunately, despite compounds showing high potency against the target enzyme, 

whole-cell activity remained elusive, even on strict acetate carbon source. We thus 

decided to test the efficacy of the compounds on whole cells in combination with 

Bedaquiline (BDQ), an FDA approved anti-mycobacterial drug which inhibits ATP 

synthase. The wide-ranging effect of BDQ exposure on other central carbon metabolism 

and oxidative phosphorylation pathways had previously been found(69, 70). We thus 

hypothesized that if compounds were able to enter the bacteria and inhibit PEPCK, we 

may be able to see an effect in the presence of BDQ.  

We tested this hypothesis by using a drug combination checkboard assay, where one 

drug is serially diluted along the x axis of the plate, while the other drug is serially diluted 

along the y-axis. We used the Resazurin/Resorufin viability reporter dye. Briefly, 

resazurin, which is blue, is converted to resorufin, which is pink, by NADH. Since NADH 

production is connected to cellular respiration, this technique is a well validated assay to 

test for bacterial cell growth. We first selected the original lead molecule Axon-1165 for 

this checkboard experiment. The results (Figure 12, page77) showed, as expected, that 

any concentration of the PEPCK inhibitor failed to show any whole cell growth inhibition. 

Meanwhile, the dose response to BDQ alone also behaved as expected and displayed 

sigmoidal inhibition response. The most intriguing part of the results was that at lower 

concentrations of BDQ (50nM and 25nM) we could see a clear dose response to 

increasing concentrations of PEPCK inhibitor until approximately 6.125μM of Axon-1165. 
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The growth inhibition fell back down at higher concentrations, indicating solubility issues 

with the compound at those concentrations. These results seem to indicate that BDQ 

exposure leads to synthetic lethality of PEPCK inhibitors. However, from this experiment 

alone, we could not eliminate the possibility that this phenotype was due to off-target 

effect of the inhibitor and was unrelated to the compound’s inhibitory activity against 

PEPCK.  

In order to test whether this observation was due to the chemical inhibition of PEPCK with 

Axon-1165, we decided to measure the whole cell potency of various compounds from 

our collection. Our hypothesis was that if this phenotype was due to inhibition of PEPCK, 

the potency of the compound against the whole cell in the presence of BDQ should 

strongly correlate with its in vitro potency against the enzyme. We selected five inhibitors 

with IC50 ranging from 40nM to 1.5μM. Each PEPCK compound selected was serially 

diluted with the highest concentration being 100μM. To each serial dilution we either 

added DMSO or 20nM BDQ. We chose this concentration of BDQ for our experiment 

because, based on the previous results, it is a concentration at which BDQ alone seems 

to have very little activity on cell growth, but growth inhibition was visible when PEPCK 

inhibitors were added.  

Using the same resazurin dye as previously used, we measured the growth inhibition for 

each individual well and used these results to calculate the whole cell MIC50 in the 

presence of 20nM BDQ. We were then able to compare the previously established IC50 

value of each compound with their newly obtained MIC50. The results (Figure 13, page 

78-80) clearly showed a strong linear correlation between the two inhibition 

measurements (R2 = 0.966). Taken together, these results strongly suggest that the 



 

71 
 
 

 

potency of the observed synthetic lethality is proportional to the level of inhibition of 

PEPCK and is therefore consistent with a causal relationship. 

Although synthetic lethality of PEPCK inhibitors can be seen in the presence of BDQ by 

using the resazurin viability assay, this does not necessarily mean that cells are actually 

dying. Indeed, resazurin is only a reporter of cell viability and, although generally 

considered to be well validated, it can sometimes lead to false positives or false negatives. 

To confirm that cell growth was truly inhibited by the combination of the two drugs, we 

decided to use the gold standard of whole cell growth inhibition assays: CFU-based time-

kill kinetics. Briefly, a single concentration of each drug is added to a liquid bacterial 

culture and grown for 21 days. At predetermined time intervals, a small volume is taken 

out of the culture bottle and plated on nutrient rich plates containing no drug. These plates 

are then incubated for 4 weeks, or until colonies become visible. The colonies are then 

counted, and the cell concentration of the initial sample is calculated. This approach has 

two major advantages over resazurin based assay. Firstly, this method is based on colony 

forming units, as such the number of viable bacilli is not inferred, but actually counted. 

This eliminates any false positive or negative based on interference with the reporter dye. 

Secondly, the resazurin assay can only measure inhibition of growth. The initial 

concentration of cells in the assay is too small to provide a detectable signal, therefore 

we cannot differentiate between bacteriostatic activity (Inhibition of growth) and 

bactericidal activity (Decrease in viable cells i.e.. killing cells).  

There is however one very significant downside to this approach, and that is the extensive 

nature of this method. Time-kill kinetics required each time point to be plated out for 

colony enumeration. However, since the actual number of colonies expected is unknown 
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at the time of plating, each time point must be serially diluted to insure at least one 

countable plate (Typically 50-400 colonies per plate). Furthermore, such experiment must 

be done at least in triplicates due to the significant variability of such experiment. 

Additionally, since we were mostly interested in the effect of the combination of two drugs, 

each single drug experiment also had to be performed in addition to the drug combination. 

The experiment thus consisted of 12 different cultures, each one was counted at 5 

different time points (Day 0, 3, 7,14 and 21) and each data point was plated from three 

different culture dilutions for a total of 180 plates per experiment. Additionally, because 

Mtb grows very slowly, the experiment takes over 2 months to complete. 

We performed the time-kill kinetic experiment at two different concentrations of BDQ; 

50nM and 150nM (Adding an additional 90 plates). These concentrations were chosen 

because they respectively represent sub-inhibitory and inhibitory concentrations of BDQ, 

allowing us to evaluate the effect of our PEPCK inhibitor under two different levels of BDQ 

exposure. We chose to use PEPCK-0136 for this experiment due to the fact that it’s 

pharmacokinetic/pharmacodynamic properties, which were performed by our 

collaborators at the TB Alliance, were relatively good compared to other compounds (data 

not shown). Due to the work intensive nature of the time-kill kinetic approach, we wanted 

to select one of the compounds that had the best PK/PD profile which could then 

eventually be used in a potential efficacy study in animals.  

Before the experiment could be performed, we also had to select the right concentration 

of PEPCK-0136 to use. We decided to assess the effect of various concentration of the 

PEPCK inhibitor on the potency of BDQ by using resazurin viability assay. Briefly, we 

measured the MIC50 of BDQ in the presence of 0, 0.5, 1, 5 and 10 μM of PEPCK-0136 
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and compared the dose response curves. What the results (Figure 14, page 81) show is 

that there is a slight shift in BDQ potency at 5 and 10μM, while the dose response curve 

of BDQ in the presence of 0.5 and 1 μM closely matched the BDQ dose response curve 

when no PEPCK-0136 is present. Although the results from this experiment alone do not 

allow us to make conclusions about the synergistic interactions between these two drugs, 

which was not the intent, we believe it provided us with a good starting point in terms of 

how much PEPCK-0136 we should use in the time-kill kinetic experiment. Indeed, since 

the shift in dose response curve seems to happen between 1 and 5 μM, while further 

increase to 10 μM seem to have no additional effect, we decided to use a concentration 

of 5 μM.  

The results from the 150nM BDQ experiment (Figure 15, page 82) show that without 

BDQ, PEPCK-0136 had no effect of growth, as the arm containing only PEPCK inhibitor 

grew exponentially at the same rate as the DMSO control. The results also seem to show 

an increase in bactericidal activity due to the addition of PEPCK-0136 inhibitor. By day 7, 

the number of CFU in the drug combination arm was on average 10 fold lower than in the 

BDQ alone arm of the experiment. This trend remained unchanged at day 14, with the 

drug combination once again having on average 10 times less CFUs. By day 21 both 

cultures, BDQ and BDQ/PEPCK-0136, had fallen below the detection threshold. Asides 

from day 3, where the drug combination had on average 3.5 times fewer CFUs than BDQ 

alone, statistical analysis was unable to find statistically significant differences between 

the two arms. Unfortunately, we cannot make any definitive conclusions from this 

experiment, as it was underpowered, which is not unusual for this type of assay, which 

has intrinsically high variance in the data, which can be difficult to overcome. That being 
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said, at day 14, the replicate with the most CFUs from the drug combination arm still had 

4 times less CFUs than the replicate with the fewest CFUs from the BDQ alone arm. 

Taken together, these results seem to indicate that addition of 5μM PEPCK-0136 

enhances bactericidal activity of inhibitory concentrations of BDQ, despite PEPCK 

inhibitors having no effect on growth on their own. However, no definitive conclusions can 

be made from these results alone, as the study was underpowered and could not 

establish definitive statistical significance. 

 

In the experiment with sub-inhibitory concentrations of BDQ, the arm containing BDQ 

alone, unlike the prior experiment, was able to grow. The results (Figure 16, page 83) 

seem to show a slight lag period in the first 7 days, however by day 14 it had grown to 

the same concentration as the control arm. This was expected, as the concentration of 

BDQ was greatly reduced and was below the threshold required for BDQ to inhibit cell 

growth. The interesting part of this experiment comes from the combination of the two 

drugs. In the first 7 days, each triplicate behaved similarly, seemingly inhibiting bacterial 

growth, but without any cell death. However, at days 14 and 21, the replicates had 

seemingly started to diverge from one another. By day 21, the number of CFUs of the first 

replicate had gone down ~10 fold, the second replicate ~100 fold and the last replicate 

~1000 fold from the original concentration. Meanwhile the BDQ alone had continued to 

grow, with the number of CFUs 100 fold greater at day 14 than on day 0. Unfortunately, 

the plates containing CFUs for day 21 were contaminated and could not be counted.  

The very large variability between the experimental replicates of the drug combination 

and the lack of results for day 21 of BDQ only arm made statistical analysis a little more 
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complicated. However, despite the large variation between replicates, the drug 

combination showed a statistically significant (P=0.0053) reduction in CFUs when 

compared to BDQ alone on day 14. Additionally, we believe the divergence of the 

triplicates could provide additional insight. The large divergence between the 

experimental replicates is somewhat strange but could potentially be explained in a few 

different ways. It has been shown with other drugs that the size of the inoculum can 

significantly affect the efficacy of drugs. In other words, if replicate had slightly different 

original concentration, it could affect not only the starting point, but also drug potency. 

Furthermore, we could have selected a drug concentration that corresponds to the 

inflection point of the dose response curves. If this was the case, a very small difference 

in drug concentration between the replicates could have a large effect of growth inhibition, 

which could potentially explain the observations in Figure 16 (page 83). 

 

Sub- Chapter Summary 

 

Taken together, these results support the hypothesis that chemical inhibition of PEPCK 

is synthetically lethal to cells exposed to low doses of Bedaquiline. We were able to 

demonstrate that, in the presence of 20nM BDQ, PEPCK inhibitors were able to inhibit 

growth of Mtb cells in a dose dependent manner. The potency of these inhibitors on whole 

cells was proportional to the potency of these inhibitors on the PEPCK enzyme, strongly 

suggesting that the observed phenotype was at least partially caused by inhibition of 

PEPCK, as with any chemical inhibition, some level of off-target effect cannot be 

dismissed. We also demonstrated that at inhibitory concentrations of BDQ, addition of 
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PEPCK-0136 was seemingly able to further reduce CFUs by 10-fold, however the 

experiment was underpowered and our results were not found to be statistically 

significant. Our results did however demonstrate that addition of PEPCK-0136 to sub-

inhibitory concentrations of BDQ was able to significantly reduce the number of CFUs in 

liquid culture and that the combination of the two drugs at the concentrations used was 

bactericidal, despite both drugs having no effect on growth when used individually.  
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Figure 12. Checkboard Assay Shows Dose-Dependent Whole Cell Growth 

Inhibition of Axon-1165 in the Presence of BDQ 

Checkboard assay using resazurin as viability reporter. Growing cells convert resazurin 

(blue) into resorufin (pink). Each drug was serially diluted along one axis, Axon 1165 

horizontally and BDQ vertically. Green marked column is a DMSO control, Red Column 

is a BDQ only control, horizontal Red column is the Axon-1165 only control. Highest 

BDQ concentration was 400nM, starting at the bottom of the plate and diluted 2X 

upwards. The highest concentration of Axon-1165 was 100μM, starting on the left side 

of the plate and diluted two-fold towards the right. 
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C.  
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PEPCK Inhibitor  Enzyme IC50 Whole Cell MIC50 
PEPCK-0131 40nM 2.89 uM 
PEPCK-0129 44 nM 5.35 uM 
PEPCK-0001 440 nM 11.5 uM 
PEPCK-0135 712nM 18.12 uM 
PEPCK-0125 1500nM >50uM 
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Figure 13 Whole cell potency of PEPCK inhibitor in the presence of sub-inhibitory 

concentration of BDQ strongly correlates with inhibitor potency against enzyme 

Whole cell activity was assayed (A.) using the resazurin viability reporter dye, in the 

presence or absence of 20nM Bedaquiline. Each PEPCK inhibitor was serially diluted 

(2X towards left) from a starting concentration of 50μM. The wells marked in green 

represent the DMSO controls, while the wells marked in red are 20μM Rifampicin 

control (Total growth inhibition). The growth inhibition was then plotted and fitted with 

Graphpad (B.) to calculate a whole cell IC50 denoted as MIC50. That calculated MIC50 

was then compared to the previously obtained enzyme level IC50 (C.). The MIC50 was 

then plotted against the enzyme IC50 and fitted (D.). The plotted data was fitted with a 

linear trend line, which showed a strong correlation between the two (R2=0.9662) 
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Figure 14 Bedaquiline Dose Response in the presence of PEPCK-0136 

Comparison of BDQ dose response curves measured by resazurin viability reporter in 

the presence of 0, 0.5, 1, 5 or 10 μM of PEPCK-0136.  
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Figure 15 Time-kill kinetics shows increase bactericidal activity of inhibitory 

concentrations of BDQ in the presence of PEPCK-0136 

Time-kill kinetic curves of DMSO control, 150nM BDQ, 5μM PEPCK-0136, 

150nMBDQ/5μM PEPCK-0136. CFU counted (± SD) from out plating triplicate cultures 

after (0,3,7,14 and 21 days). BDQ alone and drug combination were below detection 

threshold at day 21. 
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Figure 16 Time-kill kinetics show synthetic lethality of PEPCK-0136 in the 

presence of sub-inhibitory concentration of BDQ 

Time-kill kinetics of DMSO, 5 μM PEPCK-0136, 50nM BDQ and 5μM PEPCK-

0136/50nM BDQ. CFUs counted by out plating cultures at days 0,3,7,14 and 21. DMSO, 

BDQ and PEPCK curves are represented as mean CFUs ± SD, while the drug 

combination curves are show as individual replicates to show the divergence of the 

three replicates after day 7.  

  

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

1.E+09

0 5 10 15 20 25

C
O

L
O

N
Y

 F
O

R
M

IN
G

 U
N

IT
S

 (
C

F
U

/M
L

)

DAYS POST TREATMENT

Time-Kill Kinetics: 50nM BDQ with and without 5μM PEPCK-0136

BDQ/PEPCK-0136 1 BDQ/PEPCK-0136 2 BDQ/PEPCK-0136 3

BDQ Untreated PEPCK-0136



 

84 
 
 

 

Understanding the relationship between PEPCK and Bedaquiline 
 

Our previous results strongly suggest that our PEPCK inhibitors are synthetically lethal 

in the presence of Bedaquiline. However, all of the previous studies were conducted 

with glucose as the primary carbon source. Therefore, gluconeogenesis, which is 

believed to be the enzyme’s primary function, should not be a very essential pathway. 

We thus hypothesized that under BDQ exposure, PEPCK had a secondary essential 

function unrelated to gluconeogenesis. A review of the literature has identified two 

possible pathways that could  

These pathways, as previously mentioned are the GAS pathway and the reductive TCA 

Cycle. Both of these pathways rely on the anaplerotic reaction of PEPCK, converting 

PEP to OAA, utilizing NADH and CO2 in the process. Utilization of CO2 has been 

demonstrated in both low oxygen as well as when exposed to BDQ(70). Although other 

reactions could be responsible for fixation of CO2, such as pyruvate carboxylase and 

malic enzyme, PEPCK is a likely candidate, based on our previous chemical inhibition 

data.  

We hypothesized that if inhibition of the reductive TCA cycle was the mechanism 

responsible for the synthetic lethality of PEPCK inhibitors in the presence of BDQ, 

inhibitors of other enzymes in the pathway should have a similar effect. One of such 

enzymes is Fumarate hydratase, which had been previously identified as a potential 

drug target for hypoxic environment(64). Furthermore, a subsequent publication 

identified an inhibitor of fumarate hydratase(71), which was readily commercially 

available.  



 

85 
 
 

 

We thus decided to compare the whole cell activity of that inhibitor in the presence and 

absence of 20nM BDQ.  Our results (Figure 17, page 87) strongly supported our 

hypothesis as the addition of 20nM reduced the MIC50 of the fumarate hydratase 

inhibitor by more than 15 folds.  

We then hypothesized that if the function of the reverse TCA cycle is to maintain 

membrane potential, as it has been speculated in the literature(64), exposure to sub-

inhibitory concentration of BDQ may increase the potency of an inhibitor capable of 

disrupting membrane potential. The novel drug SQ109, has been shown to act as an 

uncoupler, capable of collapsing membrane potential and pH gradient, although this is 

not believed to be its only mode of action(72, 73). We thus decided to measure the 

potency of SQ109 in the presence or absence of 20nM BDQ, once again using the 

resazurin viability assay. We observed a similar result (Figure 18, page 89) as with the 

inhibitor of fumarate hydratase, whereas in the presence of sub-inhibitory 

concentrations of BDQ (20nM) the MIC50 of SQ109 reduced 10-folds. 
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Chapter Summary 

 

Our data shows that although our PEPCK inhibitor series does not inhibit growth of Mtb 

cells on their own, they display dose-dependent growth inhibition in the presence of 

BDQ. We have demonstrated that the potency of a PEPCK inhibitors under exposure to 

low dose BDQ is highly correlated with its potency at the enzyme level, suggesting at 

least some element of causality. We also demonstrated that the combination of sub-

inhibitory concentration of BDQ and PEPCK-0136 is bactericidal to Mtb cells, even 

though cultures treated with each individual drug grew exponentially. We hypothesized 

that the synthetic lethality of PEPCK inhibitors in the presence of sub-inhibitory 

concentration may be due to the enzyme’s role in the reductive TCA cycle. Indeed, we 

know from literature that under BDQ exposure, succinate is secreted and carbon from 

CO2 is added into biomass(70), both are consistent with increased flux through the 

reductive TCA cycle. Additionally, we demonstrated that this increase in potency can be 

seen with other targets relating to this metabolic pathway, namely fumarate hydratase. 

We also demonstrated that BDQ exposure significantly increases the potency of 

SQ109, a drug capable of collapsing membrane potential, while maintaining the 

membrane potential is the proposed function of the reductive TCA cycle. 

Although this data is consistent with the hypothesis presented, further studies need to 

be performed to conclusively elucidate the mechanism by which PEPCK inhibitors are 

synthetically lethal under sub-inhibitory concentration of BDQ. However, we believe our 

work makes a strong case for the development of drug regimen, specifically designed 

around their synergistic interactions  
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Compound MIC50 (95%CI) 

Fumarate Hydratase Inhibitor (FHI) 31-100uM 

FHI + 20nM BDQ 1.99-2.65uM 

 

Figure 17 Inhibitor of Fumarate Hydratase has increased potency in the presence 

of 20nM BDQ 

 

Whole cell growth inhibition data of a previously published(71) and commercially 

available Fumarate Hydratase Inhibitor (A.) by resazurin viability reporter. Percent 

Growth Inhibition dose response curves of triplicates, with or without the addition of 

20nM BDQ (B). Comparison of MIC50 values with and without BDQ shows large 

increase in potency 
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C. 

Compound MIC50 (95%CI) 

SQ109 884-1109 nM 

SQ109 + 20nM BDQ 84-109.8nM 

 

Figure 18 

 SQ109 has increased potency in the presence of 20 nM BDQ 

 

Whole cell growth inhibition data of SQ109(A.) by resazurin viability reporter dye . Dose 

response cruves, with or without the addition of 20nM BDQ (B) and comparison of MIC50 

values with and without BDQ shows large increase in potency 
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Materials and Methods 

 

1. Protein Expression and Purification 

 

PckA was cloned into a pET28b vector and transformed into E. coli BL21(DE3) and 

selected on Carbenicillin. PEPCK was expressed by inoculating two 1L flasks 

containing LB and Carb. Cells were grown at 37C in an orbital shaker until the  O.D. 

reached  ~0.8. Once the cells reached the correct O.D. flasks were moved to an 18C 

orbital shaker for one hour before being induced with 500μM IPTG and allowed to go 

overnight before harvesting. Cells were harvested by centrifugation then resuspended in 

lysis buffer containing 50mM Tris (pH 7.5), 5% glycerol, 250mM NaCl and 5mM 

Imidazole. The cell suspension was lysed in a microfluidizer for at least 3 passages. 

Lysate was then suspended at 17000 RPM for 45 minutes at 4C. The supernatant was 

filtered through a 0.45μm syringe filter before being applied onto a cOmplete Ni-NTA 

Resin (Roche) and incubated for 10-20 minutes. The column was washed with 300mL 

of lysis buffer before eluting the protein with 25mL of lysis buffer containing 250mM 

Imidazole. The eluate was further purified on an S-200 size exclusion chromatography 

equilibrated with a buffer containing 25mM Tris (pH 7.5), 5% Glycerol and 150mM NaCl. 

Size Exclusion Chromatography can be omitted for applications that do not require high 

purity. 
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2. Enzymatic assay 

 

The PEPCK enzyme assay was coupled with Pyruvate Kinase (PK) and Lactate 

Dehydrogenase (LDH). Absorbance at 340nm was measured by a Multiskan Go plate 

reader (Thermo Scientific), which corresponds to the peak absorbance of NADH. The 

assay was performed in a half-area 96 well flat bottom plate (Greiner). The enzyme 

assay reaction buffer was 20mM Tris-HCl (pH 7.5) containing 0.3mM GTP, 2mM MgCl2, 

0.1 mM MnCl2, 1mM DTT, 1 mM ADP, 2 units PK/LDH, 0.25mM NADH and 2μg/mL of 

Mtb PEPCK. Inhibitors were first added to the reaction mixture and incubated for 20 

minutes before adding 0.2mM of OAA to start the reaction. Inhibition was calculated by 

subtracting the quotient of the slope of absorbance decrease divided by the slope of the 

DMSO control.  

 

3 Resazurin Whole Cell Assay 

 

For whole cell assays, we used a strain of mc27000 Mtb cell containing luciferase 

reporter maintained with Kanamycin resistance. For the starter culture. cells were grown 

in 7H9 media containing OADC, Tyloxapol, Pantothenic Acid, Malachite Green and 

Kanamycin until the culture reached an O.D. of 0.8-1.0. The assay media was 7H9 with 

0.5% Dextrose, 0.085%NaCl, 0.05% Tyloxapol, 25μg/mL Pantothenic acid, 0.50μg/mL 

Kanamycin. Cells were added to the assay media to a final OD of 0.01.The cells were 

then added into a flat bottom 96 well plate (Costar) along with the desired Inhibitor or 

DMSO (4% DMSO) for a final volume of 200μL. The plates were sealed and placed at 
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37⁰C for 7 days. After 7 days, Resazurin was added to a final concentration of 5μg/mL 

(5μL of 0.2mg/mL). After 24 hours, absorbance at 570 was measured and the percent 

growth inhibition was calculated by subtracting the quotient of Experimental/Negative 

Control (Rif) divided by Positive Control (DMSO)/Negative Control (Rif). The growth 

inhibition was then plotted into GraphPad Prism and fitted with a sigmoidal growth 

inhibition curve for MIC50 calculations. All drug combinations followed a similar protocol, 

only changing the inhibitor control based on the specific experiment. These include 

Checkerboard Assay, PEPCK inhibitor dose response in the presence of BDQ, BDQ 

dose response in the presence of PEPCK-0136, Fumarate Hydratase and SQ109 dose 

response in the presence of BDQ 

 

4. Time-Kill Kinetics 

 

18 7H9 cultures (15mL) were prepared with 0.5% Dextrose, 0.085% NaCl, 0.05% 

Tyloxapol, 25μg/mL Pantothenic acid and 0.50μg/mL Kanamycin. The cultures were 

separated in the following groups, each containing three replicates: DMSO, 5μM 

PEPCK-0136, 50nM BDQ, 150nM BDQ, 5μM PEPCK-0136/50nM BDQ and 5μM 

PEPCK-0136/150nM BDQ. The percent DMSO was kept constant in all cultures (4%). 

Each culture was inoculated with the same volume of the same starter culture 

(Prepared as previously described). At predetermined time points (Day 0, Day 3, Day 7, 

Day 14 and Day 21) a small volume (100μL) was taken out of the culture, diluted (More 

or less depending on result expectations) and plated on 7H10 agar containing OADC, 

glycerol, kanamycin and pantothenic acid. The plates were incubated at 37C until 
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colonies became visible (~4 weeks). The plate with the most countable number of CFU 

(Ideally 50-400) was selected and CFU were counted using the OpenCFU software(74). 

The number of CFU per plate was used to back calculate the cell concentration per mL. 

The average number of bacilli per mL for each experimental condition was then plotted 

as a function of time, with the error bars representing the standard deviation.  
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CHAPTER IV 

 

DEVELOPMENT OF A FLUORESCENCE POLARIZATION ASSAY FOR PEPTIDYL 

tRNA HYDROLASE 

 

Introduction 

 

Translation is one of the major pillars of the central dogma of biology. It is the process 

by which mRNA is turned into proteins by the ribosome. The Ribosome is a large 

complex made from both protein and ribosomal RNA (rRNA). Its function is to interact 

with the messenger RNA (mRNA), recruit the correct transfer RNA (tRNA) to the 

ribosome and catalyze the formation of the peptide bond that connects amino acid and 

ultimately produces all proteins. The ribosome has three sites, the A-site (Aminoacyl 

Site), the P-site (Peptidyl site) and the E-site (Exit site) The mRNA is recognized by the 

small subunit of the ribosome via a ribosome binding site, such as the Shine-Delgarno 

sequence. This ribosome binding site is typically located a few base pairs upstream of 

the start codon sequence, which codes for the first amino acid. The start codon is most 

commonly ATG (or AUG on the mRNA). However, in Mtb, GTG (GUG) is also very 

common (33%), and TTG (UUG) is also sometimes used (4.5%) as a start codon(75). 

The small subunit of the ribosome, initiation factors (IF1, IF2 and IF3), mRNA and 

initiator fMet-tRNA, already positioned in the P-site) then forms the pre-initiation 

complex, which will later be docked by the 50S subunit of the ribosome and form the 

70S initiation complex. After the formation of the initiation complex, the tRNA with the 
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anticodon corresponding to the second amino acid will be recruited to the A-site, since 

the start codon is already positioned in the P-site. The ribosome then catalyzes the 

formation of a peptide bond between the amino acid on the tRNA in the A-site and the 

polypeptide chain in the P-site. Upon formation of the peptide bond, the mRNA will 

translocate by three base pairs. The tRNA that was in the P-site will translocate into the 

E-site and be ejected from the ribosome, while the tRNA that was in the A site, which 

now contains the nascent polypeptide chain will translocate to the P-site. A new tRNA, 

corresponding to the new codon, will then be recruited to the A-site. This cycle will 

repeat itself until a stop codon is reached. The stop codon will be recognized by release 

factors (RF1 and RF2) which will cause dissociation of the translation complex and 

release of the peptide chain(76).  

 

The ribosome can stall(77) for reasons that can be grouped into two separate groups. 

These are known as non-stop mRNA and no-go translation events(78). Non-stop mRNA 

is self-explanatory and consists of mRNA that does not contain a stop codon allowing 

the release of the polypeptide chain. Non-go mRNA typically arises from erroneous 

transcription resulting in an mRNA lacking a proper stop codon. In order to rescue non-

stop mRNA stalled ribosomes, the cell is able to use trans-translation mediated by 

transfer-mRNA (tmRNA) and the protein SmpB(79). This process recognizes the empty 

A site of the ribosome and utilizes the tmRNA SmpB complex along with Elongation 

factor EF-Tu to restore translation, ejects the mRNA lacking a stop codon and labels the 

nascent peptide for degradation. Upon recognition of the stalled ribosome and empty A 

site, the tmRNA complex will enter the A site and the polypeptide chain will be 
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transferred onto the tmRNA, as it translocates into the P site. Translation is thus able to 

continue with tmRNA as a new template. The tmRNA encodes for a protein degradation 

tag which alerts the cell that this polypeptide chain needs to be degraded. The tmRNA 

also contains a stop codon, therefore allowing translation to be properly completed. 

Trans-translation thus resolves the stalled ribosome and labels problematic 

biomolecules for degradation(80). 

The no-go translation events occur when the ribosome stalls before reaching the stop 

codon. There are multiple events or conditions that can lead to no-go translation. For 

example, the presence of a rare codon in the mRNA, can cause the ribosome to stall 

due to a lack of properly charged tRNAs for this rare codon. Additionally, poor growing 

conditions can lead to amino acid starvation, which in turns reduces the number of 

available charged tRNA, thus causing the ribosome to stall during translation. There are 

also motifs within the nascent peptide chain that can cause the ribosome to stall(81), 

which can play a role in translational regulation of some proteins.  

More importantly for this work, no-go translation events can also be caused by the use 

of some antibacterial compounds. Macrolides, such as erythromycin, are a well-known 

example of antibiotics causing the ribosome to stall. The mechanism by which it 

accomplishes that task is quite straightforward, since the macrolide binds directly into 

the nascent peptide exit tunnel.  

There are a few mechanisms by which the cell can resolve no-go translation events. 

One of such mechanisms consists of cleaving the mRNA in the A site, which in turn 

creates an empty A site in the ribosome, essentially converting the no-go event into a 

non-stop mRNA. As previously described, non-stop translation events can then be 
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resolved by trans-translation. Additionally, sometime stalled ribosomes can also be 

remobilized by EF-4, thus restoring normal protein synthesis machinery.(82)  

Another common mechanism to resolve no-go translation events is simply by premature 

peptidyl tRNA drop-ff, which is the predominant outcome in cases of macrolide induced 

ribosome stalling. This allows the ribosome to return to its normal translation function, 

but also results in a free peptidyl tRNA, which must be dealt with. Because of the finite 

quantity of tRNA in the cell, it’s crucial for the cell to be able to recycle those peptidyl 

tRNA. The first step to achieve tRNA recycling is to remove the incomplete peptide that 

is still bound to the tRNA molecule itself. This is carried out by peptidyl-tRNA hydrolase 

(PTH)(78).  

 

Recent findings showed a very interesting relationship between the PTH enzyme and 

macrolides. Indeed, results presented in a Master’s thesis from a group of 

collaborators(83) showed that upon depletion of PTH, Mtb became re-sensitized to 

macrolides. This finding is very significant as Mtb is naturally resistant to macrolides. 

This resistance is achieved by the methylation of the 23S rRNA in the area where 

macrolides bind inside the nascent peptide by the erm methyltransferase. The 

mechanism by which PTH depletion leads Mtb cells to be re-sensitized to macrolides is 

still being investigated, however this finding makes PTH a very interesting drug target. 

 

Not only has PTH been shown to be essential for Mtb growth(84-87), but these new 

findings also indicate that an inhibitor of PTH could also allow us to use macrolides in 

the treatment of tuberculosis. Macrolides are a large category of antibiotics, being able 
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to use these inhibitors in combination with PTH inhibitors could unlock a multitude of 

potential new drug combinations that could be effective at treating the disease.  
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Design of a fluorescence polarization assay for PTH and synthesis of fluorescently 

labelled lysyl-tRNAs 

 

 

For the reasons previously discussed, Peptidyl-tRNA hydrolase became a very 

interesting drug discovery target. Its inhibition could lead to cellular death on its own, 

due to the enzyme being essential for growth, but it also unlocked the use of macrolides 

in a combination therapy.  

Just like with any other enzyme target, we first needed to develop a robust enzyme 

assay that would allow us to screen for potential inhibitor molecules, which we would 

later be able to improve through lead-optimization. The development of a PTH assay is 

quite challenging because its reaction does not utilize or produce any by-product that 

could be directly measured or easily coupled with another enzyme that produces such 

by-product. Bonin and Erickson(88) developed an assay that could, according to their 

results, measure the activity of PTH by fluorescence polarization. Briefly, fluorescence 

polarization is a biophysical assay that can measure the tumbling rate of a fluorophore 

and since the tumbling rate of any molecule is related to the size of the molecule, this 

technique allows us to measure the change in size of a fluorescently labelled molecule. 

The design for the PTH assay was straightforward. We would label aminoacylated tRNA 

with a BODIPY fluorophore with an excitation and emission spectrum similar to 

fluorescein and containing an N-Hydroxysuccinimide ester (NHS FL BODIPY). The NHS 

ester allows us to label the primary amine of the amino acid charged onto the tRNA. 

Although the substrate of PTH is peptidyl-tRNA and not aminoacyl-tRNA, Bonin and 
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Erickson(88) previously demonstrated that the addition of BODIPY to the α-amine of the 

lysine aminoacyl-tRNA allowed PTH to use it as a substrate. We would then measure 

the change in polarization as PTH cleaves off the BODIPY labelled amino acid. 

 

Unfortunately, the substrate used by the authors in the paper, lysyl-tRNA, was no longer 

available for us to purchase. Commercially available tRNA was only available as a 

pooled fraction of uncharged amino acids. Pooled fraction of tRNA synthetases was 

also available for purchase. Unfortunately, both pooled tRNA and tRNA synthetase had 

very little information on the actual composition of the pool, and how much of each 

tRNA was present in the reagent. This is highly problematic because each BODIPY 

labelled amino acid would have a different fluorescence polarization signal. While it is 

true that size is a major factor for polarization, the shape and rigidity of the molecule 

also plays a part. This effect is most commonly referred to as “propeller effect” and can 

have a significant effect on the polarization(89). Furthermore, some amino acids 

(Lysine) contain multiple primary amines, which would both be labelled by NHS FL 

BODIPY, creating increased variability in the assay 

 

For all these reasons we decided that it would be best to use a single BODIPY labelled 

aminoacyl-tRNA. This meant that we would have to synthesize the substrate ourselves. 

The basic principle for synthesis of aminoacylated tRNA isn’t complicated. tRNAs are 

RNA molecules with a stable secondary structure. Just like any other RNA molecule, we 

can synthesize them by T7 in vitro transcription and fold them by heating and cooling. 

The properly folded tRNA can then be aminoacylated in vitro by tRNA synthetase, which 
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can be recombinantly expressed in a laboratory environment. Once aminoacylated 

tRNA are made, following manufacturer’s instructions for the labelling of primary amines 

with NHS FL BODIPY should be relatively simple. We decided to use lysyl tRNA for our 

assay since Bonin and Erickson(88) had good results using that specific aminoacyl 

tRNA. 

 

The first challenge we came across was the generation of template DNA for T7 in vitro 

transcription. According to the MEGAshortscript™ T7 transcription kit we used for the 

generation of RNA, we needed 1μg of template DNA in a maximum volume of 8μL, 

which corresponds to a concentration of 125ng/μL, which is quite high. Furthermore, 

many commercially available PCR cleanup kits have a cutoff threshold of 100bp, while 

our template DNA was ~75 nucleotides long. We tested multiple polymerases and PCR 

cleanup kits to optimize the yield of template DNA. The best results were obtained with 

100μL PCR reactions with Phusion and cleanup using the MinElute PCR purification kit 

by Qiagen. This specific kit has the advantage of eluting in smaller volumes than most 

competitors and has a cutoff threshold of 70 nucleotides. We were also able to increase 

the amount of template DNA we could use in the in vitro transcription step by using 

another solution containing nucleotides than the ones provided in the kit. By using a 

solution containing 100mM of each nucleotide as opposed to four separate solution of 

75mM nucleotides, we were able to reduce the volume of nucleotide reagents from 8μL 

down to 1.5μL, which allowed us to use 14.5μL of template DNA per 20μL of reaction. 
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Through this protocol we were typically able to obtain template DNA at around 

100ng/μL, which corresponds to approximately 1.5μg of template DNA per 20μL of T7 in 

vitro transcription. 

 

The in vitro transcription reactions were generally quite successful by simply following 

the protocol provided with the MEGAshortscript™ T7 transcription kit, which is already 

optimized for short transcripts like tRNAs. The product of the transcription reaction was 

then treated with RNAse-free DNAse to remove the template DNA from the sample and 

purified with an RNA cleanup kit. 

 

The purified tRNA were folded in a thermocycler by heating them to 95⁰C for 2 minutes, 

then cooling to 20⁰C for 3 minutes and finally placed at 37⁰C for another 5 minutes. The 

folded tRNA were then aminoacylated by tRNA synthetase or stored at -80⁰C until the 

aminoacylation reaction was done. 

 

The aminoacylation of tRNA is done by the tRNA synthetase. Each individual 

tRNA/amino acid pair has its own unique tRNA synthetase. We thus cloned the Mtb 

gene encoding the lysyl tRNA synthetase (LysS) containing a hexa-histidine tag for 

affinity chromatography on Ni-NTA resin.  

 

Unfortunately, purification of LysS was challenging, with affinity chromatography 

resulting in a low purity product. Further purification through size exclusion did not show 

great separation between LysS and contaminant (Figure 19A, page 108), but we were 
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nonetheless able to obtain protein that was pure enough for enzymatic reaction by 

pooling fewer fractions from the size-exclusion chromatogram peak, furthest from the 

major contaminant peak (Figure 19B, page 108).  

 

To test the aminoacylation reaction of LysS we designed an enzyme assay that would 

be able to measure the enzyme activity and demonstrate that the purified enzyme is 

active. Briefly the assay was couple with pyrophosphatase, which converts the 

pyrophosphate generated by the tRNA synthetase into free phosphate, which can then 

be measured by the addition of BioMol green, a reagent which turns green when 

phosphate is present, which can then be measured by a spectrophotometer at a 

wavelength of 620 nm. The major drawback to this enzyme assay is that pyrophosphate 

is released after the first half-reaction of the aminoacylation reaction. Although our data 

confirms that the purified LysS is indeed active (Figure 20, page 110), it only confirms 

the creation of the half-reaction intermediate but cannot by itself definitely confirm that 

the tRNA was charged with lysine. This was, however a good enough indication of 

enzymatic activity to continue the synthesis of our lysyl-tRNA substrate. 

 

After the aminoacylation reaction was carried we performed phenol/chloroform 

extraction of nucleic acid. This step was crucial for removing the LysS enzyme as well 

as the remaining free lysine. BODIPY NHS FL (lumiprobe) labelling of the primary 

amines was performed according to the manufacturer’s directions, except that the 

reagents were incubated on ice for 4 hours, as opposed to room temperature as 

directed by the manufacturers protocol. The reason being that at alkaline pH or 37⁰C 



 

105 
 
 

 

aminoacylated tRNA are not very stable and have a half-life of less than 2 hours. Since 

the BODIPY labelling reaction is done at pH 8.5 the reaction time must be 

minimized(90). After BODIPY labelling, tRNA were precipitated with ethanol, and further 

purified with a RNA cleanup kit. This last step proved to be crucial to remove significant 

amounts of unreacted BODIPY. 

To confirm that we have indeed synthesized BODIPY labelled lysyl-tRNA, we ran the 

product on a Urea-PAGE gel. We first imaged the gel without staining and imaged using 

the signal for fluorescein, which has similar excitation and emission spectra as BODIPY 

FL (Figure 21A, page 111). Our results show a clear band at the appropriate size that 

represents the proper labelling of lysyl tRNA (lanes 1-6). The well containing unreacted 

lysyl tRNA (lane 7), at a similar concentration, is not visible on the urea-PAGE gels, 

confirming that the signal observed is not due to RNA autofluorescence. To prove this 

point further, after imaging with the fluorescein filter, we stained the urea-PAGE gel with 

the nucleic acid stain gel green and imaged again using the appropriate filter (Figure 

21B, page 111). With the nucleic acid stain, the unreacted lysyl-tRNA (lane 7) was now 

clearly visible with an intensity like that of the BODIPY labelled samples. Additionally, 

various amounts of PTH were added to some samples and allowed to react for 15 

minutes before being run on the gel. Densitometric analysis of the gel image (Figure 22, 

page 113) shows that increasing the amount of PTH decreases the fluorescence 

intensity of BODIPY at the tRNA band. In order to test whether this decrease was due to 

hydrolysis of the BODIPY-lysine from the tRNA or the tRNA themselves being affected; 

we also performed the same image analysis of the fluorescence intensity of Gel Green. 

Although the results still show a slight decrease with increasing levels of PTH (Figure 
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22, page 113), it is much smaller. After a 15-minute incubation with 1μM PTH, the 

fluorescence intensity of BODIPY was 44% of the no PTH control, while the 

fluorescence intensity of gel green was 90% of the no PTH control. The decrease in 

fluorescence intensity of gel green could be interpreted in a few different ways. First, 

PTH could have caused some tRNAs to crash out of solution, effectively reducing the 

amount of tRNA in the gel. Second, each well could have been loaded with slightly 

different amounts of tRNA solution, and the linear decrease is just coincidental. Third, 

since both Fluorescein and gel green have similar excitation/emission spectra, the 

decrease in gel green fluorescence could simply be due to a decrease in BODIPY 

signal. We also performed a densitometric analysis of the band we believe represents 

free BODIPY-lysine. Our results show an increase in BODIPY fluorescence, although 

this increase is only significant for the highest PTH concentration. Taken together these 

results strongly suggest that we synthesized the BODIPY lysyl-tRNA that could be used 

as a substrate in a fluorescence polarization assay for PTH. We also demonstrated that 

the substrate can be hydrolyzed by PTH. 
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Chapter Summary 
 

 

Taken together our results demonstrate that we were able to synthesize the substrate 

necessary for the development of a fluorescence polarization assay of PTH. We clearly 

demonstrated through analysis of urea-PAGE RNA gel, that we were able to create 

fluorescently labelled tRNAs, which upon addition of PTH can be hydrolyzed, resulting 

in a loss of fluorescence intensity from BODIPY localized at the tRNA band. Through 

fluorescence polarization, we believe this hydrolysis could potentially be assayed 

allowing for the screening of potential inhibitors. These results also confirm that all 

previous steps were successful. In order to make this observation on the urea-PAGE 

gel, in vitro transcription, tRNA folding, aminoacylation of tRNA by LysS and BODIPY 

labelling all had to be successful. Failure at any of those steps would have resulted in a 

lack of BODIPY signal at the mRNA band. Indeed, BODIPY labels the primary amine of 

lysine, therefore for the BODIPY signal to co-localize with the tRNA signal, the tRNA 

has to be aminoacylated. For the tRNA to be aminoacylated, LysS must be active and 

capable of catalyzing this reaction, as it does not occur spontaneously. In addition to 

LysS being active, this also tells us that tRNA had to be properly folded, as the 

substrate for LysS is folded tRNA. Lastly, if tRNA were properly folded, it also shows 

that in vitro transcription worked as intended and synthesized the correct RNA.  

This work lays the foundation for the development of a peptidyl tRNA hydrolase assay 

necessary for a drug discovery campaign to be initiated.  
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Figure 19. LysS can be purified to an acceptable level of purity by affinity 

chromatography and size exclusion chromatography. 

Size exclusion chromatogram (A) shows two major peaks corresponding to LysS and an 

unknown major contaminant protein. The numbers indicate the fractions collected and 

evaluated by SDS-PAGE(B). Fractions from the leading edge of the LysS peak 

(Fraction 2) show the best LysS purity. 
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Figure 20. LysS Enzyme assay suggests recombinant LysS is active 

Biomol Green based LysS/pyrophosphatase coupled enzyme assay shows increase in 

absorbance at 620nm over time, indicative of an increase of free phosphate, which 

should correlate to LysS activity of the first half reaction of its aminoacylation reaction. 

Each data point is the difference of the A620 of the no-enzyme control subtracted from 

the A620 of the experimental control. 
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Figure 21. Imaging of urea-PAGE RNA gel demonstrate BODIPY labelling of lysyl-

tRNA 

Imaging of urea-PAGE RNA gel using fluorescein signal of the gel prior to staining with 

nucleic acid dye (A) and gel green fluorescent signal after staining with Gel Green (B). 

In lanes 1-4, BODIPY-lysyl-tRNA was incubated for 15 minutes at 37⁰C with 1, 10, 100 

and 1000 nM PTH enzyme respectively. In lanes 5 BODIPY-lysyl-tRNA was placed at 

37⁰C for 15 minutes without PTH. Lane 6 was BODIPY-lysyl-tRNA that was not 

incubated at 37⁰C, and was directly loaded into the RNA gel. Lane 7 contains lysyl-

tRNA prior to BODIPY labelling.  

 

  



 

113 
 
 

 

 

 

Figure 22. Densitometric analysis of urea-PAGE shows that increasing PTH 

concentration results in a reduction of BODIPY intensity of the tRNA band 

Amount of fluorescence intensity relative to the no-PTH control for BODIPY (orange) 

and gel green (blue) measured at the tRNA band with ImageJ. The decrease of 

BODIPY signal was more significant, suggesting that PTH is hydrolyzing the Lysyl-

tRNA, thus releasing the BODIPY fluorophore. 
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Materials and Methods 

 

 

1.tRNA Preparation 

 

tRNAs were prepared by in vitro transcription overnight using the MEGAShortscript™ 

T7 kit (Thermofischer) following the manufacturer’s instructions. The provided protocol 

was altered by using a NTP mixture containing each NTP at 100μM instead of 4 solution 

of 75μM. Final NTP concentration was the same as the manufacturer’s protocol. The 

product was then treated with RNAse free DNAse (NEB) to remove template DNA and 

purified with purified with Monarch RNA Cleanup Kit (NEB). Purified tRNAs were folded 

in a thermocycler, by heating to 95⁰C for 2 minutes, cooling to 20⁰C for 3 minutes, 

followed by another 5 minutes at 37⁰C. The amount of RNA was then quantified with a 

nano drop and stored at -80⁰C. 

 

2.Aminoacylation of tRNA by LysS 

 

The tRNA were aminoacylated in by mixing 8μM tRNA, 3.3 mM ATP, 14μM Lysine, 

1.5μM LysS and 1X of reaction buffer (10X buffer was 500mM HEPES buffer (pH7.5), 

250mM KCl, 150mM MgCl2, 1mM DTT). The aminoacylation reaction was incubated at 

37⁰C for 2 hours.  

For each 150μL of aminoacylation reaction, add 250μL of 100mM NaOAc, 1mM EDTA 

(pH 4.8) and mix with 400μL of Phenol/choloroform (5:1). Adjust volume if necessary. 
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Vortex the mixture and centrifuge at max speed for 5 minutes at 4⁰C. Remove the 

aqueous phase and add  1/10th volume of 3M NaOAc   (pH 5.0). Add 3.5 Volume of Ice-

cold ethanol to precipitate the tRNA. The solution was then centrifuged at maximum 

speed for 10 minutes to pellet the tRNA. The supernatant was removed by pipetting and 

allowing residual ethanol to evaporate.  

 

 

3.BODIPY-labelling of tRNA Lysyl-tRNA 

 

0.1 mg of BODIPY FL NHS was dissolved in 10 μL DMSO. 10μL of 1M Sodium 

Bicarbonate (pH 8.5) and 80μL of RNAse free water was added to the dissolved 

fluorophore. The resulting solution was used to resuspend the tRNA pellet prepared in 

the previous step. The resuspended tRNA were incubated on ice for 2 hours. The tRNA 

were precipitated with ice cold ethanol and further purified using the Monarch RNA 

Cleanup Kit(NEB).  

 

4.Urea-PAGE Electrophoresis 

 

Various concentration of PTH were combined with 800ng of BODIPY labelled lysyl-

tRNA. 2X TBE Urea-PAGE loading dye (Invitrogen) was added to each sample before 

being placed in a heating block following the manufacturer’s direction. The samples 

were then loaded in a TBE Urea-PAGE gel (Invitrogen). Current was applied until the 

dye front had nearly reached the bottom of the gel. The gel was then imaged in a 
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chemidoc (Bio-Rad), using fluorescein filter settings. The gel was then stained with Gel 

Green (Biotium) nucleic acid stain following manufacturer’s instructions, before being 

imaged in a Chemidoc (Bio-Rad) using the gel green filter settings. 
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