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Mycobacterium tuberculosis remains one of the most common worldwide causes of
illness and death due to an infectious disease. The emergence of multiple and extreme-
drug resistant strains has increased the need to find an effective vaccine for tuberculosis.
The goal of our research group is to engineer a temperature-sensitive (TS)
M. tuberculosis strain that can be used as a tool in vaccine development. One approach to
create TS M. tuberculosis involves the integration of the essential gene ligA encoding a
TS NAD+ dependent DNA ligase, which was taken from the psychrophilic organism
Pseudoalteromonas haloplanktis. The integration and functioning of ligA was
demonstrated in the fast-growing organism Mycobacterium smegmatis. This strain had a
TS phenotype with growth limited to below 37°C. The strain was found to have a stable
TS phenotype and did not mutate to a temperature-resistant form at a detectable level.
Following experiments with the fast growing M. smegmatis, the integration of the ligA
gene was attempted in slow-growing M. tuberculosis. Merodiploids of M. tuberculosis
containing both the psychrophilic and the WT ligA gene in its chromosome were
obtained.

The second approach used for the development of TS M. tuberculosis was the
directed evolution of native M. tuberculosis essential genes. An advantage of this

approach is that the gene encoding the essential protein will resemble the native
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M. tuberculosis gene and thus will closely match the native transcriptional and
translational rates. A system to screen and select for TS essential genes engineered by
directed evolution was designed, where the essential gene on the chromosome of E. coli
was knocked out and this gene was supplied on a conditionally replicating plasmid. As a
first step in developing this directed evolution approach, a family of conditionally

replicating plasmids were created and tested in an essential gene knock-out strain of

E. coli.
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Chapter 1

Introduction

1.1. Mycobacterium tuberculosis
Mycobacterium tuberculosis (M.TB) is a gram-positive acid-fast bacterium from the

family Mycobacteriaceae and is the main causative agent of tuberculosis (TB). Robert
Koch was awarded the Nobel Prize in Medicine or Physiology in the year 1905 for
discovering M.TB as a pathogen and elucidating the etiology of tuberculosis (T.M.
Daniel, 2006). M.TB is a slow growing organism that divides every 15-20 hours and takes
around 21 days to grow on agar plates. A unique characteristic of this bacterium is its
waxy mycolic acid cell wall which makes it impermeable to certain dyes and stains,
resistant to antibiotics and killing by host defense mechanisms, and which allows the

organism to survive in a dry state for weeks (Murray et al, 2005).

1.2. Pathogenesis of TB

1.2.1. Latent and Active TB
TB is primarily a lung disease. However, in 30% of cases it can also lead to

extrapulmonary disease (O’Garra et al, 2013). TB infection results when the
contaminated aerosols harboring TB bacilli inhaled by the healthy individual bypass the
bronchial defense mechanisms and enter into the alveoli of the lungs. In the alveoli, the
bacilli are rapidly phagocytosed by the alveolar macrophages, neutrophils (Eum et al,
2010) and dendritic cells (DCs) (Mihret et al, 2012; WHO TB Report 2013). TB infection

in the lungs can be presented in either an active or latent form.
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Upon initial TB infection, host defense mechanisms prevent the multiplication of

bacteria in 90% of the cases. These individuals are usually asymptomatic and referred to
as being latently infected. This group can only be diagnosed with a positive tuberculin
skin test (Brandli, 1998). In about 5% of the infected cases, M.TB overcomes these
defense mechanisms and the disease progresses to the active state within several weeks or
months. This type of infection is often referred to as primary progressive or symptomatic
form of tuberculosis. The infection reaches the regional lymph nodes and is disseminated
via the blood stream into other parts of the body such as the liver, kidneys, meninges and
other body organs. The symptoms of active TB disease may include cough, fever, weight
loss, night sweats, hemoptysis, thoracic lymphadenopathy and lung cavities (O’Garra et
al, 2013).
1.2.2. Overview of events following infection with M. tuberculosis

Once in the lungs, M.TB entry into the macrophages is mediated by a diverse array
of receptors such as pattern recognition receptors (PRRs) like toll-like receptors (TLRS)
which produce proinflammatory cytokines and chemokines (Kleinnijenhuis et al, 2011).
Neutrophils and monocytes are the first to arrive at the site of infection; they phagocytose
the bacteria and release more cytokines and chemokines which drive the recruitment of
more leukocytes and dendritic cells (DCs) to the site of infection (Kleinnijenhuis et al,
2011; Sakamoto, 2012). DCs are the main antigen presenting cells (APCs) that migrate to
the nearest lymph nodes and present M.TB antigens to the naive T-cells, thus stimulating
infected macrophage killing.

Viable and virulent M.TB bacilli escape this killing by preventing phagolysosomal

fusion and acidification of the phagosomal compartment (Sturgill-Koszycki et al, 1994),



3
adapting themselves to the intracellular environment and creating a niche to reside inside

the macrophages. Finally, a well-organized granuloma develops which consists of a
clustering of immune cells (mainly lymphocytes) surrounding a core containing
macrophages harboring live M.TB bacilli. This form of TB, where the bacilli are
contained inside granulomas and kept in check by the host’s immune system is called
latent TB infection. The granulomas may remain in a dormant state for a lifetime
provided the individual’s immune system remains healthy (O’Garra et al, 2013; Weiner
et al, 2014).

The latently infected individual can remain asymptomatic for years unless the
granuloma containment breaks open due to conditions that deplete the immune system
such as HIV, old age, malignant disease or malnutrition. This can give rise to reactivation
and the spread of TB (Verver et al, 2005). This secondary TB occurs in 5-10% of latently
infected individuals for reasons not well understood and is largely responsible for the

pervasiveness of M.TB as a pathogen.
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Figure 1: Overview of M. tuberculosis infection.

M.TB is mainly transmitted through aerosols from individuals with active disease.
Once in the alveoli of the lungs, M.TB is rapidly phagocytosed by the macrophages
and transferred to the lysosome for degradation. However, some bacilli can escape
this Killing and reside within the macrophages. Dendritic cells engulf the bacteria
and present them to T-cells in the draining lymph node. These primed T-cells
further activate the macrophages by releasing various cytokines, which generally
results in the clearance of infection. If the T-cell response is unable to control the
initial infection, symptoms develop within a year of infection and this form of
disease is called primary progressive TB. In most individuals, the TB bacilli cannot
be completely cleared by the immune system which gives rise to latent TB or
asymptomatic TB. In this case, the bacilli are contained inside a mass of cells called
granulomas. Latent TB carries a risk of secondary disease following re-infection or
reactivation of the initial infection (Adapted from Young et al, 2008).

1.3. Host immune response against TB
M.TB infection elicits both an innate and adaptive immune response. This immune

response is directed towards the control and clearance of the pathogen. This includes
induction of IFN-y and TNF-a and the production of reactive oxygen intermediates (ROI)
and reactive nitrogen intermediates (RNI). Both CD4" and CD8" T-cell response is
required for bacterial clearance and the control of M.TB infection (O’Garra et al, 2013).
Moreover, the role of B-cells is also being determined during TB infection (O’Garra et al,

2013).



1.3.1. Innate immune response
The M.TB-macrophage interactions, role of macrophages and M.TB defense

mechanisms against host immune response can be summarized as follows:
1.3.1.1. Binding of M.TB to macrophages

The innate immune response against M.TB is characterized by multiple pattern
recognition receptors (PRRs) expressed on the macrophages and DCs which recognize
the pathogen-associated molecular patterns (PAMPs) on the bacteria. These PRRs are
considered as the first line of defense in response to an invading pathogen. One of the
best characterized classes of PRRs, TLR-2 binds to M.TB and releases proinflammatory
cytokines and chemokines in response to mycobacterial cell wall components such as
lipoarabinomannan (LAM), lipomannan (LM) and phosphatidylinositol mannosides
(PIMs) (Sakamoto, 2012). These cytokines and chemokines further activate the
macrophages, DCs and neutrophils which destroy the TB bacilli and control the spread of
infection. They regulate the anti-mycobacterial defense mechanisms of macrophages such
as the production of ROI and RNI (Raja, 2004). Two major cytokines IFN-y and TNF-a
upregulate nitric oxide synthase 2 (NOS2) expression and induce the production of RNI
within the phagolysosome which results in intracellular killing of M.TB (Flynn et al,
2001). Cytokines also elicit an adaptive immune response and arrest bacterial growth
further controlling the spread of TB infection (Hossain et al, 2013).
1.3.1.2. Phagolysosomal fusion

The fate of M.TB in the macrophage is one of the most interesting aspects of
mycobacterial pathogenesis. After M.TB is phagocytosed by the macrophages and the
phagosome is fused to the lysosome, it is subject to degradation by acidic hydrolases in

the lysosomal compartment. Macrophages activated by cytokines like TNF-o and IFN-y
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can protect themselves from mycobacterial defense mechanisms due to stimulation of

inducible NOS (iNOS) which in turn produces nitric oxide and is toxic for M.TB (Chan et
al, 1992). However, studies show that M.TB has evolved various strategies to prevent its
destruction by the host defense mechanisms. Viable bacilli can prevent the
phagolysosomal fusion and survive inside the macrophages (Flynn et al, 2001; Raja,
2004). Mycobacterial sulfatides, derivatives of multiacylated trehalose 2- sulfate as well
as large amounts of ammonia generated in culture are known to inhibit this fusion.
However, the role that ammonia plays in preventing fusion is still debated (Flynn et al,
2001; Raja, 2004). M.TB is also known to prevent phagosome acidification (Sturgill-
Koszycki et al, 1994), and maturation (Ehrt et al, 2009). Phagosomes containing
mycobacteria are also prevented from associating with iINOS limiting exposure to
nitrogen radicals, all of which prevents effective antigen processing (Flynn et al, 2001;
O’Garra et al, 2013).
1.3.1.3. Macrophage apoptosis

In addition to ROI and RNI, another mechanism involved in macrophage defense
against M.TB is apoptosis. This programmed cell death is mediated through the
downregulation of the apoptosis inhibitor bcl-2 (Klingler et al, 1997). Apoptosis plays a
role in host immune response by eliminating the niche for M.TB growth. It has direct
anti-microbial effects on TB bacilli and packages them in apoptotic bodies. These
apoptotic bodies are engulfed by the newly recruited macrophages and DCs, which help

in eradicating M.TB and stimulating an adaptive immune response (Lee et al, 2009).



1.3.1.4. Nramp, neutrophils and NK cells
Phagocytosis and subsequent cytokine production are initiated in the absence of

prior exposure to antigens and thus form components of innate immunity. The other
innate immunity components include neutrophils, natural resistance associated
macrophage proteins (nramp), and natural killer cells (NK cells) (Raja, 2004).
Neutrophils are the first cells to arrive at the site of infection and can kill the M.TB bacilli
using anti-microbial molecules enclosed in their granules such as defensins, lactoferrin
and lysozymes (Korbel et al, 2008). Nramp functions in transporting nitrate from the
intracellular sites to the more acidic environment like the phagolysosome where it is
converted to nitric oxide (NO). NK cells can directly lyse the M.TB infected macrophages
due to their cytotoxic functions exerted through perforin and granzyme or granulysin
(Korbel et al, 2008).

1.3.2. Adaptive immune response

Since it resides within the macrophages, M.TB is a classic example of a pathogen
that is cleared due to cell mediated immune response. The role of CD4" T-cells is best
understood compared to the role of CD8" T-cells or B-cells during M.TB infection.

CD4" T helper type 1 cells (Th1 cells) play an important role in protective immune
response against TB as M.TB is an intracellular pathogen. These cells recognize M.TB
antigens presented by MHC class 1l molecules on DCs and macrophages and are initially
primed in the draining lymph nodes of the infected lung (Ottenhoff et al, 2012). They
release proinflammatory cytokines including IFN-y which activate macrophages and Kkill
intracellular M.TB through production of NO and ROS. One of the main characteristics
upon M.TB infection is the delayed initiation of the T-cell immune response. Some of the

reasons for this delay include the inhibition of macrophage apoptosis (Blander et al,
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2007) which delays the antigen presentation of DCs and the induction of IL-10, which in

turn prevents the production of cytokines IFN-y and I1L-17 by CD4" T-cells (Redford et
al, 2011).

Infected DCs and macrophages can also present M.TB antigens to CD8" T-cells via
class 1 MHC molecules. CD8" T-cell activation can lead to the release of various
cytokines such as TNF-a and IFN-y which can activate macrophages to kill intracellular
bacteria. Other pathways to mediate bacterial killing are the perforin and granulysin-
mediated pathway or by induction of macrophages apoptosis by expression of Fas ligand
(Weerdenburg et al, 2009).

Antigens from intracellular pathogens are usually present in the cytosol of the
infected cells and presented to CD8" T-cells via class | MHC molecules. For a very long
time M.TB was thought to reside in the phagosome, giving rise to a question as to how
the M.TB antigens can be presented via MHC Class | molecules to CD8" T-cells.
However, recent studies indicate that M.TB can escape the phagosome and reside in the
host cell cytosol (Weerdenburg et al, 2009). This knowledge has been used to design a
recombinant BCG vaccine against TB which expresses perfringolysin, allowing BCG to
escape into the cytosol and provide protection though Class | MHC presentation (Sun et
al, 2009). There are many questions which still remain unanswered regarding the role
that CD8" T-cells play during M.TB infection.

Although B-cell immune response is essential against a broad range of pathogens,
the role of B-cells in M.TB infection is unclear. Researchers have dismissed their
importance for a long time as M.TB is an intracellular pathogen. However, recent

evidence of B-cell aggregates found in the lungs of TB patients and granulomas of M.TB
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infected mice suggest a role of B-cells in TB infection which still needs to be understood

(Maglione et al, 2009).
1.4. Burden of TB disease

TB is primarily a lung disease and a leading cause of illness worldwide, second
only to human immunodeficiency virus (HIV). According to the World Health
Organisation (WHO) global health consensus, this disease accounted for 8.6 million new
cases and 1.3 million deaths in the year 2012, with most of the estimated TB cases in
Asia and Africa (Figure 2) (WHO Global TB Report, 2013).

One of the major threats to the control of this disease is drug-resistant TB (DR-TB).
M.TB has acquired multiple types of drug resistance, including multiple drug-resistant TB
(MDR-TB), which is resistant to first line drugs like rifampicin and isoniazid, and XDR-
TB, which in addition to first line drugs is also resistant to second line drugs like
amikacin and kanamycin. In 2012, there were an estimated 300,000 MDR-TB cases and
the diagnosis and treatment of these strains has been very challenging (WHO Global TB

Report, 2013).
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Figure 2: TB incidence in the world in 2012.

The estimated incidence rate of TB is much lower in developed countries like USA,
Europe and Canada with ~10 cases per 100,000 people as compared to South Africa
and Zimbabwe which have an incidence rate of above 500 cases per 100,000 people
(Adapted from WHO Global Tuberculosis Report, 2013).

1.5. Diagnosis and TB treatment

The conventional tests used for screening and diagnosis of TB are the Tuberculin
skin test (TST), sputum smear microscopy, a chest X-ray and bacterial culture.
1.5.1. Tuberculin skin test (TST)

The tuberculin skin test (TST) is a safe and inexpensive way of crudely indicating
whether the person is infected with TB. It is used to detect TB in infected individuals and
screen high-TB risk populations to guide TB control efforts (O’Garra et al, 2013).

A tuberculin solution is a glycerol extract of the “tubercle bacillus”. In the TST, the
tuberculin solution is intradermally injected into the forearm and the induration is

detected within 48-72 hours. The person exposed to the bacteria is expected to mount an
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immune response in the skin due to the infiltration of macrophages, lymphocytes and

local edema at the site of infection. The effectiveness of this test is limited as it cannot
exclude TB disease if it is suspected. False negative tuberculin tests are found in 15-25%
of patients suffering from active tuberculosis due to reasons such as viral infections or
HIV (Korzeniewska-Kosela et al, 1994). Additionally, the size of the induration does not
help to distinguish between active or latent TB infection (O’Garra et al, 2013).
1.5.2. Microbiological studies

Another method for the diagnosis of TB is by culturing M.TB from a specimen such
as sputum and biopsy tissue collected from the patient. This sample is then stained and
observed under a microscope. This test however, does not distinguish between
tuberculous and non-tuberculous mycobacteria. Furthermore, the lengthy cultivation time
required to grow M.TB, (up to 6 weeks) can lead to a delay in diagnosis (Steingart et al,
2006).
1.5.3. Radiography

Chest X-ray and CT scans are radiographic methods used for the detection of chest
abnormalities. Active TB is characterized by infiltrates or cavities which may appear
anywhere in the lungs (O’Garra et al, 2013). The presence of these abnormalities can
suggest TB infection and help rule out the possibility of pulmonary TB disease in an
individual with a positive TST. However, this test must be used in combination with
other microbiological tests to definitively diagnose TB.
1.5.4. TB Treatment

Due to the slow growth of the disease-causing organism, active TB disease needs to

be treated with first line antibiotics such as rifampicin and isoniazid for a minimum of six
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to nine months. TB treatment can be divided into two phases: the first intensive killing

phase that destroys actively replicating bacteria, followed by the second phase which
targets the persisting bacteria (O’Garra et al, 2013). Moreover, most drugs used for TB
treatment are toxic to humans and have unpleasant side effects. These side effects in
addition to the long treatment duration can lead patients to discontinue their treatment
prematurely, leading to the emergence of multiple drug-resistant (MDR) and extensively
drug-resistant (XDR) TB. These strains require the use of multiple second line drugs and
the treatment to be continued for 1-2 years.
1.6. Current vaccines against TB

Vaccines are defined as biological preparations that elicit immune response against
an infectious disease (Clem, 2011). A vaccine is mostly a weakened or killed organism or
toxin/surface protein that resembles the disease-causing organism. It stimulates the body
to recognize a foreign agent, kill it and remember it so that upon later encounter with the
pathogen, it can recognize and destroy it. Vaccines come in a variety of forms and induce
different types of immune protection. These forms include whole-cell killed, subunit,
toxoid, DNA and live attenuated vaccines (Clem, 2011). When designing a vaccine, one
must take into account the lifestyle of the pathogen (intracellular/ extracellular) and the
kind of immune response being generated.
1.6.1. The current BCG vaccine

A major breakthrough in the fight against TB was the development of the Bacillus
Calmette Guérin (BCG) vaccine by Albert Calmette and Camille Guérin (Liu et al,
2009). This strain is a live attenuated form of Mycobacterium bovis, which causes cattle

TB.
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The BCG vaccine was first created by subculturing the bacteria nearly 230 times in

ox-bile detergent and glycerol-soaked potato slices until the M. bovis strain lost its
virulence properties (Liu et al, 2009). These cultures were then distributed to different
laboratories around the world to manufacture the vaccine in different countries. As BCG
is a live vaccine, there was need to passage the strain in fresh media every few weeks.
Different passaging conditions in different laboratories gave rise to different strains of
BCG. Four BCG strains that are majorly used are the BCG-Pasteur, BCG-Japan, BCG-
Danish and BCG-Glaxo (Liu et al, 2009; Behr, 2002). Very little is understood about the
attenuation of the vaccine leading to a safe strain. However, studies have identified a
deletion of the Region of Difference-1 (RD1) in all strains of BCG which is present in
both M. bovis and M.TB (Mahairas et al, 1996).

1.6.2. Need for a new vaccine

The BCG vaccine was developed to prevent serious forms of TB in infants. This
vaccine was administered to all neonates in areas with high prevalence of TB. Although
BCG protects 80% of the children against severe forms of tuberculosis like miliary and
meningeal TB, it imposes a high risk to immunodeficient individuals (Hesseling et al,
2006).

The protection provided by BCG vaccine is transient and the vaccine is ineffective
against pulmonary TB in adolescents and adults, which is the most prevalent form of TB
today (O’Garra et al, 2013). It also causes BCGosis which is a disseminated form of
BCG infection, in HIV and other immunocompromised individuals (Mansoor et al,
2010). Although TB can be treated with combination of antibiotics, treating TB cases

cannot prevent disease transmission in highly endemic populations. Thus, there is a need
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to develop a safe and effective vaccine against tuberculosis that prevents the

establishment of disease in a susceptible host and controls TB progression to an active
state (WHO Global TB Report, 2013).
1.6.3. New vaccines in the pipeline

In the early 1990s, WHO declared TB as a global emergency leading to significant
progress in the study of this disease. The development of techniques for genetic
manipulation of mycobacteria, the sequencing of the M.TB genome and the progress in
understanding the immunology of the disease has provided us with an opportunity to
develop much more effective TB vaccines (WHO Global TB Report, 2013).

In the past decade, two strategies for vaccine development against TB have been
used. The first strategy is to develop a vaccine that would be more highly efficacious than
the current BCG vaccine and replace it — such as the live attenuated M.TB strain or the
recombinant version of BCG. The second method is called the “prime boost” strategy in
which the current BCG vaccine is first administered to infants and a new vaccine will
then be given as a booster dose, with the aim to improve the efficacy of the current BCG
vaccine and provide long lasting immunity (Romano et al, 2012).

Vaccines developed against TB are divided into four broad categories:
i) recombinant viral vaccines encoding M.TB putative protective antigens (Tameris et al,
2013), ii) subunit vaccines containing putative protective antigens encapsulated in
liposomes or T-cell stimulating adjuvants (Day et al, 2013) iii) live attenuated vaccines
(LAVs) that include recombinant BCG (Grode et al, 2013) or genetically attenuated
M.TB vaccines (Arbues et al, 2013) and iii) therapeutic vaccines (Yang et al, 2011)

administered with the purpose to eradicate M.TB organisms from the human body and
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prevent relapse or re-infection. At present, there are 12 vaccine candidates in different

phases of clinical trials (Weiner et al, 2014) and their status as of July 2013 is
summarized in Figure 3. Majority of these vaccines aim to prevent TB disease, either by
blocking TB infection upon exposure to TB bacilli (pre-exposure) or interfering with the

reactivation of latent TB (post-exposure).

Target populations Infection/Disease Vaccine type / Advanced Candidates

rBCG:
Infant Preexposure/Preventive VPM1002
QJ_ L BCG replacement r-Mtb:
MTBVAC
Viral vectored:
Uninfected Preexposure/Preventive MVAB5A/Aeras-485
Infant BCG Prime-boost Protein/adjuvant:
H4:1C-31
Adolescent/
Al Viral vectored:
MVABS5A/Aeras-485
LTBIBCG (TSTY) Postexposure/Preventive Protein/adjuvant:
Prime-boost M72:AS01g
H56:1C-31
ID93:GLA-SE
Adolescent/
Adult Killed mycobacteria:
Active TB Therapeutic M. indicus pranii
(L% M. vaccae
RUTI

Figure 3: Overview of the different types of vaccine candidates for different target
populations and stage of vaccine administration (Adapted from Weiner et al, 2014).

1.6.3.1. Recombinant viral vaccines and subunit vaccines
A major pathway in the development of improved TB vaccines is the development

of subunit vaccines. Subunit vaccines are non-live or non-replicating in case of viral
vectors, and are either delivered through viral vector systems or as recombinant proteins
mixed with T-cell stimulating adjuvants. These vaccines are mostly used as booster
vaccines after being initially primed with BCG or recombinant BCG (rBCG) or
attenuated M.TB vaccines and are aimed at providing long-lasting protective immunity.

These vaccines are considered safe to be delivered to immunocompromised individuals.
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An example of a recombinant vector based vaccine is MVA85A (Modified

Vaccinia Ankara, MVA) developed by the University of Oxford (Tameris et al, 2013).
This vaccine expresses the M.TB antigen 85A and has completed the phase Ilb clinical
trial. However, this vaccine did not show better vaccine efficacy as compared to the
current BCG vaccine (Tameris et al, 2013). M72+AS01¢ is an example of a subunit
vaccine which is a fusion protein of M.TB antigens 32A and 39A encapsulated in the
adjuvant ASO1g. This vaccine has completed the phase Ila clinical trials in South Africa
and is found to provide good safety and immunogenicity (Day et al, 2013).

1.6.3.2 Therapeutic vaccines

In addition to designing vaccines that would induce protective immunity and
prevent new TB infections, a vaccine that would completely eradicate M.TB and prevent
reactivation in latently infected individuals is also required. RUTI and Mycobacterium
vaccae are the therapeutic vaccines undergoing clinical trials. RUTI is used to complete
latent TB treatment after a short duration of antimicrobial therapy and uses constitutes of
detoxified liposomal fragments of M.TB (Montagnani et al, 2014). Mycobacterium
vaccae is a non-living preparation of the organism that is also aimed at being used with
antimicrobial therapy (Yang et al, 2011).
1.6.3.3. Live attenuated vaccines (LAVS)

LAVs were among the first vaccines developed to induce immunity against
intracellular pathogens such as smallpox (cowpox vaccine, 1796) and M.TB (BCG
vaccine, 1908-1920) (Baxby, 1977; Calmette, 1931). These attenuated strains can
replicate within the host but are incapable of causing disease due to the mutations

incorporated. As LAVs are live bacteria, they can mimic a natural infection and elicit a



17
strong immune response which includes CD4" and CD8" T-cell activation (Behar et al,

2007). Although LAVs are the best vaccines available against intracellular pathogens,
they have some disadvantages. Particularly, the vaccine being a live pathogen poses high
risk to immunocompromised individuals and the regulatory requirements are very strict
due to safety concerns.

LAVs against TB are aimed at replacing the current BCG vaccines by rBCG or
genetically attenuated M.TB vaccines. The rBCG vaccines are aimed at being safe, highly
immunogenic and giving long lasting protection, even against the highly virulent MDR
and XDR strains. Examples of live attenuated vaccine candidates currently in clinical
trials are VPM1002 and MTBVAC (WHO TB Report, 2013).

VPM1002 is a live recombinant BCG strain that expresses listeriolysin of Listeria
monocytogenes and contains the hygromycin marker replacing the urease gene (BCG
AureC::hly HmR, VPM1002). This rBCG strain aims at improved release of BCG-
derived antigens into the cytosol and increased apoptosis of infected host cells in vitro
(Grode et al, 2013). The MTBVAC is a double deletion mutant of M.TB with the phoP
and fad26 genes deleted. PhoP/PhoR is a transcriptional regulator that regulates the
transcription of M.TB virulence genes and fad26 gene is involved in synthesis of cell wall
lipid phthocerol dimycocerosates (DIM) which plays a role in M.TB virulence. This is the
first live attenuated M.TB vaccine to enter Phase | clinical trials (Arbues et al, 2013).

1.7. Temperature sensitive (TS) viral vaccines

In addition to engineering attenuated forms of an organism, another approach to

create live vaccines is by engineering bacteria that are sensitive to small increases in

temperature. Several TS viral vaccines were engineered by passaging the virus repeatedly
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in tissue culture at cool temperatures and making them cold-adapted (Dubes et al 1956,

Maassab et al, 1999). These cold adapted viruses grew better when compared to their
parent strains at cooler temperatures (Dubes et al 1956). These strains make use of the
body temperature gradient described below and are capable of limited replication in the
host (White et al, 2011).

TS viral vaccines have shown to be effective through the development of both the
Sabin polio virus vaccine (Dubes et al, 1956) and the live attenuated influenza vaccine,
also known as FluMist (Maassab et al, 1999). In particular, the FluMist vaccine is a live
attenuated cold adapted viral vaccine and provides better protection as compared to the
traditional inactivated influenza vaccines (Belshe et al, 2007). This virus fails to grow at
38°C, suggesting a good inactivation temperature for a TS vaccine (White et al, 2011). If
a TS strain with low inactivation temperature (<33°C) is engineered, the vaccine will be
very restricted in its ability to disseminate in the body. This low temperature may prevent
replication at cool sites in the body thus, limiting the induction of immunity (Duplantis et
al, 2011).

1.7.1. Temperature distribution in humans

To understand the potential use of TS vaccines, it is important to understand the

temperature distribution in mammals. This is best understood using the two compartment

model of body temperatures (Figure 4).
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Figure 4: Temperature distribution in the human body from the surface to the core.
The temperature in the periphery is lower compared to the core body temperature
which is maintained at 37°C. The size of the core is reduced considerably at cool
ambient temperature (A) in comparison to the size at warm ambient temperature
(B). The yellow areas are the acral regions that control the body temperature
through heat loss or heat gain (Adapted from White et al, 2011).

In this model, the body compartment is divided into two parts: the shell and the
core. The boundaries of the two body compartments change based on the temperature of
the surroundings. At a cool ambient temperature, the outermost shell is maintained at
lower temperatures (28-31°C) compared to the core temperature which is maintained at
37°C (Figure 3A). At a warm ambient temperature, there are two main changes that occur
in the body compartments. Firstly, the size of the core increases to include both the arms
and legs. Secondly, the large temperature gradient that exists in the shell at cold ambient

temperature is reduced considerably (Figure 3B). This change in the compartmental size

is mainly due to vasoconstriction at cool ambient temperatures and vasodilation at warm
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ambient temperatures (White et al, 2011). At a comfortable room temperature, the skin is

usually found to be in the range of 32-35°C. Although the body temperature can vary
significantly due to variations caused by clothing, gender, illnesses and repeated exposure
to different climates, the core body temperature is regulated at approximately 37°C.
There are some variations in the human body temperature that need to be considered
when designing TS vaccines. However, we cannot forget the success of TS viral vaccines
and also the fact that as long as an individual is alive, the core body temperature cannot
dip below 37°C, allowing a gradient to exist from the body surface to the core (White et

al, 2011).

1.7.2. TS vaccines target mucosal immunity
A common method for delivering a live vaccine is to deposit the vaccine material in

the skin via scarification and then puncturing the skin to introduce the vaccine into
different layers of the skin. The BCG vaccine and the small pox vaccine are examples of
live vaccines that have generated successful immunity upon being vaccinated at the skin
sites (Duplantis et al, 2011; White et al, 2011).

TS vaccines are generally introduced subcutaneously or intramuscularly at the skin
sites or via droplets in the nose. This gives the TS strain an opportunity to replicate in the
skin before it encounters the warm core body temperature. While replicating in the skin,
the TS strain primes the dermal dendritic cells (DCs) which are the main APCs patrolling
the dermal compartments. These DCs present the foreign antigen to the T-cells in the
lymph node within 18 hours of exposure, allowing a quick and efficient Thl-cell
mediated immune response to be generated before the strain reaches the body core. This

Thl-mediated immune response is useful for defense against intracellular pathogens like
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M. tuberculosis, S. typhi and F. tularensis. Thus, a TS vaccine generated against an

intracellular pathogen like M.TB will target the dermal tissues rich in dermal dendritic

cells (White et al, 2011).

1.7.3. TS bacterial vaccines
There are no examples of TS bacterial vaccines generated as human vaccines.

However, TS bacterial vaccines have been used in veterinary medicine since the late
1900’s and these vaccines were made TS by random chemical mutagenesis. Examples of
TS bacterial vaccines generated are Mycoplasma synoviae (Markham et al, 1998) and
Bordetella avium (White et al, 2011). However, as these vaccines were generated before
rapid genome sequencing technology was available, the mutations that contributed to

virulence and temperature sensitivity could not be determined (White et al, 2011).

1.8. Essential genes in bacteria
Due to advances in microbial genetics and molecular biology, a number of bacterial

genomes have been sequenced. This has led to the identification of a number of essential
genes and provides insight into the roles and functions of these essential genes in the
bacterial genome. The exact definition of an essential gene is still under debate. However,
for our research purposes, a gene will be considered essential if it is required for the
survival of the organism under all growth conditions.

In the last few decades, researchers have developed interest in understanding more
about the essential genes in different bacterial species. Understanding the genes that are
necessary for survival provides insights into the basic elements of life (Glass et al, 2006)

and can be used as potential targets to develop new antibiotics (Wilkinson et al, 2001).
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Identifying genes that are essential for an organism has been difficult as current

methodologies identify only non-essential genes, permitting us to infer that the remaining
genes are essential (Gerdes et al, 2003). The most effective method to study the
essentiality of genes involves targeted deletion of every gene within the genome and
testing for cell viability (Ji et al, 2001; Baba et al, 2006). However, most of the methods
have relied on identifying “missed hits” by transposon mutagenesis and outgrowth
selection (Gerdes et al, 2003). Comparative genomics has allowed the identification of
127 genes that are conserved across different bacterial species. Good examples of
essential genes conserved across different bacterial species are those which play a role in

key cellular processes like DNA replication and protein synthesis.

1.9. Essential genes chosen for this study
Previous work by Barry Duplantis in the Nano lab demonstrated that substituting

ligA gene that encodes the NAD+ dependent DNA ligase from psychrophilic organisms
imparts temperature sensitivity to mesophilic organisms and the inactivation temperature
of these TS strains range from 33-37°C (Duplantis et al, 2011). Thus, the ligA gene which
plays an important role in DNA replication and repair has been chosen for this study. In
addition to this gene, three other essential genes which play an important role in different
metabolic pathways have been chosen and are summarised in the Appendix Table Al.
The genes chosen have different functions in different metabolic pathways and we think
that these genes will generate a range of TS phenotypes. This will give us an option to
select from a large pool, the strains which have a desired inactivation temperature, and

thus test their suitability as potential vaccine candidates.
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Project Overview
Mycobacterium tuberculosis is the main causative agent of TB, which is the reason

for approximately 1.3 million deaths worldwide in 2012. BCG, the only vaccine against
TB and is ineffective against pulmonary TB, which is the most prevalent form of TB in
adults today. A vaccine is needed that can prevent TB disease and control the progression
of latent TB disease to an active state.

Research carried out by Barry Duplantis in the Nano lab showed that substituting
psychrophilic essential genes into mesophilic organisms makes them TS and induces
good protective immunity in mice (Duplantis et al, 2010). We therefore hypothesize that
substituting TS essential genes into M.TB will make them TS and this TS strain will be
able to induce a strong Thl T-cell immune response. The applications of this TS M.TB
strain might be its use as a potential vaccine candidate, in diagnostic testing and drug
development.

In addition to the psychrophilic essential gene approach to create TS M.TB, we
have attempted to engineer TS essential genes by using the directed evolution approach.
The hypothesis that drives our desire to use directed evolution to the temperature-
sensitivity of essential genes is that this approach will allow us to create a greater variety
of genes encoding essential proteins than we would be able to discover using bio-
prospecting of psychrophilic bacteria. We reason that directed evolution should allow us
to make a wide variety of essential proteins temperature-sensitive and, for any one
protein, we should be able to create a set of protein variants with a range of inactivation
temperatures.

The first chapter provides background information on M.TB, including the current

knowledge about host immune response against M.TB and the various strategies that this
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pathogen has evolved to prevent its killing by the host. It also provides insight into the

current TB vaccines in the pipeline and the background information necessary to
understand the hypothesis. The second chapter describes the engineering of TS
M. smegmatis strain by allelic gene replacement of the ligA essential gene with its
naturally occurring homolog from the psychrophile P. haloplanktis. The third chapter
describes the method developed to screen and select TS essential genes created by
directed evolution.

In addition to the intellectual organization of this thesis, the reader should also
recognize a practical constraint on the logic of the experiments that | performed.
M.TB is a Level 3 human pathogen and all work with live bacteria has to be carried out in
a Level 3 containment facility. Financial, regulatory and facility access constraints led to
a division of labour. My work was confined to the Level 2 laboratory, and my role in a
group effort was to support the goal of creating TS M. tuberculosis strains. My work, as
described in this thesis, contributed in three areas: (1.) | created a TS M. smegmatis
strain, demonstrating that the psychrophilic ligA gene could be used in mycobacterial
species. (2.) | made several genetic constructs that were used to transform M.TB (done by
Sheila Potter in the Level 3 facility) (3.) | developed the E. coli strains and plasmids that
will allow for the next generation of experiments leading to the creation of TS strains of

M. tuberculosis.
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Chapter 2- Stable temperature sensitive M. smegmatis
engineered by incorporating the Arctic ligA gene

2.1. Introduction
There are more than 100 different essential genes that are conserved across the

domain bacteria (Gerdes et al, 2003). Introducing mutations into an essential gene that
makes its product temperature-sensitive makes the entire organism temperature-sensitive
(Maassab et al, 1985, Duplantis et al, 2010). Using this principle, Barry Duplantis from
the Nano lab substituted psychrophilic essential genes into different mesophilic
organisms which made them TS. A TS M. smegmatis strain with an inactivation
temperature of 33°C was generated by substituting the psychrophilic ligA gene from
Colwellia psychrerythreae (ligACp) into the mesophile M. smegmatis. This strain had
54% of the native M. smegmatis ligA gene deleted from its chromosome and was created
by introducing the ligACp gene on a plasmid (Duplantis et al, 2010).
2.1.1. Objective of this research

Work by Barry Duplantis showed that substituting the ligA gene from the
psychrophile Pseudoalteromonas haloplanktis into the mesophile F. novicida made the
organism TS with a restrictive temperature of 37°C and provided a good immune
response suggesting a good inactivation temperature for a successful vaccine (Duplantis
et al, 2010). The objective of this experimental line of research was therefore, to create a
TS M. tuberculosis strain with a restrictive temperature of 37°C by substituting the
ligAPh gene into its chromosome. This TS strain generated could be used as a safe
level-2 laboratory strain, a potential vaccine candidate and might be used in diagnostic

testing and drug development.
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The slow growth and infectious nature of M.TB make it necessary to first confirm

the validity of the experiments in its research surrogate M. smegmatis. Therefore, our
objective was to study whether the ligAPh gene can impart temperature sensitivity in
M. smegmatis. M. smegmatis is commonly used as a model organism for M.TB as it is a
fast-growing organism and non-pathogenic. Moreover, this organism has a waxy mycolic
acid cell wall like other mycobacterial species, allowing transformations to be carried out

in a similar way as we would in M. tuberculosis (Etienne et al, 2005).

A)
ligh
MSEMG_2361 MSMEG_2353
phosphoricosyighycinamide ACT
formyltranzferase
B)
- ACT _ MetHionine
ligA synthase

Figure 5: Genes upstream and downstream of the WT ligA gene in the M. smegmatis
and M.TB genome. A) Genes upstream and downstream of the ligA gene in the
M. smegmatis genome (Adapted from Smegmalist; Kapopoulou et al, 2010) B) Genes
upstream and downstream of the ligA gene in the M. tuberculosis genome (Adapted
from Tuberculist; Lew et al, 2010)

In the M. smegmatis genome, the ligA gene is flanked by the amino acid binding
ACT domain-containing protein and the phosphoribosyl glycinamide formyltransferase
both of which are non-essential (Figure 5A). In the M.TB genome, the ligA gene is

flanked by the ACT domain-containing protein on one side and is in an operon with the

methionine synthase gene on the other side (Figure 5B), both the genes being
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non-essential. These differences were to be considered when substituting the ligAPh gene

into the M.TB genome.
2.1.2. Gene replacement in M. tuberculosis

Allelic exchange in M.TB is very complex due to the high rate of illegitimate
recombination and slow growth of the organism (Kalpana et al, 1991). Different gene
replacement strategies in M.TB have been developed which include use of non-replicating
vectors (Husson et al, 1990) and incompatible plasmids (Balasubramanian et al. 1996).
However, these methods require large amounts of DNA (1-10ug) and yield low number
of mutants. Counterselectable markers like sacB help in identifying the mutants, but
require multiple steps of transformation and selection (Pavelka and Jacobs, 1999).

Recombineering using mycobacteriophage encoded-recombination proteins
enhances the recombination frequencies in both M. smegmatis and M.TB (Van Kessel et
al, 2007). This method makes use of mycobacteriophage Che9c, which encodes gp60 and
gp61 proteins. These proteins are homologs of RecE and RecT proteins found in the Rac
prophage. The RecE protein functions as 5°-3” dsDNA-dependent exonuclease and the
RecT protein is a sSDNA binding protein, which promotes annealing of complementary
DNA strands, strand invasion and strand exchange (Noirot et al, 1998).

We attempted allelic exchange of the native M.TB ligA gene with the Arctic ligA
gene in the M. tuberculosis genome using two different methods: (1.) The Pavelka
method which makes use of a mycobacterial suicide vector (Figure 6; Pavelka and
Jacobs, 1999) and (2.) Hatfull’s method which uses mycobacteriophage proteins (Figure

7; Kessel and Hatfull, 2007).
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Figure 6: Allelic gene replacement of the native M. smegmatis (M.smeg) ligA gene
with the psychrophilic ligA using a mycobacterial suicide vector (Figure credits- Dr.
Francis E. Nano).
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Figure 7: Recombineering using mycobacteriophage proteins.

The pJV53 plasmid contains the Che9c mycobacteriophage encoded proteins gp60
and gp61 under the control of an inducible acetamidase promoter. These gp60 and
gp61 proteins are homologs of RecE and RecT proteins in Rac prophage which
facilitate allelic exchange at regions of homology as depicted in the figure (The
pJV53 plasmid was adapted from Van Kessel et al, 2008).
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2.2. Materials and Methods

2.2.1. Bacterial strains and growth conditions
All enzymes used in this study were purchased from NEB or Fermentas unless

otherwise noted. All reagents and chemicals were purchased from Sigma unless
otherwise noted. The M7H10 and M7H11 agar media are products of BD biosciences.
The strains used in this study were M. smegmatis mc? 155 (Snapper et al, 1990),
M. tuberculosis H37Rv and Erdman strains, Saccharomyces cerevesiae MYA3666 and
Escherichia coli MG1655. The M. smegmatis strain was cultured in Middlebrook 7H9
media supplemented with albumin-dextrose-sodium chloride (M7H9-ADC) enrichment
medium and the M. tuberculosis H37Rv and Erdman strains were cultured in
Middlebrook 7H9 medium supplemented with oleic acid-albumin-dextrose-catalase
(M7H9-OADC) enrichment medium. 0.05% Tween 80 was added to the Middlebrook
medium as M. smegmatis and M. tuberculosis tend to form clumps in liquid medium.
When required, kanamycin (Km) and hygromycin (hyg) antibiotics were added to a final

concentration of 15ug/ml and 100ug/ml respectively.

A) Experiments to engineer TS M. smegmatis

2.2.2. Codon harmonization of the psychrophilic ligA gene
The nucleotide sequence of the ligA gene from Pseudoalteromonas haloplaktis

(ligAPh) was obtained from NCBI (GenBank Accession no. AF126866) and was codon
harmonized for M. smegmatis using the program Anaconda (Moura et al, 2005;
http://bioinformatics.ua.pt/software/anaconda/). The nucleotide sequence was submitted
to Integrated DNA technologies (http://www.idtdna.com/site) for gene synthesis. Codon
harmonization was necessary as the G+C content of ligAPh is 40% as compared to that of

M. smegmatis, which has 70% G+C content.
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2.2.3. Recombining M. smegmatis flanking regions with ligAPh

2.2.3.1. Primer design to assemble the codon harmonized Arctic ligA gene
and the M. smegmatis flanking regions

The ~1kb regions flanking the ligA gene in the M. smegmatis chromosome were
PCR amplified using standard PCR protocols. One end of the primer sequence was
designed to overlap with the yeast cloning vector pRS416 and the other end of the primer
overlapped the Arctic ligA gene sequence. The codon harmonized ligAPh gene was PCR
amplified using primers designed to overlap the M. smegmatis flanking regions (Table 1).
The M. smegmatis genomic DNA was isolated using the standard protocol and was used
as a template for amplifying the flanking regions. All the constructs were amplified using
the Q5® HF DNA polymerase system purchased from NEB. The PCR mixture contained
the following reagents in their final concentration equivalents: 1X Q5® Buffer, 1X GC
enhancer, 200uM dNTPs, 0.5uM primers, 0.02Units/uL Q5® HF DNA polymerase and
10ng template DNA and was brought up to volume with nuclease free water. The
reactions were run in a Techne® Endurance TC-512 Gradient Thermal cycler using the
standard protocol as per Q5 DNA polymerase protocol specifications (initial
denaturation: 98°C for 5 min, denaturation: 98°C for 1 min, annealing and extension:
72°C for 1 min followed by a final extension for 5 min). The resultant PCR products
were visualized on a 0.7% agarose gel containing Gel Red and the nucleotide fragment of

the correct size was purified using the QIAquick PCR purification protocol.
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Table 1: Primers designed to amplify the ligAPh gene and the M. smegmatis flanking
regions. Overlaps to adjacent regions are indicated in the lower case font and enzyme cut
site (Xhol) is underlined.

Size of Forward (5°-3”) Reverse (5°-3%)
constructs
M. smegmatis ~1000bp | gtgagcgcgcgtaatacgactcact | gagatgctgetggecatTCTGG
left flanking CTCGAGCAGATGGGT | CAGGCTAGCCGAGCG
region GGCGGGGTC
M. smegmatis ~1000bp | agcagcataacggctgaACGG | taaccctcactaaagggaacaaaa
right flanking GACCTCGGCGGTGT gctggaCTCGAGGAGGG
region GGTTGTCGGTCGGCT
ligAPh gene ~2100bp | ctcggctagectgeccagaATGG | acaccgecgaggtcccgttCAG
CCAGCAGCATCTCGG | CCGTTATGCTGCTCCA
A

2.2._3.2. Assembling the psychrophilic ligA gene with M. smegmatis flanking
regions

The M. smegmatis flanking regions and the codon harmonized psychrophilic ligA
gene were assembled together using yeast mediated recombination. To make chemically
competent yeast cells, a frozen mid-log phase culture of S. cerevesiae MY A3666 stored
at -80°C was thawed and added to 4 ml of Yeast Peptone Dextrose Adenine (YPD-A)
broth a day before the transformation. From this stock, the cultures were serial diluted to
a final ratio of 1:128 and grown overnight at 30°C. Next day, the cultures in the mid-log
phase were chosen and 1ml of this culture was added to 25ml YPD-A broth. The flasks
were grown at 30°C with shaking for 2-4 hours until the Agy was < 0.6-0.8. The cultures
were centrifuged for 5 min at 3000 rpm. The pellet was resuspended in 10 ml of TL
buffer and centrifuged again. The supernatant was discarded and the cells were

resuspended in 1ml of fresh TL and incubated at 30°C for 45 min, inverting occasionally

to make fresh competent cells. 100ng of pRS416 linear plasmid (cut with Xhol, Xbal and
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Sall), 100ng of each of PCR amplified M. smegmatis flanking regions, ligA gene, and 5ul

of boiled herring sperm DNA were added to the competent S. cerevesiae cells and
mixed gently to evenly distribute the DNA. The control transformation mixture contained
only the pRS416 plasmid. 400ul of TLP was added and the mixture was incubated at
30°C for 1 hour. Cells were heat shocked in a 42°C water bath for 20 min and transferred
to ice for 3 min. The transformation mixture was plated on Uracil-dropout (URA-DO)
plates and incubated at 30°C for 48 hours to select for cells with the pRS416 plasmid

containing the URA3 marker.

2.2.3.3. Screening yeast transformants having correctly assembled
constructs

To isolate plasmid DNA, the yeast transformants obtained were inoculated into
3 ml of URA-DO broth (with glucose) and incubated for 16 hours at 30°C in a spinning
wheel incubator. The cultures were pelleted and suspended in P1 buffer. 20 units of
zymolase was added and the tubes were incubated at 37°C for 15 min. P1 buffer
containing washed glass beads was added and the tubes were agitated on a BioSpec
Products Mini-Beadbeater™ for 100 seconds. The tubes were reincubated at 37°C for 20
min and then transferred to ice. P2 buffer was added to the tubes and the supernatant was
added to P3 buffer and spun at 13000 rpm for 10 min. The supernatant was applied to
EZ-10 spin columns, washed with PB and PE buffers and the plasmid DNA was eluted in
EB. The buffer recipes can be found at http://openwetware.org/wiki/Qiagen_Buffers. The
SIGMA 1-15 micro-centrifuge was used for all small volume spins unless otherwise
noted. The putative positive recombinants were determined by PCR amplification using

primers specific to the M. smegmatis flanking regions (Table 2) and running the PCR
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products on an agarose gel. These clones were gel purified using standard PCR

purification protocol and analyzed by sequencing.

Table 2: Primers designed to screen yeast transformants having correctly assembled
constructs. Underline indicates the restriction site (Xhol) added.

Expected Forward (5°-3%) Reverse (5°-3%)

size of the

construct
M. smegmatis ~4100bp gtgagcgcgcgtaatacgactcactC | taaccctcactaaagggaacaaaa
flanking regions TCGAGCAGATGGGTGG | getggaCTCGAGGAGGG
assembled with CGGGGTC GGTTGTCGGTCGGCT
the ligA gene

2.2.4. Cloning the assembled construct into the p2NIL-sacB mycobacterial
suicide vector

To carry out the gene replacement of the psychrophilic ligA with the M. smegmatis
ligA gene, we needed to introduce the ligAPh gene with the M. smegmatis flanking
regions into a cloning vector that can replicate in E. coli but not in M. smegmatis (a
“suicide vector”). The p2NILpGOALAligA (Korycka-Machala et al, 2007) is a
mycobacterial suicide vector containing the kanamycin resistant marker, the hsp60-sacB-
Ag85-lacZ cassette derived from the pGOALL17 vector and a deleted version of the ligA
gene from M. smegmatis. Initial cloning attempts with this vector were not successful due
to its large size (~15kb) and the presence of inverted repeats. Thus, PCR amplifying the
p2NILpGOALAIligA vector was a difficult goal to achieve. To reduce the size, the vector
was first digested with Pacl to remove the lacZ-sacB cassette, and Pstl to get rid of the
deleted ligA portion. This reduced the size of the p2NIL vector containing the kanamycin
resistance marker to 4.7kb. The assembled construct was amplified using primers
containing Hindlll and BamHI restriction sites (Table 3) and cloned into the MCS of this
p2NIL vector. The putative positive clones were determined by digestion with restriction

enzymes unique to the assembled ligA construct and further confirmed by sequencing.
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The 2.2kb sacB fragment with the hsp60 promoter was next cloned into the Pacl site of

this p2NIL-ligA clone to give a complete vector with the assembled construct, the
kanamycin marker and the hsp60-sacB counterselectable marker.
Table 3: Primers designed to amplify the ligAPh gene and clone it into the p2NIL vector.

Underline indicates the restriction sites added (BamHI restriction site was added to the
forward primer and Hindlll restriction site was added to the reverse primer).

Expected Forward (5°-3) Reverse (5°-3%)
size of

construct
ligAPh ~4100bp ctcactGGATCCCAGATGG | agctggAAGCTTGAGGG
assembled GTGGCGGGGTC GGTTGTCGGTCGGCT
construct to be
cloned into the
p2NIL vector

2.2.5. Restriction digestion, ligation and transformation
The restriction digestion and ligations were carried out using the standard protocols

unless otherwise noted. The ligation was carried out using the standard NEB protocol and
the restriction enzymes were either Fermentas fast digest or NEB enzymes. The
concentrations were estimated by measuring the absorbance at 260nm using the ND 1000
Nanodrop.

For transformation, chemically competent DH10B cells were incubated on ice for
3-5 min. 2-3ul of the ligation product was added and the competent cells were left for
additional 15 min on ice. The mixture was heat shocked at 42°C for 1 min and transferred
to ice. 250ul of Luria Bertani (LB) broth was added and the culture was plated on LB

agar plate supplemented with ampicillin (250ug/ml) and incubated at 37°C overnight.
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2.2.6. Preparing electrocompetent M. smegmatis cells
A single colony of M. smegmatis was inoculated in M7H9 broth containing 0.05%

Tween-80 and ADC enrichment (M7H9-ADC) and grown with shaking at 37°C for 48
hours. This culture was inoculated into fresh 100ml broth and grown overnight at 37°C
with shaking until the Agoo was 0.8-1.0. The cells were kept on ice for 1 hour and spun at
5000 rpm for 20 min. The supernatant was discarded immediately and all remaining steps
were performed on ice. The cells were washed two times with ice-cold 10% glycerol,
resuspended in glycerol and immediately used for transformation. The transformation
efficiency of the electrocompetent cells was ~ 1x10° transformants/g.
2.2.7. Construction of TS M. smegmatis strains

The p2NIL-sacB vector containing the ligAPh gene was transformed into
M. smegmatis mc® 155 electrocompetent cells to obtain merodiploids containing both the
psychrophilic and the WT ligA gene in the M. smegmatis chromosome. The merodiploids
were selected on M7H10-Km agar plates and tested for the presence of the ligAPh gene
in the M. smegmatis chromosome by PCR amplifying the ligAPh gene using primers in
Table 1. The merodiploids were grown in M7H9-ADC broth containing 10% sucrose at
30°C to force the excision of the Km-SacB cassette along with the targeted essential gene.
The cultures were plated on M7H10-ADC plates containing 10% sucrose and incubated
at 30°C. The sucrose resistant colonies obtained were replica plated on M7H10-ADC
agar plates and incubated at 30°C and 42°C to select for TS phenotypes. The presence of
the psychrophilic gene in M. smegmatis genome was confirmed by amplifying the ligAPh
gene and the region surrounding the psychrophilic ligA gene using primers in Appendix

Table A2.
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2.2.8. Determining the restrictive temperature of TS M. smegmatis
A “restrictive temperature” is one that “restricts” or does not allow the growth of

an organism. For our TS strains we have defined the restrictive temperature as 1°C higher
than the highest temperature that supports the growth of individual colonies on agar
medium. To determine the maximum growth temperature of the TS strain, the
M. smegmatis colonies were streaked on M7H10-ADC agar plates and incubated at
different temperatures. The plates were buried in aluminum pellets to reduce the
temperature fluctuations in the incubator. A temperature probe connected to the Fluke
5311 thermometer was inserted into the pellets to measure the minimum and the
maximum temperatures while incubating the plates. The restrictive temperature assigned
to the strains should be considered accurate to £0.5°C.
2.2.9. Mutation rate of TS M. smegmatis

Two colonies of TS M. smegmatis were inoculated into 5 ml of M7H10-ADC
broth and the cultures were grown for 18-20 hours until the Aggo at 30°C reached 0.9-1.0.
Approximately 1 x10' cells were plated on 150mm diameter M7H10-ADC plates and
incubated at 3°C above the restrictive temperature. The actual CFU plated was
determined by plating serial dilutions of the original cultures incubated at 30°C. The
mutation rate was calculated by dividing the number of colonies arising on plates
incubated above restrictive temperature to the number of viable cells plated. If too many
bacterial cells were plated or if the plates were incubated close to restrictive temperature,
a lawn of bacterial cells appeared and this masked the growth of temperature-resistant

mutants.
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2.2.10. Growth curves of WT and TS M. smegmatis
The WT and TS M. smegmatis cultures were grown until late exponential phase at

30°C in M7H9-ADC broth with 0.05% Tween-80. The cultures were then diluted 1:20
and incubated in a water bath with shaking at 30°C and 38°C. The readings were
monitored using a Klett-Summerson photoelectric calorimeter as clumping prevented the
use of the microplate reader. The readings were taken every 2 hours over a 24 hour time
period.
2.2.11. Genetic drift experiments with TS M. smegmatis

It is possible that mutations can accumulate in the ligAPh gene over time due to
genetic drift and render the TS strain temperature-resistant. To test this, the TS
M. smegmatis strain was grown for 36-48 hours at 30°C in M7H9-ADC broth and
subcultured subsequently for 10 passages over 3 weeks. At the end of the 10" passage,
the cultures from the first and the last passage were plated onto M7H10-ADC plates and
incubated at 30°C and 42°C to check for temperature sensitivity. Glycerol stocks were
prepared of the TS M. smegmatis strain at each passage and stored in the -80°C freezer.
The ligAPh gene was sequenced to identify any mutations that may have accumulated

over time.

B) Experiments to engineer TS M. tuberculosis

2.2.12. Assembling three different psychrophilic ligA variants with the M.TB
flanking regions

When engineering TS M. smegmatis, the ligAPh gene had none of the codons
derived from the WT M. smegmatis ligA. However, three different constructs of ligAPh
that differed in the strength of their ribosome binding site (RBS) were constructed when

attempting to create TS M.TB. This was done so that the psychrophilic ligA gene would
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be expressed at a level close to that of the native ligA gene. The three different TS-ligA

variants with the strength of the RBS are depicted in Figure 8. The primers designed to
create the different ligA gene variants and amplify the M.TB flanking regions are shown
in Table 4. The M.TB flanking regions were assembled with the ligAPh gene using yeast
mediated recombination as described previously. The ligA constructs were further

confirmed by sequencing using primers designed in Table 4.

A First 4 codons are from Mtb ligA.

1. 2 3 4 5 6 7 8 9 10 65 666 667 668 669 670 671 672 673
ggctagectgecaga agc tcc cca ATC TCG GAG CAG ATC AAC //ATC AAC CTG CTG GAG CAG CAT AAC GGC cggcactgcg
M|s -

RBS s p I §$ E Q I N~ I N L L E Q H N G
(3AU) Codons 5-673 represent codon-optimized form of of figA s7e)

F|rst 20 codons are from Mtb th

6 17 9 10 65 666 667 668 669 670 671 672 673
ggctagectgecaga [gtg agc tcc cca gac gce gat cag acc gct ATC AAC CTG CTG GAG CAG CAT AAC GGC cggcactgcg
M -

RBS A E Q0 B N 6

(7AV) Codons 21-673 represent codon-optimized form of of ligAp(s7o).
C None of the codons are from Mtb /igA.

1 2 3 4 5 6 7 8 910 65 666 667 668 669 670 671 672 673

ggctagectgecaga [ATG |GCC AGC AGC ATC TCG GAG CAG ATC AAC/ /ATC RAC CTG CTG GAG CAG CAT AAC GGC |TGA |cggcactgcy

RBS M|{a s s 1 s E Q@ I N°" 1 ¥ L L E Q H N G |-

(68 AU) Codons 1-673 represent codon-optimized form of of ligApys7o).
ca M. tuberculsosis sequence RBS of wild type=(7 AU)

CTG Codon-optimized Arctic gene sequence

Figure 8: Three different ligAPh variants constructed for allelic gene replacement.
The ligA variants designed differ in the number of codons derived from the native
M.TB ligA gene and the strength of the ribosome binding site (RBS) .The lowercase
letters represent the M.TB sequence and the uppercase letters represent the codon-
harmonized psychrophilic ligA gene sequence (Figure credits- Dr. Francis E. Nano).
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Table 4: Primers used to amplify three variants of ligAPh gene and the M. TB flanking
regions. Overlaps to adjacent regions are indicated in the lower case font and enzyme cut
sites are underlined. The codons derived from the WT M.TB ligA gene are indicated in
red color. (HindlllI restriction site was added to the forward and reverse primer).

Size of Forward (5°-3) Reverse (5°-3”)
constructs
M. TB right ~1000bp gtgagcgcgcgtaatacgactcactA | TggagcagcataacggetgaCG
flanking region AGCTTTGACGTTGACGT | GCACTGCGAATCTCC
CCTTGAGC G

M. TB left ~1000bp | tccgagatgctgetggecatTCTG | taaccctcactaaagggaacaaaa

flanking region GCAGGCTAGCCGAG gctggAAAGCTTGCACC
GCCGCGCGAGAGG

M. TB left ~1000bp tcggegtetggggagetcacTCTG | taaccctcactaaagggaacaaaa

flanking region GCAGGCTAGCCGAG gctggAAAGCTTGCACC

(recombined GCCGCGCGAGAGG

with the ligAPh

gene having 20

codons derived

from WT ligA)

M. TB left ~1000bp ccgagattggggagetcacTCTG | taaccctcactaaagggaacaaaa

flanking region GCAGGCTAGCCGAGG gctggAAAGCTTGCACC

(recombined GCCGCGCGAGAGG

with the ligAPh

gene having 4

codons derived

from WT ligA)

ligAPh gene ~2100 bp | cggagattcgcagtgccgTCAGC | CtcggcetagectgccagaATG

CGTTATGCTGCTCCA GCCAGCAGCATCTCG

GA

ligAPh gene ~2100 bp | cggagattcgcagtgccgTCAGC | gtgagctccccagacgecgatcag

(20WT codons CGTTATGCTGCTCCA accgctcccgaggtgttgcggeag

derived from tggcaggcactgTACAACTA

M.TB) CTACGTGCTCGATAC
GC

ligAPh gene ~2100 bp | cggagattcgcagtgccgTCAGC | CCTCGGCTAGCCTGC

(4WT codons CGTTATGCTGCTCCA CAGAgtgagctccccaATCT

derived from CGGAGCAGATCAACC

M.TB) ATC

2.2.13. Constructs designed for allelic exchange using mycobacteriophage
recombineering (Hatfull method)

The hygromycin resistant gene (hygR) with its promoter (~1.5kb) was amplified

from the pST-KO plasmid (Parikh et al, 2013) and cloned into the ligA-M.TB assembled
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constructs in the pRS416 vector (as described above). Eight constructs were designed that

differed in the orientation of the hygR marker (forward or reverse with respect to the ligA
gene), the position where the cassette was inserted (immediately downstream of the ligA
gene or 200bp in the left and the right M.TB flanking regions) (Figure 9) and in the
number of codons that were derived from WT M.TB ligA gene. The primers used for
amplifying the hygR gene and the pRS416 vector containing the ligA-M.TB assembled
constructs are summarised in Appendix Table A3. The gene organization of the
constructs was confirmed by DNA sequence analysis. The recombinant plasmids were
linearized by digestion with Scal prior to their use in electroporation experiments with

M.TB cells.

p—
—
[LFMtb _ >[ Tighph w
A
hygR
LF M.tb >|__ligAph RF M.tb
—_—
-hng

Figure 9: Schematic representation of the three linear constructs designed for
mycobacterial recombineering. The constructs designed for recombineering using
mycobacteriophage proteins differed in the orientation of the hygR cassette
(forward or reverse with respect to the ligA gene), the position where the cassette
was inserted (immediately downstream of the ligA gene or 200bp in the left and the
right M.TB flanking regions) and in the number of codons that were derived from
the native M. TB ligA gene.
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2.2.14. Preparing M.TB electrocompetent cells and transformation using
Hatfull method

(These CL.3 experiments were carried out by Sheila Potter)

The mycobacterial recombineering strains were generated using the pJV53 plasmid
(Kessel and Hatfull, 2006; obtained from Addgene #26904) which contains the
kanamycin marker and the Che9c 60 and 61 genes expressed under the control of the
inducible acetamidase promoter. To create electrocompetent M.TB cells, the H37Rv and
Erdman strains were grown to a mid-log phase, until the Agg was 0.8-1.0 .The cells were
transformed with 50ng of pJV53 plasmid DNA and plated on M7H11-OADC agar plates
containing kanamycin and incubated for three weeks. The colonies that grew on the
plates were inoculated in 3ml of M7H9-OADC broth containing Tween 80 and grown at
37°C in a 100 rpm shaker. This was then subcultured into 50ml of M7H9 induction
medium containing succinate and kanamycin. After the M.TB culture reached an Agy of
0.5, acetamide was added to a final concentration of 0.2% and the culture was grown
overnight. The cells were pelleted at 2000 x g for 5 min, washed three times 10%
glycerol and spun at 2000 x g for 5 min. The cells were next resuspended in 10% glycerol
and used for transformation directly without freezing. The linearized plasmids with the
constructs containing the hygR cassette were transformed into electrocompetent cells as
described in the Pavelka method (Pavelka and Jacobs, 1999). The pMXI-hygR plasmid
transformed into pJV53/Erdman cells was used as a control.

The hygR recombinant colonies were recovered by plating on M7H11-OADC

plates containing hygromycin and incubating at 30°C for nine weeks. The colonies that

were hygR were replica plated at 31°C, 36°C and 41°C and tested for temperature
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sensitivity. The presence of the psychrophilic ligA gene in the M.TB chromosome was

tested by PCR amplification and sequencing.

2.2.15. Constructing three different variants of ligAPh and cloning into
mycobacterial suicide vector (Pavelka method)

The Pavelka method for gene replacement makes use of the mycobacterial suicide
vector similar to the method used to create a TS M. smegmatis strain. SacB is a widely
used counterseletable marker in Mycobacteria. However, it can be spontaneously
inactivated which complicates it use (Pavelka and Jacobs, 1999). Further, research from
the Barkan lab showed that selection of M. smegmatis recombinants obtained by allelic
exchange improved 98% - 100% using the the sacB-galK double counterselection system
(Barkan et al, 2010). Therefore, a new pSTKO-galK vector containing two
counterselectable markers was created. This vector was created by cloning the galK gene
with its mycobacterial optimized promoter (MOP) (derived from pDB88 vector, Barkan
et al, 2010) downstream of the sacB gene, with the hsp-60 promoter driving the
expression of both the sacB and the galK gene (Figure 10). The primers used for
amplifying the galK gene and the pST-KO vector are shown in the Appendix Table A4.
The ligA-M.TB constructs were cloned into the MCS of the pSTKO-galK plasmid using

primers as shown in Table 5.
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Table 5: Primers designed to clone the M.TB ligA constructs into the pSTKO-galK
plasmid. The enzyme cut sites are underlined. (BamHI restriction site was added to the
forward primer and Xbal was added to the reverse primer).

Expected Forward (5°-3) Reverse (5°-3”)
size of

constructs
PSTKO-galK ~5500bp | ataagtGGATCCATGGCTA | ataagtTCTAGATTAATT
plasmid GTTCCA AACTAGTGTTAACGG
Assembled ~4100bp | AAGATCGGATCCTGAC | AAGATCTCTAGAGCA
M.TB ligA GTTGACGTCCTTGAGC | CCGCCGCGCGAGAGG
constructs

JrOMOTEr peTKO-Galk
5,507bp
Galk

) /SEI:B

Figure 10: Diagrammatic representation of the pSTKO-galK mycobacterial suicide
vector. The pSTKO-galK vector contains the hygR gene and two counterselectable
markers sacB and galK cloned in front of the hsp60 and MOP promoter. The three
ligA variants with the M.TB flanking regions were cloned into the multiple cloning
site (MCS) of this vector. (This figure was designed using Geneious version 6,
http://www.geneious.com, Kearse et al, 2012; Figure credits: Sheila Potter).

2.2.16. Pavelka method for preparing electrocompetent M. tuberculosis
One ml aliquots of M.TB H37Rv and Erdman strain were thawed and transferred to

10ml M7H9-OADC broth and incubated at 37°C with slow shaking (100 rpm) until
saturated (~5 days). 1ml of this well grown culture was subcultured 1:50 into 100ml of
M7H9 media in a roller bottle and incubated at 37°C on a roller apparatus at 100 rpm for

5-7 days until Agoo was 0.8-1.0. The density of the cells was checked two days before the
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electroporation experiment to test if the culture was expanding as expected. The cells

were transferred into two 50ml conical flasks and pelleted at 3000 rpm for 5 min at room
temperature. The cells were washed three times with 10% glycerol and spun at 3000 rpm
for 5 min. After the washes, the cells were resuspended in 1ml of 10% glycerol and used

for transformation directly without freezing.

2.2.17. Transforming the ligAPh constructs into M.TB Erdman and H37Rv
strains

The PSTKO-galK plasmid DNA with the assembled construct (~ 1 pg) was added
to 100ul M.TB electrocompetent cells using a 0.2 cm gap electroporation cuvette.
Electroporation was carried out using the Biorad Gene pulser for 2500 mV, 25 uF, and
1000 Q. 1 ml of M7H9 media was added to the cuvette and the cell suspension was
transferred to a 15ml conical tube. The electroporation was repeated 5-10 times using the
suicide plasmid with different constructs. Two control electroporations were carried out;
one without DNA and the other with plasmid DNA bearing a mycobacterial origin of
replication and hygromycin resistant marker (pMXI vector). The tubes were incubated at
37°C in a shaker at 100 rpm overnight and plated on M7H11-OADC plates containing
hygromycin. Negative control was used to test for spontaneous hygromycin resistance.

Plates were wrapped and incubated for 3-4 weeks in a 37°C CO, incubator.

2.2.18. Screening for primary M.TB recombinants
The primary recombinants obtained on M7H11-OADC plates were tested for the

presence of ligAPh in the chromosome of M.TB by PCR amplification and restriction
digestion using enzymes specific to the P.haloplanktis ligA. The primary recombinants

were also grown in M7H9-OADC broth to make glycerol stocks and stored at -80°C.
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2.2.19. Future Steps to screen for TS mutants in the level 3 facility
Due to time and financial constraints, the screening for TS mutants in the level-3

laboratory was not completed. The future steps to screen for TS mutants would be as
follows: the primary recombinants obtained on M7H11-OADC plates with hygromycin
will be inoculated into M7H9-OADC broth containing 2% sucrose and 0.5%
2-deoxygalactose (2-DOG); the counterselective marker for galK, to force the excision of
the counterselection cassette. The sucrose and 2-DOG resistant colonies obtained will be
replica plated on M7H11-OADC plates and incubated at 30°C and 42°C for eight weeks
and three weeks respectively, to identify the strains that are TS. TS colonies if any will be
streaked on M7H11-OADC plates containing sucrose-2DOG and hygromycin. This will
be done to test whether the M.TB colonies are sucrose-2DOG resistant and hygromycin

sensitive, confirming loss of the selection and counterselection cassette.
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2.3. Results
Mycobacterium smegmatis, a research surrogate for M.TB was initially chosen as a

host organism to test for temperature sensitivity imparted by the Arctic ligAPh gene.
2.3.1. Codon harmonization using the Anaconda software package

As the G+C content of the ligA gene from M. smegmatis was ~70% as compared to
the ligAPh gene which was 44%, the ligAPh gene needed to be first codon harmonized
for Mycobacterium species. To achieve this, the psychrophilic gene was added to the
M. smegmatis ORFome and codon harmonized using the anaconda software package
(Moura et al, 2005; http://bioinformatics.ua.pt/software/anaconda). The ligAPh gene was
codon harmonized to have a G+C content of 62% and CAI value of 0.719, which is very
close to the CAI value of native ligA gene (0.776). Codon harmonization was done to
ensure that codon usage frequency of ligAPh gene would closely match the codon usage
frequency of the host organism.
Table 6: The CAI value and the GC content of the ligA gene from M.TB, M. smegmatis
and P. haloplanktis is depicted below. The ligAPh was codon harmonized to have a CAl

value of 0.719 and GC content of 62%, very close to that of native ligA gene in
M. smegmatis.

Gene and Organism CAl value % GC content
ligA from M.TB 0.774 69
ligA from M. smegmatis 0.776 69.7
Codon harmonized ligA from 0.719 62
P. haloplanktis
ligA from P. haloplanktis 0.196 44
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2.3.2. Recombining the M. smegmatis chromosomal flanking regions with
the Arctic ligA gene

The regions flanking the M. smegmatis ligA (~1000bp) were PCR amplified and
joined with the psychrophilic ligA gene using yeast mediated recombination. The putative
positive clones were determined by isolating the pRS416 plasmid DNA from the yeast
colonies that grew on URA-DO plates, amplifying the constructs using primers specific
to the constructs and running the PCR products on an agarose gel (Figure 11). The

positive clones were confirmed by sequencing.

M. Smegmatis flanks
1kb plus joined to arcticligA
ladder #1 #2 #3 #4

5000bp

3000bp—>

Figure 11: The ligAPh gene recombined with the M. smegmatis flanking regions.
Four putative positive clones (of size ~4kb) were obtained that contained the ligAPh
gene recombined with the M. smegmatis flanking region. The putative clones were
determined by PCR amplifying the plasmid DNA from the yeast recombinants
obtained and running the products on an agarose gel. The #3 and #4 putative
positive clones were further confirmed by sequencing.

2.3.3. Cloning the assembled constructs into the mycobacterial suicide
vector

The M. smegmatis-ligA assembled construct was cloned into the BamHI-HindlIlI
site of the p2NIL suicide vector. One positive clone was obtained (Figure 12) which

contained the M. smegmatis-ligA construct cloned into the MCS of the p2NIL suicide
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vector. The sacB counterselectable marker was cloned into the Pacl site of this vector as

described in the methods section.
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Figure 12: p2NIL clone with the assembled ligA construct.

The putative positive p2NIL clones were determined by digesting the plasmid DNA
with EcoRI and Kpnl restriction enzymes, which are specific to the psychrophilic
ligA gene, and running the samples on an agarose gel. One positive clone was
obtained as shown above. The first lane in the gel represents the DNA ladder. The
undigested sample is run as a control followed by digestion with the restriction
enzymes EcoRI and Kpnl. This clone gave a correct sized fragment of ~8.8 kb upon
digestion with EcoRI and two fragments of size ~ 5.6kb and ~3.1kb upon digestion
with Kpnl indicating the presence of the ligA construct in the p2NIL vector.

2.3.4. Screening primary and secondary recombinants in M. smegmatis

The mycobacterial suicide vector with the assembled ligA construct was
transformed into electrocompetent M. smegmatis mc? 155 and the primary recombinants
were determined by selecting on M7H10-ADC-kan plates. One kanamycin resistant
colony was obtained (Figure 13A), indicating a putative merodiploid with the
psychrophilic gene and the kanamycin marker inserted in the M. smegmatis chromosome.
PCR amplification using primers specific to the psychrophilic ligA gene gave products of
expected size, further suggesting the presence of ligAPh in the M. smegmatis

chromosome (Figure 13B).
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Figure 13: A) M. smegmatis merodiploid streaked on M7H9-kan plates with ADC
enrichment media. B) Colony PCR of the M. smegmatis colony obtained on the Km
plate with primers specific to the psychrophilic ligA, gave a correct sized fragment
of 2.1 kb on an agarose gel. This indicated the presence of ligAPh in the
M. smegmatis chromosome. The ligAPh gene cloned into the p2NIL vector was used
as a positive control (lane 2).

Secondary recombinants were obtained by growing and plating the merodiploid
on M7H9-sucrose agar plates, to force the excision of the counterselectable cassette
(Figure 6). These sucrose resistant colonies were replica plated at low and high
temperatures to select for a TS phenotype. The strains which grew at 30°C but failed to
grow at 44°C were considered TS (Figure 14A and 14B). 50% of the strains failed to
grow at 44°C, indicating that the strains had lost the WT ligA gene and retained the
psychrophilic ligA gene in the chromosome. The colonies were simultaneously picked on
M7H9-ADC-Km agar plates to confirm the loss of the kanamycin marker (Figure 14C).

The presence of the psychrophilic ligA gene in the M. smegmatis chromosome was

further confirmed by sequencing.



50

Figure 14: M. smegmatis secondary recombinants replica plated on M7H10-ADC
agar plates at A) 44°C and B) 30°C. Some colonies grew at 30°C but failed to grow
at 44°C indicating the loss of the WT M. smegmatis ligA gene and the presence of the
psychrophilic gene in the chromosome (One such TS strain is highlighted in yellow).
C) M. smegmatis colonies replica plated on M7H10-ADC-kan plates to confirm the
loss of the kanamycin selectable marker.

2.3.5. Determining restrictive temperature of TS strains
The TS colonies were streaked on M7H10-ADC plates and incubated at 33°C,

35°C, 37°C and 39°C to determine restrictive temperature of the TS strain. We define the
restrictive temperature of the TS organism as 1°C above the lowest temperature that
allows the formation of individual colonies on agar medium. The TS strains grew well at
33°C and 35°C but did not form individual colonies at 37°C and did not grow above
39°C when compared to the wild type, which grew well at all temperatures (Figure 15).
Therefore, the restrictive temperature of the TS strain was determined to be 37°C, which

is our desired restrictive temperature to induce a good protective immunity.
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Figure 15: TS and WT M. smegmatis streaked on M7H10-ADC plates to determine
the restrictive temperature of the TS strain. The plates were incubated at 33°C,
35°C, 37°C and 39°C. TS M. smegmatis grows like the WT at 33°C and 35°C.
However, the TS strain fails to form individual colonies above 37°C and does not
grow at 39°C.

2.3.6. Growth of TS M. smegmatis in broth
Growth of the WT and TS M. smegmatis strains were monitored for 24 hours by

inoculating the colonies in M7H9-ADC broth with Tween 80 at 30°C and 38°C. Both the
strains grew well at a permissive temperature of 30°C (Figure 16A). However, at a
restrictive temperature of 38°C, the TS M. smegmatis strain initially grew like the WT
and ceased to grow after 5 hours, as determined by measuring the optical density (Figure

16B).
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Figure 16: Growth of TS M. smegmatis Vs. WT M. smegmatis in broth. On
comparing the growth of the TS M. smegmatis with the WT M. smegmatis, the TS
strain grows well at permissive temperature of 30°C (A) but fails to grow at a rate
equal to that of the WT at a restrictive temperature of 38°C (B).

2.3.7. Reversion rate of TS M. smegmatis

Although the psychrophilic ligA gene has adapted itself to a cold environment from
millions of years, the gene may gain its stability at high temperature due to single point
mutations and become temperature-resistant. To test this possibility, 10'° cells were
plated on M7H10 agar plates and the plates were incubated 3°C higher than the restrictive
temperature. There were no colonies present on the plates, indicating that the TS strain
has a very stable phenotype. These experiments were repeated three times with similar
results. It is possible that the growth of any temperature-resistant mutant could be masked
among the pool of dying cells. To test this, 10° cells of WT M. smegmatis was added to
the TS M. smegmatis culture and the plates were incubated at 39°C. Colonies were
observed on the plates in numbers consistent to the WT culture added, confirming the

validity of the reversion experiments performed.
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2.3.8. Genetic Drift experiments
Even though we did not detect any revertants at the restrictive temperature, it might

happen that the TS M. smegmatis strain could revert to a temperature-resistant form over
time due to selection pressure or through genetic drift. To test this possibility, the TS
strain was subcultured in M7H9-ADC broth over a period of three weeks at 30°C and at
the end of the tenth subculture experiment, the strains were plated on M7H10-ADC plates
and incubated at 30°C and 38°C. No reversions were noted on incubating the plates at
38°C indicating that the M. smegmatis strain did not lose its TS phenotype. Further,
sequencing results confirmed that there were no mutations present in the psychrophilic
ligA gene indicating that the TS strain was stable.
2.3.9. ligA variants constructed for gene replacement in M.TB

After confirming temperature sensitivity imparted by the ligAPh gene in
M. smegmatis, we attempted to replace this ligAPh gene into the M.TB chromosome. The
ligAPh gene substituted into the M. smegmatis genome had none of its codons derived
from the WT ligA gene. To maximise the chances that the psychrophilic gene would be
expressed very close to the native homolog, the ligAPh gene was integrated into the M.TB
chromosome with transcription driven by the host promoter and the translation of the
MRNA directed by the host ribosome binding site (RBS). Three different variants of the
ligAPh gene were designed which differed in the strength of the RBS (Figure 8). These
ligA variants were successfully assembled with the M.TB flanking regions using yeast
mediated recombination and were confirmed by sequencing. For gene replacement using
mycobacteriophage recombineering, eight constructs were created with the hygR gene
inserted into the M.TB assembled constructs as described in the methods section

(Figure 9, Page 42).
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2.3.10. Gene replacement in M.TB

2.3.10.1. Mycobacteriophage recombineering to create TS M.TB (Hatfull
method)

Each of the linear constructs containing the ligAPh gene, the hygR gene and the
M.TB flanking regions were transformed separately into the H37Rv and Erdman strains
containing the pJV53 plasmid, as described in the methods section. M.TB Erdman hygR
colonies were obtained on incubating the M7H11-OADC-hyg plates at 30°C. The
colonies were streaked on M7H11-hyg plates and incubated at 31°C, 36°C and 41°C to
test for TS phenotype. Four M.TB colonies grew well at 31°C and 36°C but did not grow

at 41°C indicating they were TS (Figure 17).

310C 36°C 41°C

wt Erdman L &9
wt Erdman §9 ' wt Erdman

Figure 17: Two-week-old streak of M.TB hygR colonies on M7H11-OADC-hyg
plates resulting from transforming recombineering strain of Erdman
(Erdman/pJV53) with one of the assembled construct (ligAPh gene flanked by hygR
gene and M.TB flanking regions). All four M.TB Erdman colonies (1, 2, 3 and 4)
grow well at 31°C and 36°C but fail to grow at 41°C indicating a TS phenotype. WT
Erdman is the Erdman/pJV53 strain with pMXI plasmid which can replicate in
mycobacteria and confers hygR. This plasmid served as a control. (Figure credits-
Sheila Potter).

The construct that resulted in TS hygR colonies is shown in Figure 18. This

construct had the hygR gene cloned 45bp downstream of the ligA gene and was in reverse
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orientation with respect to the ligA gene. The ligAPh gene had four codons derived from

the native M.TB ligA gene.
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Figure 18: M.TB-ligA construct assembled using Geneious. The M.TB Erdman hygR
colonies resulted from transforming the construct which has the hygR gene cloned
downstream of the ligA gene and is in reverse orientation with respect to the ligA
gene (shown in orange). This ligAPh gene (shown in green) has four codons derived
from the M.TB ligA gene. The arrow in blue represents the four codons derived
from M.TB ligA. (This figure was designed using Geneious version 6,
http://www.geneious.com, Kearse et al, 2012; Figure credits: Sheila Potter).

2.3.10.2. TS phenotype is not due to allelic gene replacement
Two hygR M.TB strains were sequenced to test whether the TS phenotype resulted

from the presence of the ligAPh gene in the M.TB chromosome. The sequencing results
revealed that the TS M.TB strain had the native ligA gene retained in its chromosome and
the hygR gene was not present downstream of the native M.TB ligA gene (Figure 19).
These results suggested that the TS M.TB clones were spontaneously hygR or the hygR

gene was inserted at another position in the chromosome.
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Figure 19: Sequencing results aligned with the M.TB ligA gene using Geneious
software. The yellow arrows represent the M.TB ligA gene flanked by the upstream
and downstream genes in its chromosome. The black bars represent the results
obtained by sequencing the ligA region in one of the hygR M.TB strain. This
demonstrates that the M.TB clone aligns perfectly with the WT ligA gene, and the
psychrophilic ligA gene is not integrated near the WT ligA gene in the M.TB clone.
(Figure credits: Sheila Potter).
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2.3.10.3. Gene replacement using suicide vector (Pavelka method)
The ligAPh-M.TB assembled constructs (Figure 8) were cloned into the PSTKO-

galK vector as described in the methods section and confirmed by sequencing. The vector
containing constructs were separately transformed into M.TB H37Rv and Erdman
electrocompetent cells and plated on M7H10-hyg plates. The plates were incubated at
37°C to obtain primary recombinants. After 4-5 weeks, colonies with two different
morphologies (smooth and rough colonies) were present on the plates. The smooth and
the rough M.TB H37Rv colonies were screened for the presence of ligAPh gene using
primers specific to the psychrophilic gene. Around 50% of the smooth colonies and 20%
of the rough large colonies were found to have the ligAPh gene suggesting primary

merodiploids (Figure 20).
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Figure 20: Screening primary merodiploids obtained by Pavelka method.

A) The H37Rv primary merodiploids were screened for the presence of the
psychrophilic ligA gene in the M.TB chromosome using primers specific to ligAPh.
The size of the expected PCR product is ~720bp. PCR amplifying smooth small
colonies 1 to 6 and 10 to 16 gave eight putative positive merodiploids. These
products were obtained by amplifying the ligAPh gene from M.TB colonies having a
smooth morphology. The remaining putative positive merodiploid was obtained by
amplifying the ligAPh from M.TB colonies having a rough morphology (large M.TB
like colonies 1 to 5). The ligAPh gene amplified from TS M. smegmatis was used as a
positive control and the M.TB H37Rv strain was used as a negative control. B) The
figure in the inset is the ligAPh gene amplified from H37Rv merodiploid clone 4
(S4). This clone upon digestion with Clal gave correct size products of 535bp and
185bp. This indicates the presence of ligAPh in the chromosome of M.TB.
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2.4. Discussion and future directions

2.4.1. The TS M. smegmatis strain is a good potential vaccine candidate
One of the World Health Organisation (WHO) Millennium Development Goals

(MDGs) is to reduce the burden of TB disease by 2015. In addition to advanced
diagnostic and therapeutic strategies, new vaccine development is urgently needed to
limit initial TB infection, progression of TB disease and reactivation of TB (WHO Global
Report 2013). As a step towards achieving this goal, we engineered a TS M. smegmatis
strain by replacing the native ligA gene with the Arctic ligA gene in its chromosome.

T-cell mediated immune response is required for the clearance of intracellular
pathogens like M.TB. The TS strain functions by multiplying in the body shell as the
temperature in the shell is lower, thus inducing a good Thil-cell immune response
(Duplantis et al, 2010). The live Flu-Mist vaccine against influenza is a good example of
a cold-adapted vaccine that induces good protection immunity and has an inactivation
temperature of 38°C (Belshe et al, 2007). At a core body temperature of 37°C, the TS
strain is unable to grow and to cause disease (White et al, 2011). Our TS strain had an
inactivation temperature of 37°C which was our desired inactivation temperature. A
restrictive temperature of 33°C or lower would restrict the growth of the TS strain at the
cool body sites, thus limiting its ability to mount a good immune response.

A successful TS vaccine is one that does not revert to a temperature-resistant
form. A vaccine that reverts to wild type can have adverse consequences. One such
example is the type-3 Oral Sabin Poliovirus attenuated vaccine. A single point mutation
in the genome of this attenuated strain resulted in reversion to wild type, giving rise to
vaccine-associated poliomyelitis (Cann et al, 1984). The TS strain that we have created is

stable as it does not revert to a temperature-resistant form at a detectable level.
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To test the possibility of the TS strain to revert to a temperature-resistant form over

time due to genetic drift or selection pressure, we did a rigorous examination of the
stability of the TS strain by passaging it 10 times in-vitro in broth medium. The TS strain
did not lose its temperature sensitivity suggesting the strain is stable. Sequencing the
ligAPh gene confirmed that no mutations accumulated through several generations of
growth, confirming its stability.

Our growth phenotype data indicated that the TS M. smegmatis strain behaves
like the parent strain at 30°C, but its growth ceases at a restrictive temperature of 38°C.
This TS phenotype matches the growth phenotype of the TS S. typhimurium and TS
F. novicida strains created in our lab, giving us confidence that the strain will behave in
vivo as desired (Duplantis et al, 2010).

2.4.2. Gene substitution in M.TB

My work in a group effort was to support the goal of creating a TS M.TB strain. As
all the work carried out in M. tuberculosis was confined to the level-3 containment
facility, regulatory and facility access constraints led to a division of labour. My work as
described in above, contributed in two areas: 1) Creating a TS M. smegmatis strain,
demonstrating that the psychrophilic ligA gene could be used in mycobacteria and
2) Creating different genetic constructs that were transformed into M.TB (done by Sheila
Potter in the level-3 facility).

We attempted to replace the native ligA gene in M.TB with its psychrophilic
homolog by allelic gene replacement using two approaches: the mycobacteriophage
recombineering approach and the suicide vector approach. We used these two approaches

concurrently in order to maximize our research results due to the limited time that we had
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access to the level 3 facilities. The M.TB strains obtained by phage recombineering were

hygromycin resistant and showed a TS phenotype suggesting that the strain was TS.
However, sequencing results of the TS strain confirmed the absence of the Arctic ligA
gene and the hygR marker in the M.TB chromosome. This allows us to infer that the TS
phenotype may have been due to mutations in a different essential gene which made it TS
and spontaneously hygromycin resistant. Alternatively, the TS phenotype may have
occurred due to the ligAPh allele being inserted at another position in the chromosome
and being functional and dominant over the WT ligA gene. lllegitimate recombination
and spontaneous hygromycin resistance occurs at a high rate in M.TB, creating problems
in isolating knockout mutants (Kalpana et al, 1991, Parish et al, 1999).

We also attempted to create a TS M.TB strain by using a suicide vector method.
PCR amplification and restriction digestion suggests the presence of M.TB primary
merodiploids. As the level 3 lab had to be shut down for repairs, time was insufficient to
complete the experiments. Therefore, the future steps will include confirming the
presence of this ligAPh gene in the M.TB merodiploids by sequencing and passaging the
strains repeatedly through media containing sucrose and 2-DOG, to select for the
exclusion of the counterselection cassette. We will then screen and select the strains that
are TS and have the psychrophilic ligA gene on the M.TB chromosome. The presence of
this psychrophilic gene will be confirmed by sequencing. We will be wary of false

positive results since M.TB has a high rate of illegitimate recombination.
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2.4.3. Significance of this study
A large proportion of the research work in pathogens is carried out in vitro. TB is a

human pathogen, thus limiting its work within the level-3 containment facility. Many
research labs around the world are unable to work with M.TB due to this constraint. The
TS M.TB strain that we engineer should allow genetic manipulations to be carried out in
level-2 laboratories, facilitating TB research. The BCG vaccine, the only vaccine
available against TB has side-effects in children and is in-effective in adults. The TS
strain that we generate can be tested for its potential use as a live TB vaccine as it might
be successful in providing long-term protection by mediating a strong Th1-cell mediated
immune response. Another potential use of this TS M.TB strain would be in diagnostic
testing, as effective diagnostic tests are required to detect TB infection and help control

the spread of TB.
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Chapter 3- Strains and genetic elements for directed evolution of
essential genes

3.1. Introduction

3.1.1. Directed Evolution
Directed evolution is a process to engineer enzymes with improved properties or

novel functionalities by using repeated rounds of mutagenesis, screening and selection
(Bloom et al, 2005; Bloom and Arnold, 2009). Most directed evolution methods focus on
introducing small changes in the enzymes, as most enzymes have weak promiscuous
functions that can be improved with few mutations (Aharoni et al, 2005). In a laboratory
setting, directed evolution of a protein involves the following steps:

i) Mutagenesis: Two of the most common approaches for mutating a protein are A) error
prone PCR (EP-PCR) and B) DNA shuffling. EP-PCR is a technique that introduces a
small number of base pair mutations in the gene by imperfect DNA replication
(McCullum et al, 2010) while, DNA shuffling generates novel genes by recombination of
homologous gene fragments at cross-over points (Giver et al, 1998).

i) Screening and selection of improved mutants: The identification of improved
mutants depends on the engineering goal. Sometimes, it is not possible to design an
effective screening and selection technique and the mutants obtained must be assayed on
a high throughput screen using robotic-based assays. Mutants with the desired properties
are generally selected as parents for the next generation. These mutants undergo further
rounds of mutagenesis and screening to select for functional proteins with improved

properties (Arnold and Bloom, 2009). As we are screening and selecting for essential
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genes, we have an advantage as the protein of interest is linked to the survival of the host

cell.

In most cases where a high throughput and sensitive screening assay has been
designed, mutations have been found that improve the protein properties. The mutations
can be classified based on how they affect the target protein as follows: i) Beneficial or
adaptive mutations - give rise to a protein with improved properties ii) Neutral mutations-
result in a protein with unaffected stability or function and iii) Deleterious mutations-
which are harmful for the organism (Arnold and Bloom, 2009). Around 30-50% of
random mutations are found to be strongly deleterious, 50-70% of the mutations are
approximately neutral and 0.5-0.01% are beneficial (Arnold and Bloom, 2009). Thus, in a
laboratory context, it is possible to find significant number of mutations that are neutral
and a small number of mutations that can improve the stability or the existing function of
a protein (Arnold and Bloom, 2009). Many research groups have been successful in
engineering proteins having desired improved properties using directed evolution. One
such example is the use of directed evolution to enhance the thermostability of a
psychrophilic protease without affecting its catalytic activity at low temperatures

(Miyazaki et al, 2000).
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Figure 21: Schematic representation of the directed evolution experiment.

The experiment begins with the parent gene being mutated by random mutagenesis
technique like EP-PCR and staggered extension shuffling. The library of mutant
genes is cloned into an expression vector to produce mutant proteins and the
proteins with target properties are screened and selected. The mutants that do not
give rise to a functional protein or improved properties are discarded whereas those
with desired properties are passed through further rounds of mutagenesis,
screening and selection to give rise to a protein with improved properties (Adapted
from Arnold and Bloom, 2009).

3.1.2. The need to engineer TS strains by directed evolution

Barry Duplantis in the Nano lab previously demonstrated that substituting
psychrophilic genes into mesophilic pathogens makes them temperature-sensitive and
induces protective immunity in mice (Duplantis et al, 2010). However, advances in
synthetic biology and TS variants of tetracycline repressors engineered in our lab
(McWhinnie et al, 2014) have given us confidence that TS essential genes derived by
directed evolution will be superior to those derived from psychrophiles.

In brief, essential genes can be engineered to be temperature-sensitive by two or
three rounds of mutagenesis. These genes derived by directed evolution will have few

nucleotide changes as compared to the Arctic essential genes which have hundreds of
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nucleotide changes with respect to the native M.TB homologue. Fewer nucleotide

changes would mean that the native transcription and translation rates will be maintained

in a state similar to the native essential gene.

3.1.3. Objective of this research
The main objective of the work described in this chapter is to engineer TS essential

genes by mutating the native essential genes using EP-PCR and designing an effective
method for screening and selecting these TS strains. We think that TS strains having a
range of different inactivation temperatures can be engineered using this approach as
different essential genes having different functions can be targeted. This method may be
applied to different bacteria and could be used to create different TS variants of
organisms like S. typhi, F. tularensis and M. tuberculosis. The strains will then be tested

for their suitability as appropriate vaccine candidates.

3.1.4. Method designed to mutagenize, screen and select for functional TS
M.TB mutants

The aim of this method is to create a TS strain that will have multiple mutations so
that it cannot revert to a temperature-resistant form on plating <10 cells of TS strain on
agar plates. Making TS essential genes through multiple mutations does not mean that the
TS mutants cannot be generated by single amino acid residue changes. However genes
with multiple mutations are less likely to revert to their original sequence. Since our aim
is to generate TS mutants with multiple amino acid residue changes, it is challenging to
use structure based studies as the changes that impart temperature sensitivity can be
anywhere in the protein. The method that we have designed to obtain TS mutants by

directed evolution is described below:
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3.1.4.1. Mutagenesis of native M.TB essential genes
The experiments explained below are hypothetical experiments which we will be

carried out in the future. To generate a range of TS variants, we will use a combination of
two very powerful mutagenesis techniques: i) EP-PCR (Rasila et al, 2009, description
already mentioned on page 59) and ii) staggered extension PCR (StEP), which is a
method of in-vitro mutagenesis and recombination (Zhao et al, 1998). We will adjust the
EP- PCR to obtain TS variants with 10 nucleotide changes per kb of DNA and we will
generate a library of mutants. We will then mix and match this pool of templates by
staggered extension PCR, to make a complex bank of mutants and lastly screen and select
for functional TS mutants.

3.1.4.2. Screening and selection of functional TS mutants

The mutants obtained must be screened and selected for using a very powerful
high-throughput approach which cannot be performed in Mycobacteria. These
experiments must be carried out in E. coli strains as they are much simpler to work with.
Therefore, our starting material to obtain a clone bank of TS mutants is the native
M.TB essential gene codon harmonized for E. coli.

The screening and selection method that we have designed is dependent upon the
wild-type essential gene (essG) conditionally expressed on a plasmid in an E. coli strain
This E.coli strain has a copy of the essG deleted from its chromosome. A clone bank of
mutagenized essG will be supplied on the second plasmid. The expression of the wild
type essential gene will be repressed and this will allow us to select and screen for 0.05-
0.1% of the TS mutants that contain the functional mutagenized essG on the second

plasmid (Fig 22).
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An added advantage to our plan is that the first plasmid is diluted out using a R6K

origin of replication. This R6K ori is dependent upon the Pi protein, a product of the pir
gene to initiate replication (Kittleson et al, 2011). We will thus have the pir gene cloned
downstream of the tetracycline repressor (tetR) controlled promoter. After introducing the
clone bank of mutagenized essential gene into the E. coli strain, we will remove the
(tetracycline) tetR inducer. Withdrawing the inducer of tetR will repress the pir gene and
the plasmid will be diluted out. Only those E. coli strains would survive which have a
functional essG TS mutant on the second plasmid. These experiments may sound
challenging. However, the fact that we are working with essential genes allows us to
select for viability and thus a functional TS essential gene.

We will use the Genetic QPix2 robot to pick 50,000 colonies and we expect to
obtain 50-100 functional TS mutants. We will sequence these clones to obtain the
nucleotide sequence and this will give us information regarding the amino acid sequence
of the TS M.TB homologue. As we had codon harmonized the M.TB gene for expression
in E. coli, we will now revert the nucleotide sequence of the functional TS mutants for
M.TB and test if this mutant imparts TS in M. smegmatis. Our goal will be to select the
best three TS variants and we will purchase the modified TS M.TB gene that will be made
synthetically.
3.1.4.3. Introducing TS essential genes in M.TB

Before we proceed with any experiments in M.TB, we will substitute the TS
essential genes into the chromosome of M. smegmatis and test if a TS phenotype is
conferred by the variant M.TB essG. As TS M. smegmatis grows much faster as

compared to M.TB, we can quickly identify any problems with the functioning of the TS
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mutants. All the gene substitutions will be done with the codon-harmonized version of TS

mutants for M.TB. We will substitute the TS essG into the chromosome of M. smegmatis
as done previously, where we use mycobacterial suicide vector for integration into the

chromosome and counterselectable markers to force excision (Appendix Figure AG).

Figure  22: Directed
evolution approach for
creating TS  essential
strains (Figure credits- Dr.
Francis E. Nano).
Stepl: The essG s
subjected to error prone
(EP-PCR) in a 96-well plate
to create 96 different mutant
templates. After confirming
that the mutant templates
have 10 nucleotides
©) changes/kb, the templates
Clone bank of mutagenized essG. are mixed together and Used
as starting template for the
staggered extension PCR
(Step 2). The amplicons
generated are cloned into a
ScreenforTsvariants  |[ow  copy Gm-R  plasmid
_______ and electroporated into a
Robot picks 50,000 custom-made E. coli strain.
replicates to low This strain has the essG on
and high temperature. its chromosome deleted and
the viability of this strain is
maintained by the expression of the essG supplied on a conditionally replicating plasmid
(step3). The expression of the essG on this plasmid is dependent upon the tetR controlled
promoter. The replication of this plasmid is regulated by the expression of the pi protein
which is also cloned downstream of a tetR controlled promoter. When the inducer of tetR
is removed, the essG and the pir gene are no longer expressed and the plasmid will no
longer replicate. At this point, the viability of the cell will be dependent upon the
functional mutant essG supplied on the GmR plasmid. This method would allow for a
strong selection of the functional mutant essential genes. A robotic colony picker will
then pick 50,000 clones into 384-well micro-titer plates and we will replica plate the
colonies onto agar plates, which will be incubated at different temperatures. A large
number of these clones will be TS and we will screen and select for the clones that are TS
at 37°C and do not revert to a temperature-resistant form at a detectable level.

tetR ‘—| X teto €85G | teto pir
J23114 PE75 PE91
| —

: pSEVA514-Km e~
R6K ori essG Km-R
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3.2. Materials and Methods

3.2.1. Designing constructs to create a conditionally replicating plasmid
The constructs designed to create a conditionally replicating plasmid were as

follows: the tetracycline (tetR) gene was cloned downstream of the J23114 constitutive
promoter (synthetic promoter designed by the Chris Anderson laboratory at the
University of California, Berkeley; http://parts.igem.org/Part:BBa_J23114) and the essG
(E. coli MG1655) and pir gene (DIAL strain; Kittleson et al, 2011) were cloned
downstream of the tetR-controlled promoters, which contain an internal tetO sequence.
These synthetic promoters were made by Ralph McWhinnie in the Nano lab and have
been tested in both E. coli and F. novicida (McWhinnie et al, 2014). Three different
constructs were designed that differed in the essential gene (essG), the strength of the
tetO-containing promoters (Table 7) and RBS controlling the expression of the essG and
the pir gene (Figure 23). Each DNA fragment was amplified using primers shown in
Table 8 and assembled together using yeast mediated recombination as described
previously. The vyeast transformants obtained were screened for putative positive

recombinants by PCR amplifying the construct and confirming the clones by sequencing.
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Table 7: Table representing different tetO-containing promoters with their strengths, and
the genes whose expression is controlled by these promoters.

tetO-Promoters Strength Essential genes
PE-75 Weak prsA

PE-91 Medium Pir

PE-100 Medium thrS

PE-101 Medium Pir

PE-123 Weak PgsA

PE-128 Medium Pir

A

Random

seqguence, .
T si] RS T T
J23114 PE75 PE91

B
Random
—|— tetR 4—| s?)?)ence ThrS —l—m ‘l—
J23114 PE100 PE101
C

Random

T tetR™] SERR T posA T pir T
e ——
J23114 PE123 PE128

Figure 23: Constructs designed to create a conditionally replicating plasmid.

Each construct had the tetR gene cloned downstream of the J23114 constitutive
promoter on one side and the essG and pir gene cloned downstream of weak or
medium strength tetO-containing promoters on the other side separated by a
random sequence. T represents the terminator. Three constructs were designed
using three different essential genes: prsA gene (23A), thrS (23B) and pgsA (23C)
gene. The pgsA construct was designed by Clara MacDonald, an honours student
working under my supervision.
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Table 8: Primers designed to create the prsA construct with the prsA gene, the pir gene
and the tetO-containing promoters. Overlaps to adjacent regions are indicated in the
lower case font and enzyme cut sites are underlined. (Kpnl restriction enzyme site was
added to the forward primer and Sall restriction enzyme site was added to the reverse

primer).
Expected Forward (5°-3) Reverse (5°-3%)
size of
constructs
tetR gene with ~800bp gtgagcgcgcgtaatacgactcactG | cgcaccacgtgaacgattGGTA
the J23114 GTACCTTAAGACCCACT | AACCCTGTGGCCTGT
constitutive TT CACATTTAAGT G
promoter
PE-75 promoter | ~100bp caatcgttcacgtggtgcgtCGCT | caggcatgcgtccattggtGGAT
CTAGAACTAGTTTAATT | CCGTCACTATTAATA
TTTTTAT GGCT
prsA gene ~980bp tattaatagtgacggatccACCAA | tcceccctttttggttaactTTAG
TGGACGCATGCCT TGTTCGAACATGGCA
GA
PE-91 promoter | ~180 bp agttaaccaaaaaggggggaTTTT | ctcacatgcccttcccccGGAT
ATCTCCCCTTTAATTTT | CCTTTCGTAGTGAGA
TCCTCGCTCTAGA GTTA
pir gene ~920bp ctcactacgaaaggatccGGGGG | cactaaagggaacaaaagctgga

AAGGGCATGTGAGACT
CAAGGTCATGATGGAC
G

GTCGACTCACCCCTTA
GCTTTTTTGG

3.2.2. Creating the pSEVA-kan plasmid
The constructs designed were cloned into the MCS of the plasmid pSEVA514

between the T1 and the TO terminators (Silva-Rocha et al, 2013, Figure 26). The

PSEVA514 plasmid was chosen as this plasmid contains an R6K origin of replication

which depends upon the trans-acting replication factor Pi, for plasmid replication to

initiate (Kittleson et al, 2011). The tetracycline resistance marker in the pSEVA514

plasmid was replaced by the kanamycin (Km) marker from pSEVA256, as the tetR gene
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was important for the construct to function properly. This pSEVA514-kan vector with the

kanamycin (Km) marker was transformed into the E. coli DIAL strain 164H which

contained the pir gene in its chromosome.

Pacl Spel

Swal

Kanamycin

REK origin of y ) marker

replication oriT

PshAl

Figure 24: pSEVA514-kan plasmid with the R6K ori which depends upon the Pi
protein, a product of the pir gene, to initiate replication (Adapted from Silva-Rocha
et al, 2013)

3.2.3. Cloning the assembled constructs into the pSEVA-kan plasmid
The assembled constructs and the pSEVA514-kan plasmid were amplified using

primers in Table 9. The PCR products were digested with Kpnl and Sall restriction
enzymes, ligated and transformed into electrocompetent E. coli DH10B cells. The cells
were grown for 2 hours in LB broth with kanamycin and anhydrotetracycline (ATc)
inducer and plated on LB-Km plates containing ATc (100ng/ul). The colonies obtained
were screened for the presence of the assembled construct by PCR amplification and

agarose gel electrophoresis.
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Table 9: Primers designed to clone in the assembled essG constructs into pSEVA514-kan
plasmid. Underline indicates the Sall and Kpnl restriction sites added.

Expected Forward (5°-3) Reverse (5°-3%)
size of
constructs
pSEVA-514 ~5500bp | ataagtGTCGACCTGCAGG | ataagtGGTACCGAGCTC
kan plasmid CATGCA GAATTCGC
Assembled 3000bp- GTGAGCGCGCGTAATA | CACTAAAGGGAACAA
essG constructs | 4000bp CGACTCACTGGTACCTT | AAGCTGGAGTCGACT
AAGACCCACTTTCACAT | CACCCCTTAGCTTTTT
TTAAGT TGG

3.2.4. Testing the conditionally replicating plasmids
The E. coli strains containing pSEVA plasmid with different assembled constructs

were grown overnight in LB broth without kanamycin and ATc inducer. Appropriate
dilutions were plated on LB with kanamycin to test the percentage of cells surviving in
the absence of ATc inducer. The total number of colonies was determined by inoculating
the colonies in LB without any selection of antibiotics and plating the culture on LB
plates. The percentage of E. coli colonies surviving on LB-Km plates was calculated by
dividing the number of colonies that appeared on LB-Km plates to the total number of
colonies on LB plates without any antibiotics. The pSEVA514-kan plasmid containing
the prsA essG assembled construct (Figure 23A) was called pCP101.
3.2.5. Preparing pREDIi-pSEVA electrocompetent cells

The prsA essG knockout was created using the pREDiI system. This chromosomal
gene knockout method is mediated by a special plasmid called pREDi which contains an
arabinose-inducible promoter. This promoter drives the expression of the lambda-red
recombination proteins, which replaces the target genomic region with the marker-

containing linear DNA cassette (Sung et al, 2011).
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To create an essG knock-out strain, the first step was to make electrocompetent

cells of E. coli containing the pREDi and pCP101 plasmid. For this, electrocompetent
pRED:I cells were prepared as described in Sung et al, 2011. The pCP101 (conditionally
replicating plasmid) was transformed into the pREDI electrocompetent cells. The strains
containing both plasmids were selected by plating the cultures on LB agar plates
containing ampicillin, Km and ATc, and incubating the plates at 30°C. PREDi-pCP101
electrocompetent cells were prepared as described by Sung et al, 2011.
3.2.6. Creating knockout strains of E. coli using pREDi system

The chloramphenicol (Cm) antibiotic marker and 500bp flanking regions
surrounding the E. coli prsA essential gene were amplified using primers in Table 9 and
assembled together using yeast mediated recombination. Around 400-600ng of this linear
DNA cassette was transformed into pREDIi-pCP101 electrocompetent cells and
electroporated at 2.5kV, 25uF and 200Q. The cells were grown in LB for 1 hour at 30°C,
plated on LB plates with Km and Cm and incubated at 30°C for 2 days. ATc was added
to the media throughout this experiment because the viability of the cell was dependent
upon the presence of the inducer. The putative prsA knock-out strains were determined
by PCR amplifying the Cm cassette in the E. coli chromosome and sequencing the

cassette.
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Table 9: Primers designed to amplify the Cm marker and the E. coli prsA flanking
regions to create the linear chloramphenicol cassette. Overlaps to adjacent regions are
indicated in the lower case font.

Expected Forward (5°-3) Reverse (5°-3”)
size of
constructs
Cm marker ~925bp gcagcgggtctttgagccgggttcga | tggacgcatgcctgaggttettcte
CTTATTCAGGCGTAGCA | ACCGAATAAATACCT
AC GTGACG
prsA gene left ~500bp cgacggccagtgagcgcegcgtaata | cgcctggttgctacgcectgaataag
flanking region cgactcactggatccGACCA TCGAACCCGGCTCAA
AAGCGTGCC AGAC
prsA gene right | ~500bp atcttccgtcacaggtatttattcggtG | attaaccctcactaaagggaacaaa
flanking region AGAAGAACCTCAGGCA | agctggaggatccAGTGGTA
TGC TCTGGTGGCGC

3.2.7. Testing the system using E. coli prsA essential gene
To test this system, the prsA essential gene from E. coli was PCR amplified and

cloned into the Sall and the BamHI sites of the pBBR-MCS5 gentamicin (Gm) resistant
plasmid (Kovach et al, 1995) using primers shown in Table 10. This plasmid was
transformed into the knockout strain and the Km and ATc inducer were withdrawn to
dilute out the pCP101 plasmid containing the prsA essential gene. The culture was grown
overnight at 37°C and plated on LB-Gm plates to select for the pBBR-MCS5 plasmid

containing the WT prsA essG.
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Table 10: Primers designed to clone the E. coli WT prsA gene into the pBBR-MCS5
plasmid. Underline indicates the restriction sites added. BamHI restriction enzyme site
was added to the forward primer and Sall restriction enzyme site was added to the reverse
primer.

Expected Forward (5°-3) Reverse (5°-3”)
size of
constructs
pBBR-MCS5 ~4800bp | AATCAAGGATCCACT AATCAAGTC GAC
plasmid AGTTCTAGAGC CTCGAGGGGGGGCC

E. coli WT prsA | ~980bp | AATCCAGGATCCTCTTT | AATCCAGTCGACCGG
gene GAGCCGGGTTCGA TGA CAACGTCACCTT

3.2.8. Cloning the Salmonella prsA into the pBBR-MCS5 plasmid and
transforming into the knockout strain

As the Salmonella prsA essential gene had 91% sequence identity with the E. coli
prsA essential gene and there was no need for codon harmonization due to the similar
G+C content, we decided to test if the S. typhimurium SL1344 prsA gene could support
growth of the E. coli strain in the absence of the WT E. coli prsA gene. To achieve this,
Dr. Francis Nano cloned the prsA Salmonella gene into the MCS of the pBBR-MCS-5
plasmid (Kovach et al, 1995) and transformed this plasmid into the knockout strain. Km
and Atc inducer were withdrawn to dilute the pCP101 plasmid harbouring the E. coli
essG. The cells were grown overnight at 37°C and plated on LB-Gm plates. The plates
were incubated at 37°C and the colonies that appeared on the plates were tested for the
presence of the Salmonella prsA essG and the absence of pCP101 plasmid by replica

plating the colonies on LB plates containing Gm and Km antibiotic markers.
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3.3. Results

3.3.1. EssG constructs assembled using yeast mediated recombination
The main objective of this research was to design a method to screen and select for

TS essential genes generated by EP-PCR. As our aim was to design a conditionally
replicating plasmid which replicated in the presence of the inducer ATc and diluted out in
the absence of ATc, we designed three constructs that differed in the essG, the RBS of
the pir gene and the strength of the tetR-controlled promoters (Figure 23). The constructs
were assembled together using yeast mediated recombination as described previously.
The positive clones were determined by isolating the pRS416 plasmid DNA from yeast
colonies that grew on URA-DO plates, amplifying the assembled construct using primers
specific to the constructs designed (Table 8) and analyzing the PCR products by agarose
gel electrophoresis. Correct size PCR products (~3kb and ~4kb) were obtained

suggesting putative positive clones (Figure 25). These clones were further confirmed by

sequencing.
~
5000bp —> 5000bp—>
2000bp —>
1500bp —>
A) prsA construct - ~3 kb B) ThrS construct- ~4 kb

Figure 25: Screening putative clones containing correctly assembled constructs for
directed evolution. A) Three positive clones (~3kb in size) were obtained for the prsA
construct in which the prsA essG was assembled together with the pir gene, the PE75
and PE91 tetR controlled promoters and the WT tetR gene (Figure 23A) B) Two
positive clones (~4kb in size) were obtained for the thrS construct in which the thrS
essG was assembled together with the pir gene, the PE100 and PE101 tetR controlled
promoters and the tetR gene with the J23114 promoter (Figure 23B).
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3.3.2. pSEVA514-kan plasmid with prsA construct dilutes out efficiently
To determine which of the three plasmids containing the assembled constructs

dilute out efficiently in the absence of ATc inducer, the plasmids were transformed into
E. coli DH10B cells as explained in the methods section. The cells were grown for 18
hours in the absence of ATc inducer and plated on kanamycin and ATc to test if the
plasmid was lost in the absence of inducer. The pCP101 plasmid with the PE-75 and PE-
91 promoter combinations and the prsA essential gene worked best. This plasmid diluted
out successfully in 18 hours and was used for further studies. The plasmid containing the
thrS and pgsA construct did not dilute out efficiently in the absence of inducer (Table 11).

Table 11: Percentage of E. coli colonies with the construct containing plasmid which
survive on LB-kan plates upon withdrawing kanamycin and ATc inducer.

Conditionally  replicating  plasmids | Percentage of E. coli colonies surviving
cloned into E. coli when grown in LB for 18 hours and
plated on kan

pSEVA514-kan with prsA construct (PE75 0.05%
and PE91 tetO-promoters)- pCP101

pSEVA514-kan with thrS construct (PE75 99%
and PE91 tetO-promoters)

pSEVA514-kan with pgsA construct (PE75 99%
and PE91 tetO-promoters)

3.3.3. prsA essential gene knockout created
The prsA essG knockout was created using the pREDi system as described in the

methods section. Approximately 25 colonies were obtained on LB-Cm-ATc plates upon
transforming the linear Cm cassette into the E. coli strain containing the pCP101 plasmid,
suggesting putative prsA essG knockouts. These putative knockouts were screened using
primers that would give an amplified product if Cm was present on the E. coli

chromosome (Figure 26A). The putative positive clones determined by this screen were
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tested for the absence of WT E. coli prsA using specific primers which would amplify the

E. coli prsA gene in the chromosome (Figure 26B). Two putative positive clones #24 and
#25 were confirmed by sequencing. The #25 prsA knockout strain was used for further

experiments.

A B
1kb 1kb
plus #20 #21 #23 #24 #25 -ve #20 #21 #23 #24 #25 +ve plus

<€ <€ <€ <€ <€ <€

RF Cm LF — RF < LF
< pPrsA

.
Figure 26: Screening for prsA essG gene knockouts.

Clones numbered #20, #21 and #23 to #25 were screened for the presence of the
chloramphenicol (Cm) marker inserted into the E. coli genome. The primers used for
screening are represented using red arrows in the figures below the gel. A) Screening
putative clones for the presence of Cm marker in the E. coli chromosome using primers
amplifying the Cm gene at one end and the region outside prsA right flanking region at
the other end. B) Screening putative clones for the deletion of the native prsA gene in the
E. coli chromosome using primers amplifying the prsA gene at one end and the region
outside the prsA right flanking region at the other end. The putative positive clones give a
desired band of 1.6kb with primers which amplify the Cm gene and no PCR product upon
amplification using prsA gene specific primers (see primers Table 9 and Table 10). The
#24 and #25 prsA knockouts were further confirmed by sequencing.
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3.3.4. Salmonella WT prsA supports growth of the E. coli strain
The Salmonella prsA shares 91% nucleotide identity with the E. coli prsA and has a

GC content of 54.5%, very close to the E. coli prsA gene (GC content-53%). As codon
harmonization might be necessary before testing the prsA M.TB essential gene in the
E. coli knockout strain, we tested whether the Salmonella prsA gene could support the
growth of the knockout E. coli strain. To achieve this, WT Salmonella prsA was cloned
into the pPBBR MCS-5 Gm resistant plasmid and the colonies containing this plasmid
were selected by plating on LB-Gm plates, as described in the methods. The colonies that
grew on LB-Gm plates had lost the pCP101 plasmid, as confirmed by replica plating on
LB-Km plates. This suggests that Salmonella WT prsA supports growth of the E. coli

strain in the absence of the WT E. coli prsA gene.
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3.4. Discussion and future directions
Our research group pioneered the use of psychrophilic essential genes as a tool for

engineering TS bacterial pathogens. While we have found great potential in using
psychrophilic essential genes, we have also found that they have limitations. Thus, we
sought a complementary approach in creating stable TS strains by using the directed
evolution of essential genes as a way of engineering a TS phenotype into pathogens. One
advantage of using the directed evolution approach is that the resultant TS essential genes
engineered by directed evolution will have few nucleotide changes when compared to
those of the wild type and thus would be very close to the natural genes. As a result, there
will be less selective pressure on these genes to revert to a temperature-resistant form.
3.4.1. Successful screening and selection system designed

We have designed a successful screening and selection approach which is
universal. Our approach to make a gene TS involves subjecting the gene to EP-PCR and
transforming this clone bank of mutants into an E. coli strain in which the native essential
gene has been deleted and this gene is supplied on a conditionally replicating plasmid
(figure 22). This screening and selection system was designed in E. coli which is a
preferred model organism to carry out genetic manipulations.

The R6K origin of replication depends upon the trans-acting replication factor Pi to
initiate plasmid replication (Shafferman et al, 1982). The Anderson lab at the University
of California, Berkeley demonstrated that the R6K ori plasmid copy number can be
evaluated by optimizing the level of expression of the pi protein (Kittleson et al, 2011).
We therefore cloned the pir gene containing construct into the pSEVA plasmid with the
R6K origin of replication. We used a combination of weak or medium strength tetR-

controlled promoters and ribosome binding sites to control the pi protein expression. We
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also used a weak tetR-controlled promoter to control the expression of the essential gene

product. We wanted a combination that would give us a low plasmid copy number and
produce just enough essG to maintain cell viability. The WT tetR gene was cloned in
front of the J23114 constitutive promoter. Both the tetR and essG modules were
assembled with the pir gene (Figure 23).

When ATc inducer was added, the repression of the tetR gene was relieved. This
allowed the expression of both the essG and the pir gene. In the absence of ATc, the
essential gene was no longer expressed and the pir gene was turned off, which resulted in
the plasmid diluting out. During this time, the viability of the cell was supported by the
wild-type essG which was supplied on a broad host range pBBR-MCS5 low-copy
plasmid. Among the different promoter and ribosome binding site combinations used, the
PE-75 and pE-91 promoter combination worked the best resulting in the plasmid diluting
out efficiently.

3.4.2. Future directions to screen TS essential genes

We will mutate the prsA Salmonella gene by using Mutazyme Il polymerase
(Rasila et al, 2009) or Taq polymerase and clone it into the MCS of the pPBBR-MCS5
plasmid. We will transform this plasmid into the E. coli prsA knock-out strain containing
the conditionally replicating plasmid and withdraw the inducer. The surviving cells will
contain a functional copy of the essG on the pBBR plasmid. We will screen for functional
TS mutants by replica plating at high and low temperatures. Once we have standardized
the experiments using Salmonella prsA, we will engineer TS M.TB essential genes using
the same approach. The TS mutants obtained will be codon optimized for M.TB and

substituted into the M.TB chromosome using allelic gene replacement.



83
Potential pitfalls may be that the TS essential genes function poorly, are inactivated

at different temperatures or do not function at all. To solve this problem, we will test
different TS variants of the same essential genes or use completely different essential
genes. Moreover, as we are working with TS essential genes derived from directed
evolution of the native M.TB gene, the problem of poor functionality is less likely
compared to using Arctic essential genes.
3.4.3. This screening and selection approach is universal

We have demonstrated that the native prsA essential gene from gram-negative
Salmonella can support the growth of the knock-out E. coli strain in the absence of E. coli
prsA gene. Colleagues in my lab have attempted replacing the prsA essential gene with
essential genes from other organisms like Mycobacterium tuberculosis and achieved
success. As Salmonella and Mycobacteria are widely divergent organisms with different
GC compositions, this technique may be used to screen and select TS essential genes
from a plethora of microbes. This approach will allow us to select from a large number of

TS variants with desired inactivation temperatures.
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Conclusions
The objective of this research was to develop a stable TS M.TB strain which can be

used as a potential vaccine candidate to reduce the global health burden caused by TB. As
a step towards achieving this goal, we have engineered a stable TS M. smegmatis strain
with a desired restrictive temperature of 37°C. We have demonstrated the functioning of
the psychrophilic ligA gene in M. smegmatis and have obtained primary M.TB
merodiploids, which will be selected and screened further in their ability to impart a TS
phenotype. Considering that the amino acid identity of the ligA gene in M. smegmatis and
M.TB strain is 80%, there is a good possibility that the ligAPh gene will impart TS to
M.TB. We have also designed a novel approach to screen and select for TS essential
genes by directed evolution. This approach could be used to engineer TS strains of
different pathogens like S. typhi, F. tularensis and M. tuberculosis that are cleared by an

immune response that includes an important T-cell mediated component.
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Appendix

Table Al: Essential genes selected for this study and their functions.

Gene Name | Enzyme encoded by the gene Function
ligA NAD+ dependent DNA ligase DNA replication,
recombination and repair
prsA Ribose-phosphate Nucleotide biosynthesis
pyrophosphokinase
thrS Threonyl t-RNA synthetase | Role in protein translation
pgsAl CDP-diacylglycerol-glycerol- Glycerophospholipid

3-phosphate 3-
phosphatidyltransferase

metabolism
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Table A2: Primers designed to sequence the ligAPh gene in the TS M. smegmatis strain.

Primer 1 TGACGCCCTTGGGATTTGCC
Primer 2 ATCATCTCGCCGCGTGCCT
Primer 3 GGCGACCACAGCACCGCA
Primer 4 GCTGACATGGCCGAGGATCG
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Table A3: Primers designed to amplify the hygromycin resistant cassette and clone
immediately downstream of the ligA gene, in the M.TB left flank or 200bp into the M.TB
right flank. Underline indicates the restriction sites added (BamHI restriction site was
added to the forward and reverse primer).

Constructs to be | Expected size of Forward (5°-3) Reverse (5°-3%)

amplified the products

hygR gene with ~1500bp AGCTGGGGATCCTCAC | AGCTGGGGATCC

promoter GCATGCGGTGGTAC TTAACGGTGAAG
GGTCAGGC

ligA-M.TB ~8500bp AGCTGGGGATCCACCA | AGCTGGGGATCC

construct (to TGGTCGCGGCTCCAT GGTATCCATGTCG

clone hygR gene CGCCA

200bp into the

right  flanking

regions)

ligA-M.TB ~8500bp AGCTGGGGATCCCCGC | AGCTGGGGATCC

construct (to AGCAGCGACCTCTT CGGATCAAGGTA

clone the hygR CCACCGC

gene 200bp into

the left flanking

regions)

ligA-M.TB ~8500bp AGCTGGGGATCCGAG | AGCTGGGGATCC

construct (to CGTAACGCCACTGC GGCGAACCTTGGT

clone the hygR TGCCA

gene

downstream of

the ligA gene)

Table A4: Primers designed to clone the galK gene into the PST-KO vector. Underline
indicates the restriction sites added (BspHI restriction site was added to the forward
primer and Nhel restriction site was added to the reverse primer).

Construct to be | Expected Forward (5°-3) Reverse (5°-3”)
amplified size of the

products
PST-KO ~4200bp | ataagtTCATGAGCGTTTT | aatctgGCTAGCACGCAA
plasmid TATTTGTTAACTGTT AAGAAAATGCCG
galK gene with | ~1400bp | ataagtTCATGAAGACCCC | aatctgGCTAGCGCAGGA
promoter AGGCTTGACAC GTTTCGTTCAGC
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A5. Sequence of the codon harmonized ligA gene from the psychrophile
Pseudoalteromonas haloplaktis (TAC 125)

ATGGCCAGCAGCATCTCGGAGCAGATCAACCATCTGCGTTCGACGCTCGAACAGCACTCG
TACAACTACTACGTGCTCGATACGCCCTCGATCCCGGATGCCGAATACGACCGTCTGCTG
CAGCAGCTCAGCGCGCTGGAGACGCAGCACCCGGAACTGATCACGGCCGACTCGCCGACG
CAGAAAGTGGGCGGTGCCGCGCTGTCGAAATTCGAGCAGGTGGCGCACCAGGTGCCGATG
CTGTCGCTCGATAACGCGTTCAGCGAGGATGAGTTCATCGCGTTCAACCGCCGTATCAAA
GAGCGTCTGATGTCGACCGAAGAACTGACGTTCTGTTGTGAACCGAAACTCGATGGCCTC
GCGGTGTCGATCATCTACCGTGATGGCGTGCTGGTGCAGGCCGCCACGCGCGGTGATGGG
CTCACCGGCGAGAACGTGACGCAGAACGTGAAAACCATCCGTAACGTGCCGCTGAAACTG
CGCGGTAGCGATTACCCGGCCGAACTCGAGGTGCGCGGCGAGGTGTTCATGGATAACGCA
GGCTTCGAGAAGTTCAACATCGAGGCCGAAAAACGTGGTGAAAAAGTGTTCGTGAACCCG
CGCAACGCCGCCGCCGGTAGCCTGCGCCAGCTCGACTCGAAAATCACCGCCAAACGCCCG
CTGATGTTCTACGCCTACAGCACCGGTCTGGTGGCCGACGGTAGCATCGCCGAGGATCAT
TACCAGCAGCTCGAAAAACTGACCGATTGGGGGCTGCCGCTGTGCCCGGAGACCAAACTG
GTGGAGGGCCCGCAGGCCGCGCTGGCCTACTACACCGACATCCTCACCCGCCGTGGCGAA
CTCAAATACGAGATCGATGGCGTGGTGATCAAAATCAACCAGAAAGCGCTGCAGGAGCGT
CTCGGCTTCGTGGCACGCGCGCCGCGTTGGGCGATCGCCTACAAGTTCCCGGCGCAGGAG
GAGATCACCAAACTGCTCGATGTGGAGTTCCAGGTGGGGCGTACCGGCGCGATCACGCCG
GTGGCACGCCTCGAACCGGTGTTCGTGGGTGGTGTGACCGTGTCGAACGCCACGCTGCAC
AACGGCGATGAGATCGCACGCCTCGGCGTGAAAGTGGGCGACACGGTGATCATCCGCCGT
GCCGGGGACGTGATCCCGCAGATCACGCAGGTGGTGCTCGAGCGCCGCCCGGATGATGCA
CGCGATATCGAGTTCCCGGTGACGTGCCCGATCTGTGACTCCCATGTGGAAAAAGTGGAG
GGTGAGGCGGTGGCGCGTTGTACCGGTGGTCTGGTGTGCCCGGCGCAGCGTAAACAGGCG
ATCAAACACTTCGCGTCGCGCAAAGCGCTCGATATCGACGGCCTCGGCGATAAAATCGTG
GATCAGCTCGTCGACCGCGAACTGATCAAAACCCCGGCCGATCTGTTCATCCTCAAGCAG
GGCCATTTCGAATCGCTCGAGCGTATGGGGCCGAAGTCGGCCAAAAACCTGGTGACCGCG
CTGCAGGACGCCAAAGCCACCACGCTGGCCAAGTTCCTCTACTCGCTCGGTATCCGTGAG
GCCGGTGAGGCCACCACGCAGAACCTGGCCAACCATTTCCTGACGCTCGAGAACGTGATC
AACGCAAGCATCGATTCGCTGACGCAGGTGTCGGATGTGGGCGAGATCGTGGCCACGCAT
GTGCGTAGCTTCTTCGCCGAACAGCATAACCTCGATGTGGTGAACGCGCTGGTGGAGCAG
GGTATCAACTGGCCGGAACTGACGCCGCCGTCGGCGCAGGAGCAGCCGCTCGCAGGCLCTG
GTGTACGTGCTGACCGGTACCCTCAACACCCTCAACCGTAACGACGCCAAAGCGCGTCTG
CAGCAGCTCGGTGCCAAAGTGTCGGGTTCGGTGTCGGCCAAAACCGATGCGCTGGTGGCA
GGCGAGAAGGCAGGCTCGAAACTGACCAAGGCGCAGGACCTCGGTATCGATGTGCTGACC
GAGGAGGATCTGATCAACCTGCTGGAGCAGCATAACGGCTGA
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Figure A6: Allelic gene replacement of the TS essential genes created by directed
evolution into M.TB using suicide vector (Figure credits: Dr. Francis E. Nano).

AT7. Buffer recipes:
TL buffer - 100 mM Lithium Acetate (LiAc) in TE

TLP buffer- 45% PEG in 100mM LiAc/TE
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Table A8: List of strains and vectors used in this study
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Strains and Characteristics References

vectors

M. tuberculosis | WT M. tuberculosis strain ATCC 35801/ ATCC
Erdman/ H37Rv 25618

M. smegmatis WT M. smegmatis strain ATCC 700084, Snapper

mc2155

etal, 1990

p2NIL vector

Mycobacterial suicide vector containing
kanamycin resistant marker and SacB
counterselectable marker

Korycka-Machala et al,
2007

*pSTKO-GalK | Mycobacterial suicide vector wih hsp60 | Parikh et al, 2013;
vector promoter driving the expression of SacB | Barkan et al, 2010

and GalK counterselectable marker
pBBR-MCS5 Broad host range Gentamycin resistance | Kovach et al, 1995
vector vector
*pCP101 vector | Vector with PSEVA514 backbone and the | Silva-Rocha et al, 2012

prsA-pir gene construct.

*Vectors made by Crystal T. Pinto




