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Abstract

Universal stress proteins (USPs) are a widespread and abundant protein family often linked
to survival during stress. However, their exact biochemical and cellular roles are incompletely
understood. Mycobacterium tuberculosis (Mtb) has 10 USPs, of which Rv1636 appears to be unique
in its domain structure and being the only USP conserved in M. leprae. Over-expression of Rv1636 in
M. smegmatis indicated that this protein does not share the growth arrest phenotype of another
Mtb USP, Rv2623, suggesting distinct roles for the Mtb USPs.

Purified Rv1636 was shown to have novel nucleotide binding capabilities when subjected to
UV crosslinking. A range of site-directed mutants of Rv1636 were produced, including mutations
within a predicted nucleotide binding motif, with the aim of identifying and characterising key
residues within the Rv1636 protein. Further putative biochemical activities, including nucleotide
triphosphatase, nucyleotidylyation and auto-phosphorylation were also investigated in vitro;
however Rv1636 could not be shown to definitively possess these activities, raising the possibility
that addition factors may be present in vivo.

Bioinformatic analysis of Rv1636 has provided an in-depth look at the protein. The crystal
structure of Rv1636 shows a strand swapped dimer conformation that appears to block the
predicted nucleotide binding site, providing a possible reason for the low NTPase activity previously
observed. Truncated Rv1636 constructs were successfully generated, in which the strand swapped
dimer was disrupted, and subjected to biophysical analysis, including analytical ultracentrifugation
and size exclusion chromatography combined with multi-angle light scattering.

Previous Mtb single-USP mutants are known to have no phenotype under a range of stress
conditions. For this reason the P. aeruginosa USP PA3309, which does possess a stress survival
phenotype, was also investigated. This provided the opportunity to investigate the role of USPs and
their putative nucleotide binding motif in vivo. Site-directed mutants of PA3309 were generated to
investigate the role of the nucleotide binding motif in vivo. It remains to be determined if the
survival defect observed for APA3309 strain can be complemented with these mutants as the vector
system used in these experiments proved unable to integrate into the attB site of the genome.

Through the analysis of the USPs from mycobacteria and Pseudomonas, the aim was to
elucidate a greater understanding of the role of Rv1636 in Mtb and the role of USPs in general. The
bioinformatic and biochemical analyses of USPs, in addition to the site directed mutants generated

as a result of this work, will provide a strong foundation for future studies.
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1.1 Scope of the Introduction

Tuberculosis (TB) remains a huge global problem and the current pressing issues relating to
the disease, including detection, prevention and treatment, are introduced below. TB kills up to 1.8
million people a year worldwide, yet up to a third of the world’s population are thought to harbour
an asymptomatic latent infection (WHO, 2010, Dye et al., 1999). The highly specialised bacteria
employ an array of survival mechanisms and strategies to persistently evade the host immune
system. As a result, the bacteria are able to maintain latent infections over long periods of time, in
some cases decades and, when reactivated, the disease often results in a high mortality rate.

Members of the Universal Stress Protein (USP) superfamily are postulated to play a role in
the successful survival of the pathogen Mycobacterium tuberculosis (Mtb) within the human host.
The USPs are widespread, found in the three kingdoms of life; however the action of these small
proteins continues to be incompletely understood. The study of the USPs aims to determine if this
protein family has a role in aiding the survival of the Mtb for prolonged latent periods within the
host.

The later part of the introduction focuses on the USP family and the roles of these proteins
in bacteria in general, with a particular emphasis on the response to diverse stress conditions. The
research data presented aims to further characterise the USP Rv1636 from Mtb and provide insights

into the broad biological roles that USPs themselves play.

Part I: Mycobacterium Tuberculosis

1.2 The Mycobacterium Genus

The genus Mycobacterium is part of the Actinobacteria, which also contains the genera
Rhodococcus, Gordonaiceae and Tsukamurellae. The genus contains more than 50 species and
although most are non-pathogenic the group does contain important human pathogens, such as Mtb
and M. leprae. The latin ‘myco’ means both fungus and wax, likely in relation to the waxy nature of
the compounds that make up the mycobacterial cell wall and their resulting fungal-like colony

morphology.
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The bacteria are considered to be gram positive; however they do not stain well due to the
unique cell wall properties. The thick cell wall consists of two layers, one of mycolic acids and one of
peptidoglycan, held together by the polysaccharide arabinogalactan. The cells stain bright red with
dyes such carbol fuchsin, used in the Ziehl-Neelsen staining technique, and the cell wall leads to
retention of the dye when decolourised with acidified organic compounds, giving rise to the
common name of ‘acid-fast bacteria’. Organisms within the genus are typically widespread being
found in water and food sources. Some, however, such as Mtb and M. leprae are intracellular
parasites and are not found as free-living bacteria.

Mycobacteria are split into two groups depending on the growth rate: slow growing and fast
growing (Wayne & Kubica, 1986). Of the slow growing bacteria, the most significant group to human
health is the Mycobacterium tuberculosis complex which contains the causative agents of human
and animal tuberculosis. These include Mtb, M. bovis, M. bovis BCG, M. africanum, M. canetti, M.

caprae, M. microti and M. pinnipedii.

1.3 Mycobacterium tuberculosis

1.3.1 The Mtb Bacterium

Mtb are non-motile rod-shaped bacteria that are 2-4 um in length and 0.2-0.5 um in width
(Figure 1.1). The tubercle bacillus is a faculative aerobe and has a slow generation time of 15-20
hours. Humans are the only known reservoir for the bacterium and latently infected individuals
represent a huge reservoir of infection. The bacteria can grow on a variety of carbon sources,
including glycerol, which is phosphorylated before being converted to pyruvate during metabolism
(Ratledge, 1982).

Mtb encodes an inducible nitrate reductase, narG, which allows respiration using NO; as a
final electron acceptor (Weber, 2000). However, it is not clear if it alone supports growth in
microaerophilic environments or merely sustains the viability of the bacterium. In the laboratory,
Mtb is usually grown on two media types either the agar based Middlebrook’s medium or an egg
based medium, containing albumin, termed Lowenstein-Jensen medium. The bacteria, after 4 to 6
weeks, form small colonies with a characteristic colony morphology and appear to form a

‘serpentine-type growth’.
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Figure 1.1. Mycobacterium tuberculosis scanning electron micrograph at 15549X magnification. Micrograph

from the Centers for Disease Control and Prevention (CDC) www.cdc.gov/tb.

1.3.2 The Mtb Cell Wall

The cell wall of Mtb is extremely complex and is vital for its survival. The inner layer of the
cell wall is composed of peptidoglycan to which arabinoglycan is covalently attached. It is to this
layer that the unique feature of the mycobacterial cell wall, mycolic acids, are linked. The
crosslinking of mycolic acids and long chain fatty acids with a variety of cell wall lipids is the feature
of the mycobacterial cell wall that leads to its acid fast properties (Daffe & Draper, 1998). This thick
layer of mycolic acids is a key factor in Mtb’s resistance to a range of antibacterial agents and
provides the bacterium with protection against the host immune system. The importance of the TB
cell wall has been exploited in the development of anti-TB drugs and indeed two of the current TB

drugs, isoniazid and ethambutol, target the synthesis of mycolic acids.
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The cell wall contains a number of factors that promote virulence, including
lipoarabinomannan (LAM), which acts as a virulence factor by interfering with the coordinated
immune response against the bacteria through inhibiting protein kinase C, scavenging oxygen free
radicals and also blocking the transcriptional effects of interferon-y (Chan et al.,, 1991). However,
LAM also can induce the release of the tumour necrosis factor from macrophages promoting
bacterial elimination (Chatterjee, 1992). The cell wall contains cell surface molecules that permit
binding and entry into mononuclear phagocytes. For example Mtb can enter macrophages using the

integrin family CR1 and CR3 complement receptors (Ahearn & Fearon, 1989).

1.4 Tuberculosis

The bacterium Mtb is the etiologic agent of the infectious disease tuberculosis (TB). The
disease kills more than 35,000 people every week (1.8 million people every year) (WHO, 2010). The
illness most commonly affects the lungs; however, other parts of the body, such as brain, bones and
lymph glands, can also be compromised. Common symptoms of the disease include a persistent
cough that brings up sputum or phlegm, often containing blood. Other symptoms of TB are lung
destruction, tiredness, weight loss, chills, fever, and night sweats. The disease is transmitted when
someone with active lung disease coughs and produces aerosol droplets that harbour infectious
bacilli, and which are subsequently inhaled by a susceptible individual. A large reservoir of the
bacteria exists within humans, as the bacterium is able to survive in the human host for long periods
of time without causing clinical symptoms associated with TB (Parrish et al., 1998).

Following exposure to Mtb, those people who are unable to completely clear the infection
either develop active TB or a latent infection. In the majority of cases (~¥90%) the infection proceeds
along the latent route and the immune system is effective at keeping the bacterium contained in the
latent form; however the bacterium is often not eliminated from the body (Kaufmann, 2001). The
non-replicative persistent bacteria can then be re-activated when immune system function
decreases, such as in old age (Manabe and Bishai, 2000) or through infection with HIV. In many
developing countries, two thirds of adults carry a latent infection and, as the population ages, the
disease is likely to re-activate, causing millions of deaths. The BCG vaccine has been shown to have
limited efficacy and is not suitable to protect against re-activation once the initial infection is
established. Key areas in current TB research include the HIV-TB co-epidemic, the rising levels of

drug resistant TB, the need for better diagnostic assays and the development of new vaccines.
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1.4.1 History of TB

Tuberculosis has been a notorious killer of humans over thousands of years. Tubercular
decay was shown to be present in the spines of Egyptian mummies from 3000-2400BC (Zink, 2003).
Over the course of history, the disease has been known by many names, including consumption,
phthisis, scrofula, Pott's disease, and the white plague. The name ‘consumption’ was due to the
disease being said to consume people from within, with a bloody cough, fever and a general wasting
away being common symptoms of the disease. The Greek term Phthisis for the disease was
described by physician Hippocrates (460BC), who revolutionized medicine in ancient Greece, as the
most widespread disease of the time that almost certainly ended in death. Tuberculosis continued
to ravage the western world and afflicted the urban poor populations in epidemic proportions. In
the 19" and early 20" Century, TB was of widespread public concern and, known as the white
plague, it was responsible for a quarter of all deaths in the UK.

Although TB was recognised as a contagious disease in the 1820s, the tuberculose bacillus
was not identified and described until 1882 by Dr Robert Koch. Dr Koch was later awarded the
Nobel Prize in physiology or medicine in 1905 for his discovery. It was one year later in 1906 that
Albert Calmette and Camille Guérin began developing an attenuated bovine strain of tuberculosis, a
line of research that took until 1919 to complete. Their attenuated strain showed success in
immunizing against the disease and the vaccine was first used on humans in France in 1921. Its use
became widespread after World War Il in the USA, Great Britain and Germany and with increased
hygiene and sanitation, combined with antibiotics and vaccination, the war against tuberculosis
seemed in the ascendency. However, TB has shown a recent resurgence and, in 1993, the World

Health Organization (WHO) declared the disease a global health emergency.

1.4.2 Distribution of TB

Tuberculosis remains an important challenge to world health even now in the 21* Century.
In 2008 there were 9.4 million new cases of TB, of which 80% were in just 22 countries, and this
resulted in 1.8 million deaths. The number of new cases of TB across the world is steadily rising;
however, with the world’s population growing about 2% per annum, per capita the global TB
incidence rate is declining at an estimated 1% per year (WHO report, 2009). TB is classed as a
worldwide pandemic with the greatest burden being found in Africa and Asia (Figure 1.2). Thirteen

of the 15 countries with the highest TB incidence rates are in Africa, highlighting the seriousness of
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the problem for this continent. Of new cases recorded, 55% occur in six Asian countries
(Bangladesh, China, India, Indonesia, Pakistan and the Philippines) highlighting the problems in
prevention of TB in these countries.

The World Health Organisation and the Stop TB Partnership has set out the Global Plan to
Stop TB (2006—-2015) with an investment of $67 billion US dollars. Within this plan, there are certain
targets to meet by 2015 including the Millennium Development Goal of reducing the global burden
of TB (per capita prevalence and death rates) by 50% relative to levels in 1990. The WHO has a global
plan to eliminate TB as a public health problem aiming for the global incidence of active TB to be less

than 1 case per million population per year by 2050.

Estimated TE incidence rates, 2008
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cases (3l foms) per
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Figure 1.2. Estimated TB incidence rates 2008 (WHO Report 2010).
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1.4.3 HIV associated TB

TB is the leading killer among people infected with HIV, with sufferers 20-40 times more
likely to develop active TB due to the weakened state of their immune system. In 2008 there were
1.4 million new TB cases associated with HIV positive patients and a total of 0.52 million TB deaths
(29% of total TB deaths) among HIV positive cases (WHO, 2009). The HIV-associated TB epidemic
represents a major challenge to accomplishing the 2015 Millennium Development Goals for TB
control. Nearly 80% of HIV-TB cases are in sub-Saharan Africa, with South Africa alone accounting
for 25% of cases despite only having less that 1% of the world’s total population (Abdool-Karim et
al., 2009).

In England and Wales, cases of TB combined with HIV increased from 3.1% of TB cases in
1999 to 8.3% in 2003 (Ahmed et al., 2007), mirroring problems in Eastern Europe where overlapping
HIV and drug-resistant TB epidemics have seen regional TB incidence rates double since 1990
(Lazarus et al., 2008). The United States, on the other hand, has had a threefold decrease between
1993 and 2004 due to improvements in control, diagnosis and treatment (Albalak et al., 2007).

Treatment programmes for HIV-infected individuals include highly active antiretroviral
therapy (HAART) which uses expensive antiretroviral drugs. There are problems associated with the
therapy including the Immune Restoration Inflammatory Syndrome (IRIS). IRIS is the belated
response of a recovering individual’s immune system towards to an infection and has been seen in
patients with infections such as Mtb, Mycobacterium avium complex and other HIV-associated
infections (French et al., 2000). For Mtb-related IRIS, management includes the continuation of
HAART therapy and, in some cases, steroids to modulate the immune system. The symptoms of IRIS
are often confused with those of other diseases including HIV-related illnesses and accurate
diagnosis is therefore of high importance. In addition, HAART treatment has become increasingly

complicated with the increase in drug resistant strains of Mtb.

1.4.4 Diagnosis of TB

To ensure effective treatment and control of TB, diagnosis needs to be improved in reliability
and speed (Abu-Raddad et al., 2009). TB is usually diagnosed through identification of Mtb in a
clinical sample such as sputum or from the site of disease if extra-pulmonary; however, culturing the
organism in the laboratory may take up to three months and the laboratory infrastructure required

is usually a major limitation in many developing countries. Acid-fast bacilli or bacilli fluorescently
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labelled can be detected rapidly in sputum smears, but the high rate of smear negativity means that
culturing of the bacilli always needs to be carried out in association with this. In most cases a full
medical evaluation is required including chest X-rays, tuberculin skin test (Mantoux test) and
microscopic analysis and culturing of sputum smears or sampling from the site of disease. The
tuberculin skin test is not 100% accurate with false negatives/positives occurring as the results are
affected by prior vaccination with BCG, previous exposure to mycobacteria and immune-
competence levels.

More recent and more specific and sensitive diagnostic tests include the interferon-gamma
release assays (IGRAs), which are in vitro blood tests which test the immune response against
mycobacterial proteins such as the 6-kDa early secretory antigenic target (ESAT-6) and culture
filtrate protein 10KDa (CFP-10), proteins which are not present in the vaccine strain BCG and which
are therefore not cross-reactive in vaccinated individuals. The IGRA’s are either ELISA-based, such as
Quantiferon, or based on ELISpot, such as TSPOT-TB and routinely show enhanced specificity and
sensitivity compared to the tuberculin skin test.

Molecular biology based assays such as polymerase chain reaction assays have been
developed to detect mycobacterial DNA in samples and this technique may provide the key to
diagnosing drug resistance in a swifter manner than culturing, which is currently used. Fast and
effective diagnosis of drug resistance is key to controlling and treating MDR and XDR-TB and nucleic
acid amplification techniques have been developed which amplify drug resistance genes such as rpo
(rifampicin) and isoniazid (inh and katg). These include the Genotype MtbDR plus (Hain Lifesciences,
Nehren, Germany) and GeneXpert (Cephaid) assays.

New TB tests are continuing to be developed with the hope of providing cheaper, faster and
more accurate diagnosis that are urgently required. Currently, microscopic diagnosis of acid fast
bacilli in sputum/site of disease samples is widely used in developing countries due to the relatively
low cost and requirements. Improvements in microscopic diagnosis are being researched such as
the modification of light-emitting-diodes (LED) for use in fluorescent microscopy. They are more
affordable, have long lasting bulbs and have lower electric-power demand (Hanscheid, 2008). An
example of labelling Mtb involves using the stain auramine, which binds mycolic acids, followed by
the counter stain rhodamine. However, due to the high prevalence of smear-negativity, particularly
in HIV+ individuals, and the high levels of drug resistance, the need for improved diagnostics

applicable to resource poor settings is urgently required.
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1.4.5 Drug Resistance and its Development in TB

TB can be treated with antibiotics; however, drug resistance and economic factors often
prevent this method of control being successfully used in the developing countries where the health
infrastructure is often poor and lacks resources (Brennan, 2005). Anti-tuberculosis drugs were first
isolated and brought into use mid-way through the 20™ Century. The first to be discovered, in 1944,
was Streptomycin (Schatz et al., 2005), followed by Isoniazid in 1951 (Bernstein et al., 1952; Fox,
1952; Offe & Domagk, 1952), Pyrazinamide (Yeager et al., 1952), Ethambutol (Delaude et al., 1962),
and Rifampicin (Furesz et al., 1965). Chemotherapeutic regimens often require more than six
months treatment with multiple drugs due to the persistent nature of the Mtb infection.

Due to the problems of compliance and the rise in drug resistance, the World Health
Organisation launched a control strategy based on Directly Observed Treatment and Short-course
drug therapy (DOTS). Multi-drug resistant (MDR) strains of Mtb are resistant to isoniazid and
rifampicin, the two most powerful anti-TB drugs (WHO, 2010), and MDR-TB accounted for 511, 000
(5.3%) of cases in 2007. Of total MDR-TB cases reported 56% were in China, India and the Russian
Federation; however statistical analysis and modelling has suggested that MDR levels in Africa
maybe substantially higher than original estimates (Nunn et al., 2007; Ben Amor et al., 2008).

Even more worrying is the fact that extensively drug-resistant strains (XDR-TB) are also
increasing in prominence around the world. XDR-TB is defined as resistance to rifampicin, isoniazid,
any fluoroquinolone and one of the second-line injectable agents such as kanamycin, capreomycin
or amikacin. It is extremely troublesome to treat, sometimes requiring up to 2 years of
chemotherapy, and cases have been confirmed in more than 50 countries around the world (WHO,
2009). Diagnosis of MDR-TB and XDR-TB is also difficult and adds complications to the already
problematic diagnostic area of TB, with many of the countries carrying the burden of MDR and XDR-
TB lacking the diagnostic capacity to test for it. More recently Velayati et al. (2009) reported the
emergence of totally drug-resistant (TDR) TB strains which are impossible to treat with any of the
drugs currently available.

The requirement for new drugs is, therefore, in urgent demand. Most antibiotics are
effective against actively dividing bacteria, and therefore when the tuberculosis bacilli enter the non-
replicating state within quiescent lesions, they are often resistant to killing (Mitchison, 2000). Even
with current treatments, bacilli are sometimes able to remain within infected hosts (Hu et al., 2000)
and potentially reactivate at any time, and the development of new drugs, with novel modes of

action, is urgently required to target the persistant bacteria.
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1.4.6 Drug discovery

The goal of drug discovery research is to improve the treatment of tuberculosis and to
ultimately yield new medicines that combat Mtb. Key considerations include treatment durations,
compatibility with antiretroviral treatments, lower toxic side effects, effectiveness against
susceptible and drug resistant strains and action against latent infection. Any new drugs must be
capable of gaining entry into the mycobacterial cell by crossing the thick hydrophobic cell wall.
Creation and screening of new drugs requires innovative technologies to ensure discovery efforts are
applied across multiple therapeutic areas. ldentification of novel Mycobacterium enzymes/targets
aims to provide rational drug targets that can be attacked to inhibit the bacterium.

Andries et al. (2005) identified a diarylquinoline compound called R207910 which can target
the bacterial ATP synthase. The novel mode of action allows the drug to inhibit both drug-sensitive
and drug-resistant strains of Mtbh. Mice studies show R207910 has a higher bactericidal activity than
the common isoniazid and rifampicin drugs. Absorption in mice and humans is rapid and the drug
appears safe and tolerable. Ideally, a new drug would cut the treatment time down from six
months, thus patients would be more likely to complete the drug course.

Hegymegi-Barakonyi et al., 2008 described a new line of drug discovery focusing on the
bacterial or host cell signalling including the serine/threonine protein kinases, PknB and PknG, NAD
kinase and the NAD synthetases. Virtual screening with thousands of molecules indicated the
potential in rapid screening methods, which aims to aid in the identification of new potent
antimycobacterial substances. Pethe et al. (2010) emphasise the importance of in vivo bacterial
metabolism in the drug discovery field as they describe Mtb growth inhibitors which have no efficacy
in vivo. Clearly drug discovery in vitro is only part of the key challenge to develop new drugs to add

to the current out-dated portfolio of anti-TB drugs.

1.4.7 TB Vaccine Development

Vaccines are likely to have a large impact in reducing the incidence of TB disease. The
Bacillus Calmette—Guérin (BCG) vaccine has been widely used with over three billion vaccinations
given worldwide since the first introduction in France in 1921. However many questions
surrounding the variables that determine efficacy remain. Although offering more than 80%

protection against disseminated TB infection in children, the protection offered when used in adults
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is not reliable with the protective efficacy for preventing pulmonary TB in adolescents and adults
ranging from 0 to 80% (Bannon & Finn, 1999).

There is, therefore, an urgent requirement for a newer, more effective vaccine that offers
protection against all forms of TB to people across all ages. Avenues of research to produce such a
vaccine include modifying the current BCG strain and attenuating Mtb by deleting specific metabolic
pathways or virulence factors. Development of a vaccine that can be administered without needles
would be also beneficial for distribution. The immune capabilities of people infected with HIV are
also important in the design of any vaccine and the prospect of vaccinating latently infected
individuals also needs to be considered. In fact in 2007, WHO re-recommended, in their weekly
Epidemiology Record, against giving the BCG vaccination to infants known to be HIV positive,
including in countries where TB is endemic (WHO, 2007) due to the risk of dissemination of the
vaccinating strain.

There are currently new vaccines being trialled in humans such as recombinant BCG (rBCG),
rBCG30, which over-expresses antigen 85B and which was showed to be safe and immunogenic in
early trials in the USA since 2004 (Horwitz et al., 2006; Hoft, 2008). A key area is developing a
heterologous prime-boost strategy, which involves amplifying particular facets of the immune
response, coupled with the presence of a TB antigen, to offer enhanced immune protection against
TB. The MVAS85A vaccine is currently in phase llb trials in South Africa and is based on a replication-
deficient Vaccinia virus that expresses antigen 85A (McShane et al., 2004). Four sites have been
developed for Phase lll trials in South Africa, Mozambique, Uganda and Kenya which represents an
important advance in vaccine development (Hanekom et al., 2010). Any new vaccine produced
requires the human immune system to provide adequate protection and the different branches of
the immune system that need to be activated remain unclear as it is not definitively known what
constitutes protective immunity. Vaccine development and the correlation of protective immunity

remain important lines of research.

1.5 Persistence of Mtb within the Host

Tuberculous bacilli are able to remain viable outside the human host for several hours and,
once air-borne, they pose an infectious risk to susceptible individuals. When inhaled, the bacilli
reach the pulmonary alveoli within the human lung and are engulfed by alveolar macrophages,
where the bacteria can survive and replicate. The initial host-pathogen interaction involves receptor

mediated actions. Bacteria can be picked up by antigen presenting cells, such as dendritic cells, and
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transported to lymph nodes, where they can disseminate to cause secondary infections in other
tissues and organs such as the kidneys and brain and bones.

Different branches of the immune system are known to be important in fighting Mtb.
Harding and Boom (2010) recently reviewed antigen presentation and the Toll-like receptors role in
activating the immune response against Mtb. The immune response is responsible for containing or
eliminating the bacteria and subjects the bacilli to a variety of stresses (see Chapter 1.7).
Macrophages are activated when T lymphocytes secrete cytokines such as interferon gamma.
Cytotoxic T cells can also directly kill infected macrophages, by secreting perforin and granulysin.
However, Mtb has many survival mechanisms and has evolved specialised ways to promote survival

within the human host and evade the immune response, as described below.

1.5.1 Survival within Macrophage

Macrophages are the primary defence mechanism employed against microbial invasion
within the lungs (Deretic et al., 2009; Nathan & Shiloh, 2000). Wolf et al. (2007) inferred that
following inhalation of aerosolised droplets containing infectious bacilli, the alveolar macrophages
are primarily the first cells infected. These macrophages make up a significant element of the innate
immune response. Later they become a central component of granuloma formation, following the
activation of the acquired immune response as a result of which the lesions become stratified and
surrounded by a lymphocyte-rich marginal zone (Russel et al., 2009; Flynn & Chan, 2005).

Once phagocytosed, Mtb is able to prevent killing and can replicate within the macrophage.
The bacilli inhibit both phagolysosome formation and phagosomal acidification, thus allowing
sustained survival and replication (Hackam et al., 1998; Goren, 1977). Individual Mtb avoid
lysosomal killing by budding into vacuoles that do not undergo phagosome-lysosomal fusion and
hence do not come into contact with the highly toxic lysosomal contents (McDonough et al., 1993).
In addition, the production of sulfatides (anionic trehalose glycolipids) has an anti-fusion effect
(Goren, 1977) and the production of ammonium chloride is used to increase the pH within the
intralysosomal compartment (Hart et al., 1983). van der Wel et al. (2007) also report that Mtb are
able to escape the phagosome and translocate to the cytoplasm of the macrophages to aid survival.

Prevention of phagosomal maturation is achieved through an Mtb-induced alteration in
expression of phagosomal proteins,, such as Rab5, which results in the phagosome remaining in the

early endosomal stage (Clemens et al., 2000). Prevention of the trafficking of the bacilli to late
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endosomal compartments also allows the bacteria to avoid contact with reactive oxygen and
nitrogen species (Deretic & Fratti, 1999).

Mtb is also known to modulate the immune response in its favour, causing a reduction in
interferon-y interleukin-12 (Dao et al., 2008), and, through the action of ESAT-6 and the CPF-10, Mtb
downregulates the production of lipopolysaccharide (LPS)-induced reactive oxygen species (Ganguly
etal., 2007).

In addition to subverting the immune response, Mtb possesses numerous protection
mechanisms to enhance survival in the non-optimal conditions experienced in the host macrophage.
The ability of Mtb to survive the various stresses encountered, such as the low pH experienced in the
phagosome, is discussed in more detail later in this introduction. It is also worth noting that Mtb is
well-adapted to survival within the macrophage, importantly altering its metabolism to utilise the
carbon sources available. Recently, there has been a large amout of interest in Mtb’s use of host
cholesterol as a carbon source (Pandey & Sassetti, 2008) and the accompanied changes in lipid
metabolism (Nesbitt et a/ 2010; McKinney et al., 2000).

The mechanisms mentioned above allow the bacteria to survive even in the presence of a
non-compromised immune response. In the majority of cases, the host immune response is merely
able to control the infection, preventing active disease. Rather than being eliminated, Mtb can
persist within the host, causing a latent infection. The infection remains dormant for many years
until such a time when the host immune system can be overcome and the bacteria can reactivate,
resulting in active disease. It is hypothesised that during latency the bacteria survive in a state of

non-replicating persistence with minimal metabolic activity.

1.5.2 The Granuloma

The formation of granulomas is used as a containment mechanism to prevent the Mtb
disseminating further. There are numerous types of granulomas with the size, shape and
composition of the spherical mass of immune cells varying greatly within infected tissues and
between different organisms (see Chapter 1.6 - Models to Study Mtb). Macrophages, B
lymphocytes, T lymphocytes and fibroblasts are among the cells that aggregate to form a granuloma
(Figure 1.3). Granulomas are formed in stages as different immune cells are recruited to the
infection site. Macrophages are the key immune cells that are responsible for the formation of
granulomas. Inflamation, death of neutrophils and macrophages, and toxic immune products all

lead to formation a caseous core. Extracellular bacteria can then utilise the breakdown products.
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The necrotic core is then surrounded by a mixture of lymphocytes, activated macrophages, and
fibroblasts (Saunders & Britton, 2007), thus creating a granuloma.

The caseous granuloma (Figure 1.3A) is thought to be the conventional type found in
humans, although other types can be present. A necrotic centre contains an array of cellular debris
which is likely to be highly toxic to both host cells and to Mtb. Studies of granulomas from latently
infected monkeys show them to be fibrotic and contain a hypoxic, caseous core, characteristics
similar to latent lesions in humans (Lin et al., 2009). Human granulomas are thought to be hypoxic
as they do not have endothelial and blood vessel markers present (Tsai et al., 2006), however, the
conditions within the caesous granuloma are not well studied and understood. Recent evidence
suggests within humans the granulomas are indeed hypoxic (Tsai et al., 2006; Via et al., 2008)
although it is unclear if the bacteria are surviving within these granulomas. It has even been
suggested Mtb survives on the peripherary or in lymph nodes (Ulrichs et al., 2004.)

Further granulomas described by Barry et al. (2009) include a non-necrotising granuloma
(Figure 1.3B) which is made up of larger numbers of lymphocytes. The containment of a few bacilli
appears controlled and therefore the core is not nectotic. Levels of immune attack are likely to be
reduced with less reactive oxygen and nitrogen species and less killing. The third type of granuloma
described is a fibrotic granuloma (Figure 1.3C) which consists of a hard spherical unit that contains
minimal levels of lymphocytes and bacteria. The range of granuloma types discovered indicate the
challenges in studying the Mtb infection and that the host—bacillus interaction relies on many

factors.
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Figure 1.3. Granulomas of Mtb with the components of three types of granulomas found in human and non-
human primates. (A) Classic caseous granuloma often found in active disease and latency cases.
Microenvironments differ within the granuloma and bacilli persist intracellularry and within the hypoxic
necrotic core. (B) Non-necrotizing granuloma often found in active disease where lymphocytes and
macrophages surround the bacilli with the lesion. (C) Fibrotic granuloma often found in latent infections.
Few Mtb remain and are surrounded by fibroblasts with few, if any, macrophages present. Diagram from

Nature reviews Microbiology (Barry et al., 2009).
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1.5.3 Latency, and Non-Replicating Persistence

Latent and chronic infections of Mtb are clinical terms used to describe the nature of the
infection. Latency is a clinical observation referring to an individual that has an infection without
showing any apparent signs of disease, whereas a chronic infection refers to an ongoing infection
with clinical symptoms. A key feature of Mtb is therefore its ability to evade the immune system and
prevent the elimination from the body, thus creating a huge reservoir of infection, until conditions
are more suitable for re-activation.

Wayne first coined the term non replicating persistence (NRP) in 1954 when studying the
growth of Mtb under different oxygen tensions. In a classic study, Wayne and Hayes, 1996, grew
Mtb in sealed vessels and a defined volume of headspace. As the cultures grew, the oxygen levels
were gradually depleted and the bacteria entered the NRP state. Two phases of adaptation to the
hypoxic conditions were described in relation to the changes observed in the optical density of the
cultures. They were named NRP1, with oxygen saturation at 1%, and NRP2, with oxygen saturation
at 0.06%.

The increased ability of the bacteria in stationary phase to survive particular stresses
correlates with physiological changes (Kolter et al., 1993, Smeulders et al., 1999). These
physiological changes are mediated by differing patterns of gene expression for NPR1 and NPR2
(Wayne & Sohaskey, 2001). In active disease, Mtb cells can show signs of being dormant. Garton et
al. (2008) analysed mycobacterial cells from sputum from patients with active disease and visualised
evidence of dormant cells including presence of lipid bodies and transcript profiles similar to NRP
cells. Physiological changes include remodelling of the cell wall as shown by Seiler et al., 2003.

The state in which Mtb survives during latent infection has been termed dormancy in the
past. However, this may not be the most accurate description of the bacteria. It remains to be
established whether the bacilli are persisting in a dormant or suppressed state (Parrish et al., 1998).
Dormancy analogous to that observed in the formation of spores by species such as B. subtilis
implies that the bacteria cease all metabolic activity. However, it is likely that, during persistence, TB
bacilli maintain a low level of metabolic activity and gene expression.

Aunchin et al., 2009 studied non-replicating forms of M. smegmatis and suggested the viable
but non-culturable state was associated with a transition towards coccoid and oval cellular shapes,
which resembled spore-like morphology. It should be noted that the possibility does exist that
mycobacterial may enter a true, spore-like state, however this seems unlikely as mycobacteria do
not contain the genes necessary for spore formation as seen in B. subtilis. Ghosh et al., 2009
suggested M. marinum, a fish pathogen, when grown to stationary phase in long-term cultures can
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form spores and Tragg et al., 2010 questioned the observation after setting out certain criteria for
the dormant forms to be called spores. Whether the tubercle bacillus can form spores remains a

guestion to be answered, but if so, could represent a key area for drug discovery.

1.5.4 Reactivation, Resuscitation and Disease

Mtb can remain in the host for substantial periods with Lillebaek et al., 2002, reporting
molecular evidence of endogenous reactivation of Mtb after 33 years of a latent infection, indicating
bacterial infection can remain established for decades. The reactivation of the infection promotes
transmission of the bacilli within droplet aerosols, allowing the bacteria to spread to new, naive
hosts. The reactivation is thought to occur in between 5-10% of individuals who are latently
infected. Reactivation of Mtb has been investigated by studying the ability of the bacteria to
reactivate when grown to stationary phase in in vitro models. Under specific conditions, a viable but
non-culturable state was observed in Mtb. When cultured under nutrient limiting conditions, such
as 4 month cultures maintained in stationary phase, the bacteria could not form CFU when plated
out on nutrient agar, but could be resuscitated in supplemented liquid media (Shleeva et al., 2004).

The reactivation of Mtb requires an upregulation of gene expression and involves the action
of resuscitation promoting factors (Rpfs). These were identified when the secreted Micrococcus
luteus Rpf was shown to be able to promote the resuscitation of dormant mycobacteria
(Mukamolova et al., 2002). In fact, recombinant mycobacterial Rpf was shown to increase the
recovery of Mtb from the sputum of active TB patients (Mukamolova et al., 2010). Long-term
persistent TB remodels the cell wall with different crosslinks between the peptidoglycan. When it
resuscitates, the wall needs to be remodelled to allow growth and the Rpfs appear to be involved in
this. Crystal structures show Rpf proteins have a C-type lysozyme-like fold which is predicted to
allow enzymatic cleavage of the glycosidic bond between N-acetyl muramic acid and N-acetyl
glucosamine in the peptidoglycan layer of the cell wall (Cohen-Gonsaud et al., 2005). There is also
some suggestion that the release of muropetides as the result of Rpf cleavage acts as a signal for exit
from latency (Kana et al., 2010).

Through understanding the mechanisms of reactivation from the latent state there is the
potential for a further understanding of both the host immune and bacterial response and of

developing drug targets.
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1.6 Models to Study Mtb

1.6.1 In vivo Models

Common animal models used to study infection include mice, guinea pigs, rabbits and
primates. No individual model is completely suitable and the validity of each model system is widely
debated. The murine model, although widely used, has a different disease progression to that seen
in humans and the bacterial burden remains high throughout infection with the bacteria continuing
to replicate during chronic infection (Gill et al., 2009). Granulomas, if formed, are small and poorly
differentiated, and recent work by Via et al., 2008 suggests the mouse granulomas appear to lack
necrosis, fibrosis or hypoxia. Different versions of murine models are used including SCID (severe
combined immunodeficient) mice and the Cornell model, where mice are treated with antibiotics to
try to induce a persistence-like infection and where reactivation ensues upon administration of
steroids. Human granulomas provide the bacteria with unique environments which are likely to be
important when studying chemo- and immunotherapy.

Guinea pigs and rabbits produce mature lesions which show similar caseous necrosis to
those in humans (Via et al., 2008). However, these two models also have disadvantages as guinea
pigs are very sensitive to TB, with no latency described as yet, and rabbits have to be infected with
M. bovis as they have a natural resistance to Mtb (Flynn, 2006). Primate models provide a model
with the most similarities to human disease, including disease progression, the immunological
response and latency. However, working with primates has very high cost, high space requirements
and time constraints, and there are also ethical considerations.

The use of animal models aims to provide further insight into the progression of the
infection within humans, which is otherwise difficult to evaluate without damaging invasive
methods. The search for biomarkers, such as metabolites or immunological antigens, within
blood/urine to ascertain the status of the infection with humans would be a beneficial research tool
(Doherty et al., 2009).

To evaluate disease progression within humans, imaging tools such as positron emission
tomography (PET) and computerized axial tomography (CAT) are being developed to allow
visualisation of disease progression and the bacterial burden in vivo. CAT scans provide structural
information of the lung and lymph nodes and can highlight the presence of granulomas. The probes
used in PET, such as *®F- fluorodeoxyglucose (FDG), can then mark tissues and cells of interest. The
temporal visualisation of TB infection as disease progresses shows that the populations of bacteria

within one individual are not homogenous and there is a dynamic nature within the individual
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lesions as reviewed by Barry et al.,, 2010. Thorough studies that compare the disease in animal

models to humans are crucial to move the TB therapy and TB vaccinology fields forward.

1.6.2 In vitro Models

Mtb is able to survive in human hosts through employing numerous strategies to promote
survival. To study the bacteria in vitro, models have been developed that aim to replicate particular
stages of infection.

Mtb grown under nutrient limiting conditions is driven towards a persistent state and this
nutrient starvation model is used to represent the nutritionally starved mycobacteria that persist
within lung lesions. Nyka (1974) showed that Mtb could be re-grown even after being starved of
nutrients for up to two years. Betts et al. (2002) performed microarray and proteome analysis on
nutrient starved Mtb showing that alterations in metabolism, transcription and biosynthesis were
made in order to maintain long-term survival.

Alternative in vitro models involve growing Mtb in hypoxic conditions. Wayne and Hayes,
1996, suggested the non-replicating persistent state could be mimicked in vitro through growth of
Mtb in an oxygen deprived environment. The Wayne model relies on a self-generated O, gradient
and therefore the availability of the nutrient oxygen is the initial limiting factor. The bacteria within
a sealed vessel deplete the oxygen present, with the culture becoming progressively more hypoxic,
until a shift in the Mtb physiology occurs (Wayne 1977, Wayne & Lin, 1983). Rodrigue et al. (2006)
showed the alternative sigma factors sigB, sigE and sigF were all upregulated in the model and are
thought to drive the bacteria towards the non-replicating persistent state observed.

A further hypoxic model termed the defined hypoxia model is thought to be more
reproducible and relies on growing Mtb in defined hypoxic atmospheres that are controlled and
remain constant throughout culture. Using an oxygen tension of less than 1% inhibits growth;
however the bacteria remain viable (Yuan et al., 1998). These models, although not proven to
directly represent the conditions within the lung, aim to provide a basis for studying the bacteria.
Other Mycobacterium species including M. bovis BCG and M. smegmatis are also used to study the
non-replicative persistent state in vitro through promoting entry to stationary phase by growing the

cells in hypoxic conditions.
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1.7 Stress Responses of Mtb

The persistence associated with latent infection and expansion associated with active
disease of the Mtb bacterial population within a granuloma invariably involves a shift in the balance
of the physiological state of the bacteria. Investigating the infection cycle in mice, Barry (2009)
showed bacterial strains with gene disruptions in particular metabolic pathways exhibited different
defects over the course of the infection cycle, thus suggesting that the ability of the bacteria to
differentially regulate its metabolism during the progression of disease is important. These
metabolic shifts are likely to be driven by the varying conditions experienced within the host over
the cause of the lifecycle of Mtb and the infection stage. The availability of certain nutrients and
levels of oxygen to Mtb, and the amount of stress induced by infected host cells and the immune
response would all be transiently changing in a temporal manner.

Mtb has developed ways to deal with these types of stresses, whether biotic or abiotic in
nature, through biological processes that involve responding to certain stimuli. A response to stress
can be defined as ‘a change in state or activity of a cell or organism (in terms of movement,
secretion, enzyme production, gene expression, etc.) as a result of a disturbance in the organismal or
cellular homeostasis’ (EMBL database). Over the life cycle of Mtb there are key stages where the
bacteria may encounter different stresses. Mtb has a complex set of regulatory proteins which
includes thirteen sigma factors (SigA-M) which all fall into the Sigma-70 family (Cole et al., 1998).
When combined with specific promoter regions on the genome the factors can combine with RNA
polymerase in order to allow the modulation of transcription in response to external and internal
factors. SigA is the primary transcription factor and is essential for growth due to its importance in
general housekeeping gene control (Doukhan et al., 1995). The alternative sigma factors are then
up-regulated in response to particular signals.

Extracellular survival is important to ensure transmission between susceptible hosts and
possible stresses encountered here include temperature shock such as cold shock, which up-
regulates sigl (Manganelli et al., 2004), as the outside temperature is likely to be lower that the
optimal 37 °C encountered when inside the human host. Hu and Coates (1999a) postulated that the
surface of the alveoli within the lung may induce a detergent-type response due to the array of
phospholipids present, and it has since been found that sigB and sigE are up-regulated in response
to SDS-detergent (Managenelli et al., 2004). sigD is up-regulated in response to nutrient starvation
(Ramam et al., 2004), sigB is up-regulated in response to oxygen depletion and heat stress

(Mangenelli et al., 1999) and sigG is up-regulated during macrophage infection (Capelli et al., 2006).
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An Mtb knockout in sigF was shown to have reduced virulence in mice (Chen et al., 2000) and the
gene was shown to be upregulated in stationary-phase and after exposure to several stress agents in
M. bovis BCG (DeMaio et al., 1996).

Other regulatory mechanisms, including two component systems, are employed by Mtb to
promote survival in challenging conditions. An important two component sensor response system
with significance to this project is the DosS/DosR system, which is described in Chapter 1.8.

A further level of regulation occurs predominantly at the protein level via protein
phosphorylation, a detailed discussion of which is beyond the scope of this introduction. It is worth
noting that it has been suggested that Mtb is able to modify host proteins in addition to its own. The
tyrosine phosphatase PtpB has no known partner in Mtb and likely acts upon host proteins, leading
to the suggestion the protein could be a possible drug target (Zhou et al., 2010). An interesting area
of contention is whether the serine/threonine protein kinase PknG is able to phosphorylate protein
kinase C and thus promote intracellular survival (Walburger et al., 2004).

The purpose of the multiple levels of regulation is to allow the bacteria to survive stresses
including hypoxia, oxygen free radicals, nitric acid, pH, temperature shocks, nutrient starvation and

other stresses caused by the host immune response.

1.7.1 Reactive Oxygen Radicals

The hostile environment within macrophages is characterised by the abundance of toxic
chemicals including oxygen and nitrogen radicals. Cytotoxic reactive oxygen intermediates (ROIs)
cause damage as they are highly oxidising and can react with bacterial cell walls and particularly the
polyunsaturated phopsholipids of the cell membrane. Gordon and Hart (1994) showed that
macrophages produce ROIs in response to intracellular Mtb. The ability of Mtb to survive and
replicate within the toxic environment of the host macrophage is enhanced by enzymes such as
superoxide dismutase (SOD), which is an antioxidant that can detoxify superoxide into oxygen and
hydrogen peroxide. Methods to deal with peroxide complement this pathway, with Mtb producing a
protein that cyclopropanates mycolic acid double bonds, making them ten-fold less susceptible to

peroxide (Yuan et al., 1992).
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1.7.2 Reactive Nitrogen Intermediates

Reactive nitrogen intermediates (RNIs) produced by activated macrophages are also a key
element of the immune response. When murine macrophages are subjected to interferon-y they
are able to produce nitric oxide through the action of the enzyme nitric oxide synthase 2 (NOS2).
RNIs can also be produced when nitric acid is auto-oxidised and results in the accumulation of nitrite
(NO%), which can then generate and re-generate the radicals NO and NO, when at a low pH (Stuehr
& Nathan, 1989). The free radicals then damage proteins, lipids and DNA and are used as
antimicrobial agents. Exposure to NO results in a similar pattern of gene expression as when the
bacilli are subjected to hypoxia, as both conditions inhibit normal respiration (Voskuil et al., 2004).

Using mice models to study the role of RNI has indicated the importance o RNl. Mice
deficient in producing RNIs have shown an increased susceptibility to Mtb infection (Flynn & Chan
2003; Chan & Flynn 2004). NOS2 is therefore important for containing acute and chronic infection
but not involved directly in the complete eradication of the bacilli. To avoid damage, Mtb has
several factors that contribute to the survival, including the noxR1 and noxR3 genes that are known
to have a key role in allowing the bacteria to survive the toxic effect of RNIs, however the exact

mechanism of action of these genes that confer resistance remains unknown (Ruan et al., 1999).

1.7.3 pH Stress

As macrophages mature, they undergo an acidification process that can reach a pH of 4.5.
When Metchnikoff (1905) discovered phagocytosis he speculated that the waxy cell wall of Mtb is
likely to allow the bacteria to survive in these challenging conditions. Mtb is able to prevent the
acidification and halt the pH drop at a less damaging pH 6.3 (Sturgill-Koszycki et al., 1994). This low
pH still requires some gene up-regulation including genes that have role in metabolism, lipid
metabolism, virulence, cell wall proteins and regulatory proteins (Fisher et al., 2002). Vandal et al.
(2008) showed that Mtb survived in simple buffer at pH 4.5 and maintenance of the intrabacterial
pH was dependent on the membrane associated protein Rv3671c. ldentified through transposon
mutagenesis, Rv3671c was shown to be necessary to maintain intrabacterial pH in vitro and in

activated macrophages.
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1.7.4 Nutrient Starvation

The non-replicating state of the bacilli is suggested to be a result of the lack of availability of
nutrients including oxygen, carbon and amino acids. The stringent response to these conditions is
initiated by the accumulation of hyper phosphorylated guanosine (p)ppGpp and results in a variety
of protective measures to ensure persistence. Steps taken include the induction of stress response
genes and the shutting down of ribosomal RNA transcription machinery, which has a high metabolic
cost.

Mycobacteria alter their gene expression using different sigma factors such as SigD and
SigM, and begin protein degradation processes, stabilise RNA species including rRNA and tRNA, and
inhibit DNA replication. The Rel gene can hydrolyse and synthesise ppGpp and knockouts were

shown to be unable to establish long term infection in the Cornell mouse model (Dahl et al., 2003).

1.7.5 Hypoxia

Hypoxia is widely thought to be a key trigger for the Mtb bacilli to enter the non-replicating
persistent state. Mtb infections are preferentially associated with the most oxygen rich sites in the
body, indicating the importance of oxygen to the reactivation and continued success of the
pathogen. The host may induce hypoxic stress on the bacterium to limit the growth of the pathogen
in vivo. With the adaptive immune response mounted against the bacteria a granuloma forms when
the immune cells surround and entrap the bacteria, and oxygen is thought to be limiting within this
environment. In addition, if the granuloma proceeds to a calcified state, as seen in humans, the
formation of the calcified surrounding is thought to prevent gaseous exchange resulting in the
oxygen levels slowly depleting, thus leaving the encased bacteria in a hypoxic environment. The
altered metabolic state persists until the opportunity to reactivate arises.

The survival under challenging hypoxic conditions involves two main responses that have
been named the DosR transcriptional response and the enduring hypoxic response. In the short
term (<8 hours), the DosR response involves the upregulation of approximately 50 genes (Roberts et
al., 2004); however, over increased time more than 400 genes are shown to be upregulated by day 4
of oxygen limitation. After one week of hypoxic conditions, up to 730 genes are upregulated and the
subset of genes induced between day 4 and day 7 have been named the enduring hypoxic response
(Rustad et al., 2008). Sigma factors Sigk and SigH are two such genes that are upregulated within

this period. The enduring hypoxic response genes are upregulated several days after the dos
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regulon but then return to basal levels (Rustad et al., 2009). It is clear the long term survival of the
bacteria and entry into a non-replicating persistent state is multifactoral and hypoxia alone is only

one of the contributing factors promoting latency within the host.

1.8 The DosR Regulon

Studying the transcriptomic response to hypoxia, using microarrays, Sherman et al., 2001,
identified roughly 100 genes that underwent altered expression. Metabolic activity was notably
reduced in genes relating to lipid, protein and amino acid synthesis and DNA replication. Among the
upregulated genes was the two component sensor-regulator DosR/DosS system. Tetrameric DosR is
able to interact with DNA and through interactions with the sensors DosS/T, which are both histidine
kinases, DosR acts as a transcriptional regulator. The DosS protein is able to indicate the net redox
state of the cell as it can bind ferrous iron, whereas the DosT protein is able to bind haem bound to
0, and therefore directly senses the oxygenic state of the cell.

Subsequently, studies using a knockout dosR strain, determined that the gene was required
to allow induction of nearly all the initial genes induced by hypoxia (Park et al., 2003). Further
studies have since linked the DosR response to an array of stress conditions including the response
to nitric oxide (Voskuil et al., 2003), in macrophages (Schnappinger et al., 2003) and in early
(Karakousis et al., 2004) and late (Shi et al., 2003) mouse models of TB infection, to carbon
monoxide (Kumar et al., 2008), SDS (Pang et al., 2007) and low pH (Rohde et al., 2007). However,
the DosR knockout strain did not have the strong growth phenotype that was predicted and could
enter bacteriostasis when grown in vitro in the Wayne hypoxia model. The mutant strain had no
phenotype until week 3, where a 1-2 log survival defect was present.

The DosR transcriptional response is, therefore, not synonymous with the dormancy
response and is now thought to play a more focused regulatory role in the response to
nitrosative/redox stresses and in response to other respiratory challenges. In a recent study
Leistikow et al. (2010) showed a mutant unable to upregulate the Dos regulon had defects in
maintaining ATP and NADH levels. The mutant showed delayed resuscitation from the exit of
hypoxia in growth experiments.

Of the approximately 50 genes that were highlighted by Park et al. (2003) as being induced
during the DosR response, only a small number have a known function. Upregulated genes for
which a function is known include the narX, nark2, fdxA genes, involved in nitrate accumulation and

alternative electron transport, and the nrd3 and tgsl genes, involved in dANTP and triglyceride
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synthesis respectively. The majority of genes, however, were found to be conserved hypothetical
proteins. Interestingly, a number of the conserved hypothetical proteins were classed as putative
proteins that belonged to the Universal Stress Protein (USP) superfamily. In Mtb, the USPs Rv2623,
Rv2005c, Rv2028c, Rv2624c, and Rv3134c were all shown to be upregulated when oxygen is limiting
via the DosR-mediated response (Sherman et al., 2001). The orthologous two-component response
regulator in M. smegmatis, DevR, has also been shown to control the expression of some of the USPs
present in this bacterium (O'Toole et al., 2003).

These USPs, therefore, may help the Mycobacterium adapt and survive when under hypoxic
conditions. As some USPs were discovered as members of the DosR regulon, it is possible that
understanding USP function could lead to further understanding of the DosR hypoxic adaptation.
This is supported by the fact that nitric oxide also induces the DosR regulon described and the

discovery that Rv2623 is expressed after phagocytosis by the host macrophage (Mohan et al., 2001).

Part Il: Universal Stress Proteins

1.9 E. coli UspA

When E. coli cells undergo the transition from exponential growth phase to stationary
growth phase, there are a number of physiological changes undertaken to promote survival. A
variety of cellular processes including cell wall structural organisation, gene expression, DNA
organisation and metabolism are modified (Kolter, 1995). The changes result in the cells becoming
resistant to a variety of stresses including heat shock, UV light, changes in pH, osmotic shock and
oxidation (Jenkins et al., 1988, Lange & Hengge-Aronis, 1991, Small et al., 1994).

Nystrom, & Neidhardt, 1992, identified the key protein Universal Stress Protein A in E. coli
and described the protein as having unique responsiveness to diverse stress conditions. The gene
was found to be upregulated in response to a wide variety of environmental stresses such as heat,
ethanol, osmotic, nutrient starvation (including stationary phase) and damaging agents such as
antibiotics, oxidants and metals. A cytoplasmic protein, UspA was shown to be one of the most
abundant proteins in growth arrested cells. E. coli with an inactivated uspA gene was found to be
more sensitive to the wide array of stresses. The name ‘Universal Stress Protein’ has continued to be

used and subsequently related genes have been placed in the UspA superfamily.
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UspA was found to be a serine and threonine phosphoprotein and it was shown that the
phosphorylation in vivo is dependent on the TypA phosphotyrosine protein (Freestone et al., 1997,
Freestone et al., 1998). The transcriptional regulation of uspA was shown to occur through a 670-
dependant promoter (Nystrom and Neidhardt, 1992); however, differential expression suggests
there must be other control levels of transcription initiation. Indeed, Nystrom and Neidhardt, 1994,
showed that transcription of uspA is rapidly turned off when the growth arrested bacteria are
subjected to a nutritional up-shift. uspA is part of the FadR regulon, which is involved in fatty acid
and membrane lipid metabolism (Farewell et al., 1996).

Further analysis of the E. coli genome (Blattner et al., 1997) revealed the presence of six usp
family genes, uspA, uspC, uspD, uspE, uspF and uspG. After the name was widely accepted, the UspA
gene was shown to be repressed in some stress conditions including exposure to the antibiotic

tetracycline and cold shock (Nystrom & Neidhardt, 1993).

1.10 UspA Superfamily

1.10.1 Distribution

The Universal stress protein A (UspA) superfamily is a conserved group of proteins present in
Eukaryotes, Eubacteria and Archae (Figure 1.4). USPs all contain at least one USP domain consisting
of ~150 amino acids. The role of the domain is, however, unknown. The abundance of USP domains
varies depending on the organism. In Archaea, Cyanobacteria and some plants, USP domains have
been shown to be present in proteins that contain other functional domains such as protein kinases

and amino acid permeases (Kvint et al., 2003).
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Figure 1.4. Taxonomic distribution of the universal stress protein domains across the kingdoms of life. The
numbers refer to the number of USP domain containing proteins within the classification groups listed. The
distribution web contains USPs that have been identified by genome sequencing and analysis as of

December 2010 (EmBL Database).

USPs are found in 106 species of Eukaryotes including 4 species of metazoan, 43 species of
plants including common crops such as barley, rice and wheat, and 49 species of fungi, including
industrial important yeasts and penicillin species. The 38 domains found in metazoans include a
single USP in the chordate Salmo salar (Atlantic salmon); 18 USPs in two species of Blood Fluke in
Plathyhelminthes and finally 19 USPs found in Nematostella vectensis (Starlet Sea anemone). The
number of USP domains in higher eukaryotes is low suggesting they do not require this family of
proteins or that other proteins have replaced the biological roles of USPs.

USPs in the plant kingdom have been shown to be involved in stress adaptation when rice is
submerged in water (Sauter et al., 2002), response to pathogens in barley (Steiner-Lange et al.,
2003) and fruit ripening in tomatoes (Zegzouti et al., 1997). In rice and tomatoes, the expression of
USPs has been linked to the plant hormone ethylene and it was shown changes in metabolic activity

leads to an increase in expression of the USPs.
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1.10.2 Structural Forms of USPs

USPs appear in three main structural forms; single domain USPs, tandem domain USPs and
USP domains fused with other catalytic domains. Bacterial usp genes normally encode either a small
USP that contains one USP domain or a larger USP consisting of two tandem USP domains (Figure
1.5). Single and tandem protein domains have been show to make up approximately 80% of USPs
in Eubacteria and Archae, but only 50% in Eukarya (Siegele, 2005). Siegele (2005) describe that the
biochemical and biological functions of USPs largely remain elusive. The ubiquitous nature of USPs
in prokaryotes and limited distribution in eukaryotes means the biological role of the superfamily

remains an intriguing unresolved enigma.

Type of Usp family protein Crganisms
Usp Bacteria, Archea, Planis
Usp  Usp Bacteria, Archea,
TrHAC Usp Bacteria
Ma*H* exchanger Usp Cyanobactena
Ma*/H* suchanger Usp  Usp Cyanobactena
Aming acid permease Usp  Usp Archea
\oltage gated C channel £es cBs | Usp Cyancbactena
Votage gated Cchannel ~ CBS cB3  Usp  Usp Cyanobactena
SenThr Protein kinase Usp Bacteria
Usp Protein kinaze Plants
Cument Gpinian In Meraickagy

Figure 1.5. Schematic representation of different UspA family proteins and their presence in
different organisms. Cystathionine-b synthase (CBS) domains are small intracellular modules of

unknown function. The exact function of the TrkAC domain is unknown. (Kvint et al., 2003).
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1.11 USP Classification

Crystal structures of the UspA protein from Haemophilus influenzae (subfamily UspA) and
MJ0577 protein from Methanococcus jannaschii (subfamily UspFG) show the proteins share similar
structures, with both forming stable asymmetric homodimers (Sousa and McKay, 2001, Zarembinski
et al., 1998). Interestingly, when MJ0557 was crystallised it was shown to be bound to ATP.
Combining structural and sequence alignment data analysis, Sousa and McKay (2001) identified the
ATP-binding motif, G-X,-G-Xs-G(S/T) from amino acid residues 127 to 141. Although most USP
domains do contain the consensus sequence it should be noted that not all USP proteins have this
motif, for example UspA from Haemophilus influenzae, which is unable to bind ATP (Sousa & McKay,

2001).

1.11.1.1 PP Loop Superfamily

The PP loop superfamily takes its name from the ATP PyroPhosphatase domain originally
found by analysis of conserved amino acid sequence motifs that were shown to be present in four
groups of enzymes capable of hydrolysing ATP between the a-p phosphates. The four enzyme
groups are GMP synthetases, asparagine synthetases, argininosuccinate synthetases and ATP
sulfurylases (Bork & Koonin, 1994). The conservation of particular amino acids gave similar
secondary structures within these proteins and it was hypothesised that the motif found was
actually a modified version of the common P-loop nucleotide binding domain, which is involved in
contact with the nucleotide.

The PFAM database describes the USP family (Pfam 00582) as belonging to the PP-loop clan
(CLO039). With increased statistical analysis of amino acid sequences there are now 12 members of
the clan including Arginosuccinate synthase, Asparagine synthase, ATB_bind_3, ATP_bind_4, DNA
photolyase, Electron transfer flavoprotein, ExsB, NAD synthase, Phosphoadenosine phosphosulfate
(PAP) reductase family, Thiamine biosynthesis protein (Thil), tRNA methyl transferase and finally the
USPs. The so called PP-motif does show alterations and modifications between the members of the
clan, showing that evolution of new enzymatic functions for the PP-loop structure has lead to a
diverse range of functional activities. An example is the homotetrameric arginosuccinate synthase,
found in prokaryotes, archaebacteria and eukaryotes, that is an enzyme involved in the urea cycle.
The enzyme is involved in arginine biosynthesis and catalyses the ATP dependent ligation of citrulline

and aspartate to form argininosuccinate, AMP and pyrophosphate.
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Through studying the USP folds and ligand binding, Aravind et al. (2002) suggested that
USPs, the electron transfer flavoprotein (ETFP) and the photolyase family may all be related and may
form part of a much larger clade of USP-like domain proteins. The a/p folds within these proteins
was termed the HUP domain (HIGH-signature proteins, USP-like domains and PP-loop ATPases) and
it was proposed that these proteins have a common ancestor.

The Superfamily database describes the Adenine nucleotide alpha hydrolases-like
superfamily as having a general functional role in metabolism with particular reference to nucleotide
metabolism and transport. The SCOP (Structural Classification of Proteins) database places the USP
protein family with this Adenine nucleotide alpha hydrolases—like superfamily. The database
classifies the superfamily as having an adenine nucleotide alpha hydrolase-like fold consisting of a
core with a three layer alpha/beta/alpha core and a parallel beta-sheet of five strands. This type of
fold is then placed within a class called alpha and beta proteins (o/B) which consists of mainly

parallel beta sheets (beta-alpha-beta units).

1.11.1.2 The G-X2-G-X9-G(S/T) Nucleotide Binding Motif

The conserved G-X,-G-Xo-G(S/T) nucleotide binding motif perhaps gives some indication as
to the role of the USPs. MJ0577 protein was first crystallised with ATP-bound nucleotide present
(Figure 1.6A). Zarembinski et al. (1998) stated that MJ0577 itself did not hydrolyse ATP, although it
can with the addition of Methanoccocus cellular lysate; suggesting there maybe factors that are
present to allow ATPase activity in vivo. The conserved residues were shown to assist in the
coordination of the ATP nucleotide. Gly127 hydrogen bonds to ribose, Gly130 hydrogen bonds with
the B-phosphate, Gly140 interacts with the a-phosphate and Serl41 hydrogen bonds to the y-
phosphate of ATP (Figure 1.6B). Other conserved residues which interact with ATP, such as
aspartate at position 13 and valine at position 41, which is in contact with the base, were also
described (Zarembinski et al., 1998). However, the significance of the ATP-binding motif remains

unknown (O’Toole & Williams, 2003).
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Figure 1.6. ATP binding of the Methanococcus jannaschii MJ0577 protein. (A) Crystal structure of MJ0577

protein with highlighted residues. (B) Conserved nucleotide binding residues are boxed. The ATP molecule

is shaded in pink.
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UspA from H. influenzae was shown not to have the ATP binding motif and, in the place of
the glycine residues, were the bulky amino acids glutamine and methionine. These bulky residues
are likely to impair the ATP-binding capabilities of the protein (O’Toole & Williams, 2003). The USP
superfamily was suggested to be grouped in to two distinct classes; based on the presence/absence
of the ATP-binding motif (Sousa & McKay, 2001; Kerk et al., 2003). The two groups are likely to have
evolved to perform different roles within the cell. The USPs which do not contain the putative
nucleotide binding motif likely form a group of ancestors to UspA-like proteins (Aravind et al. 2002).
Possible functions suggested for USPs include that they may serve as molecular switches, capable of
relaying signals depending on the nucleotide bound state (Zarembinski et al., 1998; Aravind et al.,

2002).

1.12 USP Function

1.12.1 Function of E. coli USPs

Studies of E. coli mutants which failed to induce the uspA, uspC, uspD and uspE genes
revealed mutations in the genes relA and spoT. These two genes have important roles in the
production of hyperphosphorylated guanosine (ppGpp) (Xiao et al.,, 1991) and it has been shown
ppGpp has a role in controlling the expression of uspACD and E. When E. coli is faced with nutrient
starvation, the bacteria undergo a stringent response which involves ppGpp accumulation and
repression of ribosomal and transfer RNA synthesis. Other work on ppGpp levels by Jones et al,,
1992, showed that a temperature downshift applied to E. coli resulted in lower levels of ppGpp
production. The reduced levels of ppGpp may explain the lack of UspA induction under the cold
shock stress condition.

The proteins UspACD and E form a class of proteins which have a role in protecting the cell
against DNA-damaging agents (Kvint et al.,, 2003). These USPs have been linked to survival in the
presence of genotoxic agents, defence against oxidants and respiratory uncoupling agents (Nystrom
& Neidhardt 1993, 1994, Farewell et al., 1996, Diez et al., 2000). The other USP proteins in E. coli are
the UspFG type which are ATP-binding proteins and therefore potential ancestors of UspA-like
proteins. E. coli uspG mutants are sensitive to respiratory uncouplers but not DNA-damaging agents

(Bochkareva et al., 2002) suggesting the roles of the two classes of USP may be distinct.

48



The Universal Stress Proteins of Bacteria

1.12.2 USP Function in Other Bacteria

There are 9001 USP sequences described in the Pfam database. Of these, 7655 USP domains
are found in a total of 1306 species of bacteria. The number of USPs in different bacterial species
varies widely, with the largest number of usp genes found in the bacterial genome of the
Halobacteriaceae, where osmoregulation is a continued challenge. In addition, the organism
Natrialba magadii ATCC 43099 has 54 USPs consisting of 66 domains. Evidence for the biological
role of USPs thus far is circumstantial and the general role the family of proteins play remains largely
unresolved. Studying the role of USPs has highlighted some examples where the USPs are involved
in bacterial responses to stress.

Liu et al., 2006, found that UspA of Salmonella typhimurium was induced by nutritional,
oxidative and temperature stress. In another case, UspA mutants of the periodontal pathogen
Porphyromonas gingivalis indicated that UspA was involved in biofilm formation and showed that
UspA mutants were less tolerant to certain conditions including oxidative and antibiotic stresses
(Chen et al., 2006). A significant amount of work has been undertaken in the last few years by Max
Schobert on Pseudomonas USPs. Work on the opportunistic pathogen Pseudomonas aeruginosa has
shown the USPs PA3309 and PA4352 to be significantly involved in the survival of the bacteria under
anaerobic conditions (Boes et al., 2006; Schreiber et al., 2006). One of these proteins, PA3309, is

discussed in a later chapter (Chapter 5).

1.13 The USPs of Mtb

By studying Mycobacterium species in stationary phase, members of the UspA superfamily
have been identified which are expressed under conditions of hypoxia or nutrient depletion (Boon et
al., 2001, O'Toole et al., 2003). The number of USPs in other Mycobacterial species varies; however
the USPs are highly conserved between Mtb and M. bovis, with both containing ten USPs. The
difference between the numbers of USP is exemplified when comparing M. smegmatis and M.
leprae. M. smegmatis is a fast growing Mycobacterium species, contains 17 USPs, whereas the
obligate intracellular pathogen, M. leprae, contains a single USP, ML1390. M. leprae has lost a vast
amount of its genome (~2000 genes) compared to Mtb, through extensive genome decay (Cole et
al., 2001) and the single domain USP, Rv1636, remaining may be vital to its survival.

Mtb H37Rv encodes ten proteins classified within the USP family in the Pfam database (Pfam

accession number PFO0582, www.sanger.ac.uk). The domain organisation of the USP proteins falls
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into 5 classes, shown in Figure 1.7A. The first class encompasses Rv1636 (146 aa) which consists of a
single USP domain. The second class compromising six proteins with tandem USP domains includes
Rv1996 (317aa), Rv2319c (292aa), Rv2005c (295aa), Rv2026¢ (294aa), Rv2623 (297aa) and Rv2624c
(272aa). Rv3134c (268aa) and Rv2028c (279aa) make up the third class which contain a single USP
domain fused to another C-terminal domain of unknown function. It is possible the second domains
are actually distantly related USP tandem domains. The homology of each of the USPs is shown in
Figure 1.7B and shows two main clusters with Rv1636 and Rv2319c the most distantly related.
Finally the KdpD protein (860aa) at locus Rv1028c has a USP domain fused in between other
catalytic domains. The KdpD protein has a role in regulating high-affinity K+ transport as part of a
two-component sensor-effector regulation system (Walderhaug et al., 1992). Figure 1.7B shows the

sequence alignment relatedness and groups the Mtb USPs (excluding KdpD protein) into four

clusters.
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Figure 1.7. The USPs of Mtb. (A) Domain organisation of the USP’s from Mtb. Red dot indicates the
presence of the NTP-binding motif. Red star indicates induced under control of DosR regulon. (B)
Phylogenetic tree of the USP proteins from Mtb. The red numbers are the branch support values (x100 to

get percent) and the branch lengths indicate the degree of divergence.
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Eight of the ten Mtb USP’s contain at least one conserved motif G-X,-G-Xo-G(S/T). The
partial 103 bp USP domain in Rv1028c does not contain the conserved motif and Rv2319c contains
the sequence G-X,-P-X5-GS twice within the domain where the middle conserved glycine is changed
to a proline. The impact of this on function is not clear and remains to be determined. Of the
tandem USP domains all contain two conserved motifs except the second USP domain in the
Rv2624c protein, which contains the similar sequence G-X;-G-X,-GPS.

The number of USPs in other strains of Mtb can also be compared. Currently six
phylogeographic lineages that make up the Mtb global population have been described (Gagneux et
al., 2006). The Haarlem genotype (taxID:395095), part of the Euro American phylogeographic group,
which accounts for 25% of cases in Europe, central America and the Caribbean, has undergone at
least four significant deletions (Cubillos-Ruiz et al., 2010). The strain has 9 USPs and does not
contain the tandem USP Rv2026¢. The bacteria can therefore survive and cause disease without this
USP, indicating there may be redundancy between these USPs.

The different genotypes of Mtb are known to exhibit different levels of pathogenecity and
cause different immune responses in animal models (Lopez et al., 2003) and in human disease. The
differences between strains can give information about the importance of particular genes and
through studying the strain variability of circulating lineages important considerations for drug

development may arise.

1.14 Why Study the Mtb USPs?

Mtb is a highly successful pathogen, responsible for huge amount of morbidity around the
world, and has developed many evasion and survival mechanisms to ensure survival within the
human host. To discover the finer details of the survival of Mtb within macrophages remains a large
challenge to the research community. The survival of the bacilli within the cells that are at the
forefront of the immune defences is part of what allows Mtb to continue to be a global burden and
understanding this is key to the development of new improved immunotherapeutic strategies.

Due to its global impact Mtb is a currently widely researched and relatively well funded with
modern non-for-profit charities such as the Bill and Melinda Gates foundation recognising the global
importance of TB research. Treatment of tuberculosis involving the current drug program is 40 years
old and takes many months to administer, which is a huge issue regarding compliance and drug
resistance. Policy makers and mandates are required to tackle the ongoing problems in the fight

against tuberculosis, which remains one of the world’s most deadly diseases.
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The TB Alliance global report suggests in the next 10 years that TB alone will cost the world’s
poorest countries between 1 and 3 trillion dollars. TB is a devastating disease and is responsible for
jeopardising healthcare systems and crippling economies and communities across the world. TB
incidence is at an all time high (TB Alliance Annual report 2009) and to reverse the trend there are
many scientific, regulatory and social hurdles to overcome.

With the challenges facing the control and containment of TB, research areas are required to
be focused. One area of research key to the survival of the bacteria with the host over long periods
of time is the ability of the bacteria to respond and endure the stresses that the bacteria encounter
over the infection cycle. The Mtb proteins involved in surviving within the host macrophages and
those which modify the cells’ transcriptional activity all contribute to the persistence of the bacteria
and to a successful infection/disease progression.

Finding out how the bacteria resist the toxicity of the macrophage can provide targets for
drug development. The ability of Mtb to survive the numerous stresses previously described
including ROIS, RNIs, pH and nutrient starvation, dictates that Mtb is an ideal candidate to study the
USP superfamily, as these proteins have been linked to stress survival in a variety of organisms.
Indeed, several USPs are upregulated in macrophages with Schnappinger et al., 2003, showing USP
Rv2623 is upregulated in human and mouse macrophage infections. The superfamily also are linked
to the dormancy survival regulon (DosR) with six USPs having been shown to be part of the regulon.
Dormancy of Mtb is currently a key research and the importance of the superfamily to Mtb survival
is of great interest.

The key to understanding the role of USPs involves researching the biochemical
characteristics, studying the structure and determining a role for the USPs within the cell. USPs are
widely distributed; however a common function for the small proteins is yet to be elucidated. Any
research on USPs can also be applied to other associated areas of biology and with the large amount

of bioinformatic databases the potential for inter-linked research is high.

1.15The USP Rv1636

Rv1636 is the smallest of the USPs in Mtb consisting of 146 aa, with a molecular mass of
15.312 kDa. Rv1636 is 100% identical to M. bovis protein Mb1662 and 89% identical to the sole USP,
ML1390, of M. leprae TN (Figure 1.8). The retention of this protein in M. leprae suggests it may have
an important function for intracellular survival in M. leprae and, by implication, Mtb also. Rv1636

contains the nucleotide binding sequence conserved motif G-X,-G-Xs-G(S/T) and an alignment of
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Rv1636 with the studied USPs MJ0577, UspA from E. coli and the UspA from H. influenzae is shown
below (Figure 1.8). The protein is described as an iron regulated protein and has been shown, by
Schnappinger et al. 2003, to be expressed in the presence of palmitic acid.

Rv1636 has been studied in Huw Williams’ laboratory because it is the most similar to the
well studied UspA of E. coli and because it has similarities to protein ML1390 of M. leprae as
previously mentioned, and also as the protein has been shown to be soluble when over-expressed in
E. coli, which is not the case with many of the other USPs (Williams, personal communication). It is
also the only single domain USP protein in Mtb which may indicate it is a fundamentally valid place

to start the analysis of the USPs of Mycobacterium species.
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Figure 1.8. Protein sequence alignment of Rv1636 with ML1390 (M. leprae), MJ0577 (Methanococcus

jannaschii), UspA (E.coli) and UspA (H. influenzae). The ATP binding motif first identified in MJ0577, is

boxed. The alignhment was constructed using BioEdit Sequence Alignment Editor.

54




The Universal Stress Proteins of Bacteria

1.16 Aims and Objectives

Universal Stress proteins (USPs) are widespread in Eukaryotes, Eubacteria and Archae, and
yet the roles of the proteins are largely unknown. The research into USPs aims to determine the
common role of the USP domains in biology, which have been described in over 9000 proteins.
Studying the USPs of Mtb aims to determine the role USP play with particular reference to how the
bacteria persist within granulomas in the lungs through enduring the stresses present. This project
explores the role of USPs in mycobacterial metabolism, persistence, stress responses and
pathogenesis, with particular emphasis on the USP Rv1636. Of the 48 genes in the DosR regulon,
identified by Sherman et al., 2001, most are conserved hypothetical proteins. Six of these are
Universal Stress Proteins leading to the hypothesis that understanding the roles of USPs will provide
an insight into the function of the DosR regulon and the mechanism of hypoxic adaptation.

Previous work in the Williams group has focused on the biochemistry of Rv1636 and initial
experiments sought to confirm and extend previous observations. The protein had been shown to
have a number of putative biochemical activities including autokinase activity, phosphatase activity
and autonucleotidylylation capabilities. Experiments are described with the aim of identifying key
residues of the Rv1636 protein that are involved in these activities. Site-directed mutagenesis was
employed to create a range of mutant proteins that were assayed for these activities in order to
identify the function of the biochemical activities. A deposited crystal structure was analysed and
further structural information was obtained through other experimental methods including multi-
angle light scattering and analytical ultra centrifugation. In addition, the oligomeric state of the
protein was proposed to provide clues to the role of the Rv1636.

The project also aimed to identify the biological role of Rv1636 and to investigate any
proteins that specifically interact with the homologue of Rv1636 from M. bovis, Mb1662. Initially
using a biochemical approach, work began with co-immunoprecipitation experiments to isolate any
interacting proteins. Isolation of an Rv1636 knockout would also aid characterisation and attempts
to complete this line of work are described. Additional research has also focused on Pseudomonas
aeruginosa USP PA3309, a USP for which a mutant and phenotype have been published. The P.
aeruginosa work provided an opportunity to determine if the nucleotide binding motif was active in

vivo.
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The key questions to be addressed in order to characterise the functionality of USPs are:

Are the previously discovered putative autokinase, autonucleotidylylation and RNA
triphosphatase activities true biochemical activities of Rv1636? (Chapter 3)

Can the level of NTPase activity of Rv1636 preparations be increased? (Chapter 4)

What is the biological role of the USPs in Mtb? (Chapter 5)

Does the nucleotide binding motif of the P. aeruginosa PA3309 protein contribute to the
anaerobic survival phenotype? (Chapter5)
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Chapter 2 - Materials and Methods
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2.1 General

Radiochemical work was undertaken following general safety procedures and the specific

local rules set out in the laboratory. Chemicals were purchased from Sigma unless otherwise stated.

2.1.1 Media

Table 2.1. Composition of media

Name

Composition per litre

Luria Bertani (LB) broth

10 g tryptone (Oxoid), 5 g yeast extract (Oxoid), 5 g NaCl.

LB agar LB broth plus 15 g Agarose (Oxoid).

7H9 broth 4.7 g Middlebrook 7H9 broth powder (BD), 2 ml glycerol, 0.05%
(v/v) Tween 80, 100 ml sterile Middlebrook OADC supplement (BD)
added before use.

7H10 media 19.47 g Middlebrook 7H10 agar base (BD), 5 ml glycerol, 100 ml

sterile Middlebrook OADC supplement (BD) added before use.

Pseudomonas Isolation Agar

45.03 g Fluka Pseudomonas Isolation Agar, 20 ml glycerol.

SOC media

20 g tryptone (Oxoid), 5 g yeast extract (Oxoid), 10 mM NaCl, 2.5
mM KCl, 10 mM MgCl,, 10 mM MgS0O,, 20 mM glucose.

LB media was autoclaved at 120 °C for 15 minutes. 7H9 and 7H10 were autoclaved in a pressure

cooker for 7 minutes. Media was made with dH,0. BD is Becton, Dickinson and Company.
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2.1.2 Buffers and Solutions

Table 2.2. Buffers and solutions

Buffer Composition per Litre

Phosphate-buffered saline | 200 mM NaCl, 1.8 mM KH,PO,, 10 mM Na,HPO,, 2.7 mM KCl (pH
(PBS) 7.3)

Tris-Acetate-EDTA (TAE) 40 mM Tris, 40 mM acetate, 1 mM EDTA (pH 8.0)
Tris-Glycine Buffer 25 mM Tris (pH 8.3), 250 mM glycine, 0.1% (w/v) SDS
Tris-Borate-EDTA (TBE) 89 mM Tris, 89 mM Boric acid, 2 mM EDTA (pH 8.0)
Transfer Buffer 1 M Tris-HCI (pH 8.3), 192 mM glycine, 20% methanol (v/v)

Thin layer Chromatography | 0.7 M Boric acid 0.4 M K,HPO,
buffer

Thin layer electrophoresis | 5% (v/v) acetic acid, 0.5% (v/v) pyridine, pH 3.5
buffer

Buffers were sterilised with 32mm Syringe Filter with 0.45um or 0.22um Supor® membranes (PALL

life Sciences).
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2.1.3 Antibiotics

Table 2.3. Antibiotics and solvents

Antibiotic Stock Working Working Working

(supplier) concentration | concentration | concentration concentration
(mg-ml?) E. coli Mycobacterium | Pseudomonas

[Solvent] (ug-ml™) (ng ml?) (ng ml?)

Ampicillin 50 50 N/A N/A

(Sigma)

Hygromycin 50 150 50 N/A

(Roche)

Chloramphenicol 25 25 N/A N/A

(Sigma)

Kanamycin 40 40 40 N/A

(Sigma)

Tetracycline 10 15 N/A 150

(Sigma)

Carbenicillin 100 N/A N/A 500

(Sigma)

Antibiotics were dissolved in water before filter sterilisation using a 0.2um filter. Chloramphenicol

was dissolved in 100% ethanol.
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2.1.4 Strains

Table 2.4. Strains

Strain Description or genotype Source

M. tuberculosis H37Rv Wild type -

M. bovis BCG Pasteur Wild type -

M. smegmatis mc’ 155 Wild type -

E. coli XL-1 blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac | Stratagene™
[F’ proAB lacl’ZAM15 Tn10
(Tet")] Subcloning competent cells

E. coli Rosetta (DE3) F ompT hsdSB (rB-mB-) gal dcm (DE3) pRARE (Cam") | Novagen™

BL21 derivative with additional copies of rare tRNA
genes present on the PpRARE plasmid.

Chloramphenicol resistance.

E. coliS17.1 Donor strain derived from E. coli 294. Simon et al.,
recA pro hsdR RP4-2-Tc::Mu-Km::Tn7 1983
E. coli DH5a fhuA2  A(argF-lacZ)U169 phoA gInV44  ®80 | Invitrogen™
A(lacZ)M15 gyrA96 recAl relAl endA1 thi-1 hsdR17
P. aeruginosa PAO1 Wild type Schreiber et
al, 2006
P. aeruginosa KS17 PAO1 APA3309, Wild type with PA3309 knockout. Schreiber et
al, 2006
P. aeruginosa KS28 KS17 attB::mini-CTX2 Schreiber et
al, 2006
P. aeruginosa KS29 KS17 attB::PA3309 Schreiber et
al, 2006
P. aeruginosa KS27 PAO1 attB::mini-CTX2 Schreiber et

al, 2006
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Table 2.5. Plasmids and origin
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A. General
Plasmid Description Source
pPGEM-Te Direct PCR cloning vector, ampicillin | Promega
resistance
pET15b His-tag protein expression vector, ampicillin | Novagen
resistance
pET41a Protein Expression vector, kanamycin | Novagen

resistance
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B. Mycobacterial Vectors

Plasmid Description Source
pET15b-Rv1636. pET-15b containing the Rv1636 gene Leiva, 2007
pGEM-Te-Rv1636 pPGEM-Te containing the Rv1636 gene Leiva, 2007
GST-Rv1636 vector Vector containing Rv1636 gene with GST tag | Leiva, 2007
pPET41a-Rv1636,yr pET41a containing Rv1636yy«r This study
pPET41a-Rv1636,rr pET41a containing Rv1636yy This study
pPET41a-Rv1636yacr pET41a containing Rv1636yaxr This study

pMV261 Mycobacterial  non-integrating  vector. | Stover et al., 1991
Expression under control of HSP60
promoter.

pMV361 Mycobacterial integrating vector, | Stoveretal., 1991

kanamycin resistance. Expression under

control of HSP60 promoter

pMV261::Rv1636 pMV261 with Rv1636 under the control of | This study
Hsp60 promoter.

pMV361::Rv1636 pMV361 with Rv1636 under the control of | This study
Hsp60 promoter.

pMV306::Rv1636 pMV361 with Rv1636 under the control of | Leiva, 2007

Hsp60 promoter.

pSE100

Expression vector

Guo et al., 2007

pSE100::Rv1636

Expression vector containing Rv1636 and

ribosome binding site.

This study

pMCls Tetracycline repressor. tetR is expressed | Guo et al., 2007
from a strong mycobacterial promoter
pMC2m Tetracycline repressor. tetR is expressed | Guo et al., 2007

from a mycobacterial promoter of

intermediate strength

PSMT100::Rv1636

Mtb suicide vector containing Rv1636 gene
region. PSMT100 vector from Dussurget et
al., 2001.

Levia, 2007

63



The Universal Stress Proteins of Bacteria

C. Pseudomonas Vectors

Plasmid

Description

Source

Mini-CTX2

Pseudomonas integrating vector.

Schreiber et al.,

2006

Mini-CTX2::PA3309

Mini-CTX2 vector containing the PA3309

Schreiber et al.,

gene and upstream  (255bp) and | 2006
downstream (456bp) regions
Mini-CTX2::PA3309:115a | Mini-CTX2::PA3309 with glycine at position | This study

118 mutated to alanine.

pFLP2 Flip recombinase (FLP) encoded on plasmid. | Hoang et al., 1998
Ampicillin resistant
pUCp18 Pseudomonas non-integrating  vector. | Schweizer 1991

Expression under control of proteins natural

promoter. Carbenicillin resistance.

pUCp18::PA3309

pUCp18 with PA3309 gene with 456bp

upstream and 255bp downstream.

This study
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2.1.6 Oligonucleotides

Table 2.6. Primers used in site directed mutagenesis of Rv1636 (SDM) (Chapter 3). Base changes are
highlighted in bold.

Primer Primer Sequence 5’->3’

D12A sense GTG GTA GGA ACC GCC GGT TCG GAC TCG
D12A anti-sense CGA GTC CGA ACCGGC GCT TCCTAC CAC
G113A sense CTG CTG GTC GTC GCC AAT GTC GGT CTG AG
G113A anti-sense CT CAG ACC GAC ATT GGC GAC GAC CAG CAG
G116A sense CGT CGG CAA TGT CGC TCT GAG CAC GAT CG
G116A anti-sense CG ATC GTG CTC AGA GCG ACA TTG CCG ACG
G126A sense GT CGG CTG CTC GCA TCG GTA CCG GC

G126A anti-sense GC CGG TAC CGA TGC GAG CAG CCG AC

S127A sense GT CGG CTG CTC GGA GCG GTA CCG GC

S127A anti-sense GC CGG TAC CGC TCC GAG CAG CCG AC
S16A-S17A sense GAC GGT TCG GACGCG GCG ATG CGA GCG G
S16A-S17A antisense C CGC TCG CAT CGC CGC GTC CGA ACC GTC
S118A sense GC AAT GTC GGT CTG GCC ACG ATC GCG GGT C
S118A anti sense G ACC CGC GAT CGTGGC CAG ACC GAC ATT GC
D139A sense CGG GCC AAG GTC GCC GTG CTG ATC GTG
D139A antisense CAC GAT CAG CAC GGC GAC CTT GGC CCG
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Table 2.7. Primers designed to create the truncated versions of Rv1636 (Chapter 4). Codons in bold highlight

the base pair changes. Underlined sequences are restriction sites. The histidine tag is underlined with a

dashed line.

Primer Name

Primer Sequence 5’->3’

Rv1636yykr forward
TTTTTTCATATGTATAAGACCGTGGTGGTAGGAACCG
poly T Met Tyr Lys Thr Val Val Val Gly Thr
Rv1636yakr forward
TTTTTTCATATGGCTAAGACCGTGGTGGTAGGA ACCG
poly T Met Ala Lys Thr Val Val Val Gly Thr
Rv1636yer forward

TTTTTTCATATGTTTAAGACCGTGGTGGTAGGAACCG

poly T Met Phe Lys Thr Val Val Val Gly Thr

His tag -reverse

TTTTTTCCTAGGCTAGTGATGGTGATGGTGATGGTGCACGATCAGCACG

poly T Avrll  Stop His Tag Val

lle Leu Val

Table 2.8. Primers designed for amplification of Rv1636 and hygromycin cassette (Chapter 5).

Primer Primer Sequence 5’->3’
Rv1636-Forward AGCGCCTATAAGACCGT
Rv1636-Reverse CTAGGTGGTGTCACGAT

Hyg-Forward

GGCGAGAGCACCAACCCCGTACTG

Hyg-Reverse

GTCGCCCCGGAAGGCGTTGAGATG
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Table 2.9. Primers used to clone Rv1636 into the over-expression vectors pMV261, pMV361 and pSE100

(Chapter 5). Restriction sites are underlined. RBS = ribosome binding site.

Primer Primer Sequence 5’->3’

pMV261-Rv1636-For ATATGGATCCAATGAGCGCCTATAAGACCGTG
BamHI Rv1366

pMV261-Rv1636-Rev ATATAAGCTTCTAGGTGGTGTGCACGATCAG
Hindlll Stop Rv1636

pMV361-Rv1636-For ATATGAATTCATGAGCGCCTATAAGACCGTG
EcoRI Rv1366

pMV361-Rv1636-Rev ATATAAGCTTCTAGGTGGTGTGCACGATCAG
Hindlll Stop Rv1636

pSE100-Rv1636-For ATATGGATCCGGGAGGGTAAATGAGCGCCTATAAGACC
BamHI RBS Rv1636

pSE100-Rv1636-Rev ATATAAGCTTCTAGGTGGTGTGCACGATCAG

Hindlll Stop Rv1636

pMV261-Rv1636y4-For ATATATGGCCAAGACCGTGGTGGTAGGAACCG
Mscl  Rv1636pakr

pMV261-Rv1636y4r-Rev ATATGGATCCCTAGTGATGGTGATGGTGATGGTGCACGATCAGCACG
BamHI Stop His tag Rv1636pakT

pMV361-sequencing AAGCGGAAGAGCGCCCAATAC

pMV261-sequencing GGCATAGGCGAGTGCTAAG

Table 2.10. Primers to amplify M. smegmatis attB site primers amplify 600 bp (Chapter 5)

Primer Primer Sequence 5’->3’
Ms-attB-Forward GAAGTGCACCAGTGGCGAGAAC
Ms-attB-Reverse GATCAGCTCTTTCCACCGACTC
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Table 2.11. Primers used for confirmation of miniCTX2::PA3309 integration into P. aeruginosa Chapter 5).
attB is attachment site in P. aeruginosa. MCS is multiple cloning region of miniCTX2. Tet is tetracycline

cassette.

Primer Primer Sequence 5’->3’

Pa-attB Forward CGAGTGGTTTAAGGCAACGGTCTTGA
Pa-attB Reverse AGTTCGGCCTGGTGGAACAACTCG
Tet Forward CGGGGTCTGACGCTCAGTGG

Tet Reverse GGGCGCGGGGCATGACTATC
Pa3309 Forward GGTAGCCGTGGACGGCAGC

Pa3309 Reverse CAGCAGGACCGGACGCGAAG

MCS Forward CGGGGCCGTCCTTGCTGAAT

MCS Reverse AGAGCGCTTTTGAAGCTGATGTGC

Table 2.12. Primers used to clone PA3309 gene region (Chpater 5). Restriction sites are underlined.

Primer Primer Sequence 5’->3’

Pa-3309-Up-Forward ATATATCGGAATTCGCCATGGACGAGGAACTG

Pa-3309-Down-Reverse ATATATCCAAGCTTATCCACGTGCCGATGGTC
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2.1.7 Strain Storage and Culture

2.1.7.1 Glycerol Stocks

Individual colonies were picked from agar plates and grown in suitable medium. Glycerol
was added to a concentration of 30%. Strains were stored in 2 ml Nunc cryovials at -80 °C. Plasmids

were stored in H,0 at -20 °C or within E. coli at -20 °C.

2.1.7.2 Strain Culture

Stock cultures were streaked on agar plates containing appropriate selective antibiotics and
incubated at 37 °C overnight. Plates were stored at 4 °C for up to 6 weeks. Single colonies were
inoculated into liquid medium and 5 ml starter cultures, in 15 ml Falcon tubes, were grown with 220
r.p.m. shaking at 37 °C. These starter cultures were used to inoculate 50 ml cultures in 250 ml
Ehrlenmeyer conical flasks. Flasks were incubated at 37 °C whilst shaking at 220 rpm. Optical
density measurements of bacteria cultures were performed by measuring the OD at 600 nm in a
spectrophotometer (WPA Lightwave 1l). OD readings were obtained below 0.6 and, to ensure the

linearity of the reading, samples measured above this level were diluted.

2.1.7.2.1 Escherichia coli Culture

E. coli was cultured in LB broth and on LB agar plates. Plates were incubated overnight.
Overnight broth cultures (5 ml) were grown for protein expression at 37°C with shaking at 220 rpm

and used to inoculate one litre cultures.

21.7.2.2 Mycobacterium Culture

M. smegmatis was grown 3 days on LB plates and 3 days on LB broth. Mtb was grown 4
weeks on 7H10 plates, plus 0.2% glycerol and Middlebrook Oleic Aloumin Dextrose Catalase (OADC)
growth supplement, or two weeks in liquid culture 7H9, plus 0.5% glycerol and OADC at 37 °C with
shaking at 220 rpm for liquid cultures. M. bovis BCG was grown in liquid culture for two weeks as
with Mtb. The mild detergent Tween 80 was used in liquid cultures at 0.05% to ensure no clumping
of the bacterial cells occurred. Manipulations of Mtb were undertaken in a category three
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laboratory. Mycobacteria removed from the laboratory were heat killed by boiling for 10 minutes.
CFU determination involved making serial dilutions in 96-well plates. Ten fold dilutions were
prepared in PBS and 20 ul spots were plated out in triplicate. Colonies were then counted by eye
and the CFU determined. Hypoxic cultures were achieved using suba seals as bungs. A gradual
depletion of oxygen tension within the 250 ml conical flasks created the desired hypoxic

environment.

2.1.7.2.3 Pseudomonas Culture

P. aeruginosa was grown on Pseudomonas isolation agar (Fluka). Plates were left overnight
at 37 °C while liquid cultures of LB were incubated overnight at the same temperature with shaking
at 220 rpm. For anaerobic survival experiments, as described by Schreiber et al, 2006, P. aeruginosa
was grown shaking at 37 °C to an OD of 0.3 in 50 ml potassium phosphate-buffered (100 mM) LB
medium at pH 7.4. A sample of 15 ml was then put into test tube and then sealed with air-tight
suba-seal bungs. Sodium pyruvate was added to a concentration of 40 mM and the cultures were
incubated 37 °C without shaking. Before taking samples, the tubes were inverted a minimum of ten
times to achieve a homogenous suspension of bacteria. Samples of 100 ul were taken using a sterile
needle through the rubber bung thus ensuring no oxygen was introduced to the anaerobic
environment. Dilution series for CFU counts were done in 24 well plates containing 450 ul of PBS,
with 50 pl transferred between wells and 40ul were plated out for CFU counting. Strains were

grown in triplicate and CFU plating also done in triplicate.

2.2 Protein Methods

2.2.1 Protein Purification

The Rv1636yy proteins were purified by nickel affinity chromatography using a Fast Protein
Liqguid Chromatography (FPLC) machine. Previous work in the laboratory involved cloning the
Rv1636 gene into a pET-15b vector and then introducing the vector into E. Coli Rosetta cells (Leiva,
2007). The E. coli cells were grown in LB broth to an ODgy 0.6 and induced to express the 6x
Histidine tagged fusion protein by addition of 0.1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) for
2 hours. The over-expressing cells were pelleted by centrifugation and resuspended 5 ml per 1 g
cells in a lysis solution containing Bugbuster Reagent (Novagen), Benzonase nuclease (Novagen) (100
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U), Lysozyme (Sigma) (5 KU) and Complete Mini EDTA-free protease inhibitors (Roche). Benzonase
nuclease is an endonuclease from Serratia marcescens that attacks and degrades all forms of
DNA/RNA. After incubating the cell solution for 15 minutes at room temperature, on a rocking
platform, the solution was centrifuged at 16000 g for 20 minutes at 4 °C, to pellet any cellular debris.

The supernatant containing the soluble fraction, typically 5 ml, was run through a 1 ml
HisTrap™ HP column using the automated liquid affinity chromatography system AKTA FPLC
(Amersham Biosciences). To elute the His-tagged protein, an imidazole gradient was created by
combining a wash buffer (20 mM sodium phosphate, 0.5 M NaCl and 10 mM imidazole, pH 7.4) and
an elution buffer (20 mM sodium phosphate, 0.5 M NaCl and 0.5 M imidazole, pH 7.4). Samples
were mixed with equal volume of 2X Laemmli buffer (Sigma) and heated at 95 °C for 5 minutes for
analysis by SDS-PAGE. Electrophoresed proteins were stained with Coomassie stain or Imperial™
Protein Stain (Pierce).

Fractions containing the target protein were pooled and subjected to buffer exchange, using
Centriprep columns (3,000 mwco) (Millipore), into a protein storage buffer (20 mM Tris-HCl, pH 7.5,
100 mM NaCl and 10% glycerol), before being stored at -80 °C until use. Protein concentration was
measured by a Bradford assay using the Better Bradford Assay™ Reagent (Pierce) according to the

manufacturer’s instructions. Alternatively UV adsorption at 280 nm was performed.

2.2.2 Size Exclusion Chromatography (SEC)

Further purification of the proteins was performed using the HiLoad 26/60 Superdex 75 prep
grade column (GE Healthcare/Amersham), which is ideal for separating proteins Mw 300-70000 Da.
Size exclusion chromatography is also known as gel filtration chromatography. Samples were
filtered through 0.22 um filter before up to 5 ml was loaded on to the column. The buffer used for
the chromatography was 50 mM Tris-HCI pH 7.4, 200 mM NaCl. A buffer of at least 150 mM NaCl
avoids any unwanted non-specific interactions with the matrix. Samples were run overnight at flow
rate of 0.3 ml/minute and eluted in 3 ml fractions. Prior to use with the FPLC, buffers were filtered

through 0.45 um filters and were degassed by being place under a vacuum for 10 minutes.
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2.2.3 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

For SDS-PAGE gel electrophoresis, the solutions described in table 2.13 were mixed
thoroughly and TEMED (N,N,N',N' — Tetramethylethylenediamine) was added last. Acrylamide
monomer is a potent neurotoxin and to avoid potential danger a pre-mixed solution of
acrylamide/bis acrylamide was used. Gel solutions were poured between assembled gel plates (8 cm
x 10 cm x 1.5 mm) and allowed to set. The separating gel poured first and 50 pl n-butanol was used
as an overlay before the stacking gel was poured on top. Protein samples were mixed with equal
volume 2X Laemmli loading buffer (Sigma) before being heated 95 °C for 3-5 minutes.

The gels were run for 50 minutes at 200 V in a 1x Tris/Glycine/SDS buffer using a Biorad mini
tank. Electrophoresed proteins were stained with Coomassie blue dye (0.5% Coomassie blue, 50%
Methanol, 7.5% Acetic acid, 40% H,0 and de-stained with a solution of 45% Methanol, 45% H,0 and

10% Acetic acid. The SeeBlue 2 Marker (Invitrogen) was used as a protein marker.

Table 2.13. Composition of SDS-PAGE gels.

Solutions Separating Gel Stacking Gel
(12% gel) (4% gel)

30% Polyacrylamide 4 ml 0.67 ml
Distilled H,0 3.4 ml 3.075 ml
1.5 M Tris-HCl, pH 8.8, 0.4% (w/v) SDS 2.5ml -
0.5 M Tris-HCl, pH 6.8, 0.4% (w/v) SDS - 1.25 ml
Ammonium Persulfate 10% (w/v) 50 ul 50 ul
TEMED (N,N,N',N'-Tetramethylethylenediamine) 5ul 5 ul

2.2.4 Western Blotting

Following the separation of proteins by SDS-PAGE, gels were then soaked in transfer buffer
(1 M Tris-HCl, Glycine 192 mM, 20% methanol (v/v) adjusted to pH 8.3) for 10 minutes. The Hybond
membrane (Amersham) was also soaked in transfer buffer as preparation for the transfer. The
transfer of the proteins to the membrane was performed in a Biorad tank by electrophoresis for 2

hours at 30 V.
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The membrane was then washed in PBS-T (PBS plus Tween 20 (0.1%)) before blocking and
incubation with the primary antibody. Anti-His)Rv1636 polyclonal antibodies, derived from rabbit
antiserum, were previously produced by BioGenes GmbH (Freiburg, Germany). 0.5 pug primary
antibody was added to 10 ml PSB-T milk solution (PBS-T plus 5% (w/v) skimmed milk powder) and
the membrane was incubated overnight at 4 °C. The membrane was then washed in PBS-T and
incubated with the secondary antibody to a dilution of 1:10000 (Anti-Rabbit IgG HRP Conjugate
(Promega)) for 1 hour at RT. The Western blot was visualised using the Amersham ECL Western Blot

Analysis System.

2.2.5 In silico Analysis of Proteins

Protein sequence translation was carried out wusing ExPaSy Translate Tool
(http://www.expasy.ch/tools/dna.html). Alignment of protein sequences were performed using
BioEdit Sequence Alignment Editor v7.0.9.0 with integrated ClustalW function (Hall, 1998). The
Protein Homology/Analogy Recognition Engine (Phyre) server (http://www.sbg.bio.ic.ac.uk/phyre)
was used to predict the tertiary structure of proteins (Kelley et al., 2000) and visualised using Swiss-

Pdb Viewer v3.7 (http://www.expasy.org/spdbv).

2.3 Nucleic Acid Methods

2.3.1 Transformation of Bacteria

2.3.1.1 Escherichia coli

2.3.1.1.1 Preparation of Competent Bacterial Cells

Starter cultures of E. coli cells (5 ml) were inoculated into 200 ml fresh LB (plus appropriate
antibiotics) and incubated at 37°C with shaking at 220 rom. When ODgy 0.4-0.5 was reached, the
culture was pelleted by centrifugation using Eppendorf® 5810R in pre-frozen 50 ml falcon tubes (7
minutes, 4 °C, 4000 g). The cells were then washed three times through re-suspension in 15 ml cold
50 mM calcium chloride with 15% (w/Vv) glycerol (Fluka). Finally, the pellet was re-suspended in 5 ml

and the suspension transferred to Eppendorf tube in aliquots of 100 pul and stored at -80 °C till use.
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2.3.1.1.2 Transformation

Plasmids were transformed into XL1 Blue E. coli cells or Rosetta E. coli cells. One hundred ng
of plasmid DNA was mixed with 50 pl competent cells and left on ice for 20 minutes. The mix was
then heat-shocked at 42 °C for 45 seconds followed by 2 minutes on ice, then 100 ul of LB was added
to the transformed cells and the culture was incubated shaking at 37 °C for 1 hour. The cells were
spread using a plate spreader on to the selective plates containing ampicillin (50 pg/ml) and were

incubated overnight at 37 °C to allow colonies to develop.

2.3.1.2 Mycobacteria

2.3.1.2.1 Preparation of Competent Bacterial Cells

An 80 ml culture of Mtb or M. smegmatis was grown to late log phase in 7H9 OADC media
plus 0.5% glycerol and 0.05% Tween 80. Cells were pelleted by centrifugation at 4000 g before being
washed by resuspending in 10% glycerol. The wash step was repeated twice further before cells
were resuspended in 2 ml of 10% glycerol and 200 pl aliquots were prepared ready for use. M.
smegmatis competent cells were prepared on ice using cold 10% glycerol; Mtb cells were prepared

at room temperature.

2.3.1.2.2 Electroporation

One pg DNA was mixed with a 200 pl aliquot of M. smegmatis or Mtb cells and incubated for
20 minutes (Mtb at room temperatures, M. smegmatis on ice). The suspensions were then
electroporated, (in pre-cooled cuvettes for M. smegmatis), using the Biorad gene Pulser (Resistance
1000 Q, Q= 25 pF, voltage 2.5 kV). Cells were resuspended in 1 ml of 7H9 media and allowed to
recover at 37 °C for 3 hours shaking. Electroporated cells were then plated out (either 20 ul or 200
ul) on to selective plates and grown for 2 days (M. smegmatis) or 3-4 weeks (Mtb) at 37 °C before

picking and re-streaking to isolate single colonies.
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2.3.1.3 Pseudomonas

2.3.1.3.1 Heat Shock Transformation

Chemically-competent P. aeruginosa was produced according to Itoh et al. (1991) using
CaCl, transformation buffer. Conical flasks with 50 ml LB broth were inoculated and grown at 37 °C
on an orbital shaker at 220 rpm. When an ODgy reading of 0.4-0.5 was reached, the cells were
pelleted by centrifugation at 4000 g for 10 minutes at 4 °C. The pellets were resuspended in 25 ml of
ice cold transformation buffer and incubated on ice for 20 minutes. Cells were pelleted again and
resuspended in 2.5 ml of ice cold transformation buffer and 0.2 ml aliquots were made in 1.5 ml
Eppendorf tubes that were immediately used for transformation.

Chemically competent P. aeruginosa cells were mixed with DNA and incubated on ice for 20
minutes. The cells were heat-shocked in a 42 °C water bath for 45 seconds, then placed immediately
back on ice for a further 2 minutes to allow recovery. Folowing the addition of 250 pl of fresh SOC
media the samples were incubated for 1 hour at 37 °C on an orbital shaker at 220 rpm. Transformed

cells were then plated onto selective agar plates and incubated overnight at 37 °C.

2.3.1.3.2 Biparental Mating

Biparental mating, using E. coli S17.1 as a donor strain, was used to introduce DNA into P.
aeruginosa strains. The E. coli S17.1 was initially transformed with the plasmid DNA as described
above. Both donor strain and P. aeruginosa were grown in 15 ml of LB in 250 ml conical flask until
an ODgq reading of 0.4-0.5 was recorded. Antibiotics were used to select the plasmid in the E. coli
S17.1. The cells were then pelleted in 50 ml Falcon tubes by centrifugation at 3000 g for 10 minutes
at 4 °Cin a Sigma 6K10 centrifuge. The pellets were then washed to remove trace amounts of the
antibiotic by being resuspended in LB and re-pelleted.

The pelleted cells were resuspended in 400 ul of LB broth and mixed together thoroughly
before being plated out in 100 pl spots onto LBA plates containing no antibiotics. As controls 100 pl
of donor strain only and recipient strain only were plated out. Following incubation overnight at 37
°C the cultures on the mating plates and control plates were scraped from the plates using sterile
disposable spreaders and re-suspended in 2 ml PBS. P. aeruginosa transformants were then
selected by plating out 100 pl of the suspension onto PIA plates with appropriate antibiotics. After
incubation overnight at 37 °C, potential transformants were picked off and further single colony

purified on PIA selective plates before analysis.
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2.3.2 DNA Plasmid Purification

Cells from a 5 ml overnight culture were harvested by centrifugation at 4000 g for 3 minutes.
Plasmid DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen) according to the

manufacturers’ specifications.

2.3.3 Agarose Gel Electrophoresis

Agarose gels (1.5% (w/v)) were prepared with 1 X TAE buffer. SYBR®Safe DNA gel stain
(Invitrogen) (1:10,000 concentration) was added to the gel. Samples were mixed with 6x Gel Loading
Solution (Promega) and loaded to the gel alongside a 1 kb DNA Ladder (Promega). Gels were run at
95 V in 1 X TAE buffer for 60 minutes and visualised on Safe Imager™ transilluminator (Invitrogen)
using Gel-Doc™ 2000 (Bio-Rad) and Quantity One analysis software v4.5.2 (Bio-Rad) for image

acquisition.

2.3.4 Sequencing DNA

Sequencing of plasmid DNA was carried out by Cogenics. Plasmid DNA at a concentration
of 50 ng/ul was sequenced using universal primers T7, SP6, or T7 term or custom designed primers.

BioEdit (www.mbio.ncsu.edu/bioedit) was used for alignments and viewing DNA sequences.

2.3.5 DNA Concentration

DNA concentration was measured using absorbance of UV light at 260 nm. DNA samples of
5 upl were diluted with 65 pl dH,0. Concentration was determined by UV,5 measurement using an
Eppendorf® Biophotometer with UV cuvettes (50 pg/ml plasmid per absorbance unit). The final
concentration was determined by multiplying the absorbance by 50, followed by 14 to take into

account the dilution factor.
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2.3.6 Polymerase Chain Reaction

PCR reactions were carried out in a thermal cycler (Peltier Dyad™ DNA Engine). The basic
reaction involved using Tag polymerase and 1 pug of DNA as a template. Each reaction contained
buffer (10X), dNTPs (2 mM), MgCl, (5 mM), forward primer (10 uM), reverse primer (10 uM), DNA
template (1 pg), Tag DNA polymerase (1 U) and dH,0 to a final volume of 25 pl. The conditions for
the reaction were 5 minutes at 95 °C, 30 cycles at 1 minute at 95 °C, 1 minute per kb at 55 °C and 1
minute at 72 °C. After 30 cycles the final step consisted of 7 minutes at 72 °C. Polymerases used
included GoTaq (Promega), PCR Long Mix (Bioline), Pfu (Stratagene) and Taqg (Promega). Where

required, dimethyl sulfoxide (DMSQ) was used at a concentration at 5%.

2.3.7 PCR Purification

PCR products were purified using a Qiagen MinElute PCR purification kit following the

manufacturer’s instructions. DNA was eluted in 30ul dH,0.

2.3.8 Gel Extraction

Reactions were separated by agarose electrophoresis. PCR products and products of a
restriction digest were gel extracted. The bands of interest were excised using a scalpel and the
band processed according to the manufacturers’ guidelines, using a Qiagen MiniElute Gel extraction

kit. DNA was eluted in 30 ul dH,0

2.3.9 DNA Restriction Digestion

Restriction digests were performed using Fast Digest (Fermentas) enzymes and a universal
10X buffer. Reactions were carried out for 30 minutes at 37 °C in 20 pl reaction volumes. Where
Fast Digest enzymes were not available, Promega/NEB enzymes were used according to the

manufacturer’s instructions. Reactions were then visualised by agarose electrophoresis.
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2.3.10 Genomic DNA extraction for PCR

2.3.10.1 Pseudomonas

Colony PCR was performed by picking a colony from Pseudomonas isolation agar and adding
the cells to the PCR directly. Hot temperatures to denature the DNA result in the cells breaking open

and DNA is then available as a template.

2.3.10.2 Mycobacteria

2.3.10.2.1 Mtb

For use as a template in PCR reactions, genomic DNA was extracted from Mtb using a CTAB
(cetyltrimethylammonium bromide) method. Cultures of 50 ml of Mtb were pelleted by
centrifugation and heat killed for 10 minutes at 100 °C. The pellet was then resuspended in TE
buffer (10 mM Tris, pH 8.0, 1 mM EDTA) and 5 mg lysozyme and incubated at 37 °C for 1 hour, then
0.6 mg of proteinase K (Qiagen) and 700 pul of 10% SDS were added and the mixture was vortexed
prior to incubation at 65 °C for 10 minutes. Following incubation 1 ml of NaCl 5 M and 800 pul CTAB
(Sigma) was added and the incubation at 65 °C repeated. Finally 7 ml chloroform/ iso-amylalcohol
mix (24:1) was then added and the mixture vortexed.

Following centrifugation at 14000 g for 5 minutes, the top aqueous phase was recovered.
Isopropanol was mixed at an equal volume and the solution was incubated at -20 °C for 1 hour. The
precipitated DNA was pelleted by centrifugation at 14000 g for 20 minutes at 4 °C and the pellet
washed with cold 70% ethanol. DNA was air dried and finally resuspended in 500 pul of TE buffer.

2.3.10.2.2 M. smegmatis

For screening M. smegmatis, individual colonies were picked into 5 ml LB and 0.05% Tween
80 plus antibiotics for selection. Genomic DNA was extracted following a similar method to Talaat et
al., 1998. Cells were pelleted by centrifugation at 4000 g and resuspended in PBS before undergoing
sonication. Cells were sonicated on ice using Sonic Vibra CellTM (Model VCX 130) at 40% amplitude
for 6 minutes with a pulse rate of 2 seconds on, 2 seconds off. Cells were then boiled for 10 minutes
and following centrifugation at 15000 g for 20 seconds the supernatant was used for PCR
amplification.
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2.3.11 Site Directed Mutagenesis (SDM)

2.3.11.1 Primer Design

Generation of site directed mutants involved designing sense and anti-sense primers,
harbouring the desired mutation, using the Stratagene primer design program. Producing optimal
mutagenic primers involves taking into account any potential mismatches, any primer folding and
secondary structures and the codon replacement. Primers were designed to be between 25 and 45
bases in length with a melting temperature (T,,) of greater or equal to 78 °C. T,,was estimated using
the formula T,,=81.5+0.41(%GC)-675/N-%mismatch, where N is the primer length in bases.

The desired mutation was included in the middle of the primer with up to 15 bases of
correct matched sequence flanking each side. Primers required an optimal GC content of 40% and
were designed so they terminated in one or more C or G bases. The primers used in the site directed
mutagenesis were produced and purified by Sigma Aldrich using polyacrylamide gel electrophoresis

(PAGE) to ensure maximum purity to increase mutation efficiency.

2.3.11.2 Mutagenesis

SDM was carried out according to the specifications of the QuickChange™ Il Site Directed
Mutagenesis Kit (Stratagene). Reactions (50 pl) contained 10X reaction buffer, 5-50 ng of dsDNA
template, 125 ng of each oligonucleotide primer, dNTP mix (Stratagene), 5% (w/v) DMSO (Sigma),
dH20 and 2.5 U of PfuUltra HF DNA polymerase. The control reactions used 10 ng of pWhitescript
4.5 kb control plasmid as the DNA template. PfuUltra® Hotstart High-Fidelity DNA polymerase, from
the hyperthermophilic archaea Pyrococcus furiosus, was used as it has the required 3’-5’
exonuclease activity and a high fidelity/proofreading capability. The modified thermal cycling steps

used are detailed in Table 2.14.
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Table 2.14. Cycling parameters for site-directed mutagenesis. Denaturation, annealing and extension

eactions occur at 96 °C, 50 °C and 68 °C respectively.

Segment Cycles Temperature Time
1 1 96 °C 30 seconds
2 22 96 °C 30 seconds
50°C 1 minute
68 °C 6 minutes
3 - 4°C Infinite till end

The circular plasmid DNA used as a template was produced in a dam+ strain of E. coli usually
XL1-Blue or DH5a. Dam methylase methylates DNA and thus generates the sequence G"ATC, which
the Dpnl enzyme recognises and digests. Dam- strains of E. coli are not suitable for the procedure as
they propagate unmethylated plasmid DNA.

Following thermal cycling the reaction was then digested with the Dpnl restriction enzyme,
which specifically digests the methylated and hemi-methylated parental DNA, leaving the newly
synthesised plasmid containing the desired mutation. Newly synthesised plamids were then
transformed into competent XL1-Blue cells (Stratagene). Plasmids were then isolated, using the

Qiagen mini-prep kit, and sent for DNA sequencing to confirm the mutagenesis.

2.3.12 Polyacrylamide Gel Analysis of Oligonucleotides

Oligonucleotides 18-50 nucleotides in length were run on 10% polyacrylamide gels
containing 10% urea (Table 2.15) using the Biorad mini-protean system. Urea is dissolved in the
solution by gentle heating to 37 °C, before addition of ammonium persulfate and TEMED. After
complete polymerisation of the gel (40 minutes) the gels were pre-run for 30 minutes at 200 V in 1X
TBE buffer. Samples were mixed with 1.25X loading dye (Table 2.16) and heated for 2 minutes at 95
°C and chilled on ice. Samples containing 200 pmol of oligonucleotide were loaded into the wells

and the gel run at 200 V for 1.5 hours.
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Table 2.15. 10% Polyacrylamide denaturing urea gel.

Solution Per Gel
40% Acrylamide/Bis-acrylamide (29:1) 3.75 ml
Urea 728

10X TBE 1.5 ml
Distilled H,0 Up to 15 ml
Ammonium persulfate (10%) 75 ul
TEMED (N,N,N',N'-Tetramethylethylenediamine) 7.5 ul

Table 2.16. Loading Dye for denaturing urea PAGE.

Solution Per mi
Formamide 900 pl
0.5 M EDTA pH 8.0 22l
Orange G (7.5%) 26 ul
Bromophenol blue (7.5%) 26 ul
Xylene cyanol FF (7.5%) 26 ul

2.4 Biochemical Assays

2.4.1 Invitro Kinase Assay

A typical assay was performed by incubating Rv1636yy; (5uM) in a 10 pl volume containing
10 mM Tris-HCl, 50 mM NaCl, and 5 uCi [y-P**] NTP (3,000 Ci/mmol) (Perkin Elmer). Reactions were
incubated for 30 minutes at 37 °C before being terminated by addition 10 ul of 2X Laemmli loading
buffer and heated at 95 °C for 5 minutes. Samples were run on SDS-PAGE gels, then the gels were
then soaked in transfer buffer for 10 minutes. The Hybond membrane (Amersham) was also soaked
in transfer buffer as preparation for the transfer. The transfer of the proteins to the membrane was
performed in a Biorad tank by electrophoresis for 2 hours at 30 V. The membrane was then washed
in water to remove nonspecifically bound nucleotides, before being subjected to phosphoimaging.
Radioactive proteins were visualized by exposure of the membranes to imaging plates (BAS-IP
MS2040, FujiFilm). The plates were scanned by a Fuji FLA-5000 phosphoimager and the signals
guantified using the AIDA Image Analyser.

To test Rv1636 kinase activity, the autophosphorylation reaction was repeated with 5 pg of

myelin basic protein (MBP;) (NEB) added as a substrate. Other substrates tested include using 5 pg
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of Bovine Serum Albumin (BSA) (Sigma) and Histone (H1 fraction) (Sigma). Where an alternative
HEPES buffer was used the buffer contained 20 mM HEPES, 25 mM NaCl, 10 mM MgCl,, 1 mM EGTA
and 1 mM DTT as described by Walter et al., 2000. As a positive control test for kinase activity, the
Protein Kinase Catalytic Subunit A (Sigma) was used. Protein kinase A was reconstituted in water

containing the reducing agent DTT at a concentration of 6 mg/ml.

2.4.2 Phosphoamino Acid Analysis

To determine whether serine, threonine, and/or tyrosine residues are phosphorylated in the
autokinase activity, phosphoamino acid analysis was performed by semi-dry thin layer
electrophoresis in the Multiphor Il electrophoresis unit. In vitro phosphorylation was carried out as
previously described. The proteins were separated by SDS-PAGE and the radiolabelled proteins
were transferred to a polyvinylidine difluoride (PVDF) membrane (Immobilon P, Millipore). The area
of the membrane containing the radiolabelled protein was excised and the protein hydrolysed by
heating the sample at 100 °C in 200 pl 6 M hydrochloric acid for 2 hours. The membranes were then
washed three times with 200 ul 30% methanol, 0.1 M HCI. The 6 M HCL and the three washes were
pooled and dried using the speed-vac before being resuspended in 10 pul distilled water.

The sample was then subjected to thin layer electrophoresis and the migration of the
radiolabelled phosphoamino acids compared to phosphoamino standards; O-Phospho-L-serine, O-
Phospho-L-threonine and O-Phospho-L-tyrosine (Sigma). The Multiphor Il electrophoresis unit was
pre-cooled to 16 °C using the MultiTemp® Il thermostatic circulator. Glass-backed TLC plates (Merck
Cat No:1.05716.0000) were marked at the origin and migration points. Samples were spotted at the
origin and dried using a hair dryer. 25 nmol of each phosphoamino acid standards were also
spotted. Bromophenol blue (0.1%) was used as a tracking dye.

The plate was sprayed with thin layer electrophoresis buffer and placed in the Multiphor
unit with the origin at the cathodic (-) end. Amersham Biosciences CleanGel™ electrode strips were
pre-soaked with the electrophoresis buffer before being layered across the TLC plates. Three of the
glass backs of the TLC plates were used to ensure adequate contact with the electrodes and proper
humidity. The Multiphor Il was run for 40 minutes at 1000 V, with current (30 mA) and power (30
W) limited. To detect the phosphoamino acids standards, the plates were sprayed with ninhydrin
solution (0.2% (w/v) ninhydrin in ethanol, 10 ml) and heated using a hair dryer for 10 minutes. To
detect the radiolabelled amino acids, the plate was subjected to phosphoimaging as described

previously.
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2.4.3 Invitro Nucleotidylylation Assay

Nucleotidylylation reactions were performed as described for the in vitro kinase reactions
using [0-’P] GTP or [a-*’P] ATP as the substrate. Reactions were resolved by SDS-PAGE and
radiolabelled bands were excised, crushed and incubated in an elution buffer containing 50 mM
NH;HCO;, 0.1% (w/v) SDS and 1% (v/v) 2-mercaptoethanol at for 37 °C for 18 hours gently shaking.
Eluates were cleared by centrifugation. Acetone precipitation was performed using 50 ug of BSA as
a carrier protein. Samples were mixed with 1.5 volumes cold acetone (-20°C), vortexed and
incubated 1 hour at -20°C.

The precipitate was pelleted by centrifugation at 14000 g for 10 minutes. Half the sample
was then subjected to 0.5 M piperidine treatment at 37 °C for 2 hours. Piperidine was removed by
speed-vac. Samples were resuspended in distilled water and spotted on to TLC cellulose
polyethylenimine impregnated plates (Macherey-Nagel). The TLC was performed in 0.7 M boric acid
and 0.4 M K,HPO,. Standards of 20 nmole of NMP and NTP were run and viewed under short-wave

UV light. The TLC plate was phosphoimaged as previously described.

2.4.4 Invitro RNA Triphosphatase Assay

For RNA work, all experiments were carried out DEPC treated water. RNA substrates
consisting of 45 nucleotides were transcribed in the presence of 65 pCi [a-P**] GTP (3,000 Ci/mmol)
or [y-P**] GTP (3,000 Ci/mmol) using the AmpliScribe™ T7 RNA polymerase. One pg of pGEM-4Z
(Promega) vector, previously linearised with Smal and purified from an agarose gel, was used as the
template. CTP, UTP and ATP were at a final concentration of 1 mM; whereas non-radio-labelled GTP
was at a final concentration of 0.03 mM. Where required 40 units of RNasin (Promega) was used in
the 50 ul reaction to prevent RNase activity.

Following RNA transcription for 2 hours at 37 °C, the template DNA then digested with
DNase | for 15 minutes at 37 °C. Free nucleotides were then removed using Sephadex G-25 column
(Amersham Biosciences). The quality and purity of the purified 45-mer were [a-P*)] or [y-P*’] RNA
was assessed on 10% polyacrylamide gels containing 7 M urea. RNA was located using the
phosphoimager Fuji 5000 and visualised by comparison to the electrophoresis of the loading dyes
(described in Chapter 2.3.12).

The 20 pul RNA triphosphatase reactions were performed as described by (Kim et al., 2003).
0.4 uM RNA was mixed with up to 60 pmol Rv1636 and incubated at 37 ° C for 1 hour. Reactions
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were halted with loading dye containing formamide and EDTA. HK™ Thermolabile Phosphatase
was used as a control in the RNA triphosphatase experiments and required 5 mM CaCl, for activity.

It is a phosphatase and can dephosphorylate RNA at the 5’ end.

2.4.5 Invitro NTPase Assay

Purified Rv1636yr (up to 10 uM) was incubated in a reaction buffer containing 10 mM Tris-
HCI (pH 7.5), 50 mM NaCl, nucleotide triphosphate at 10 pM and 0.6 pCi/ml (3,000 Ci/mmol) [a-32P]
GTP/ATP. Where required cations were added at concentrations of 5 mM and EDTA was added at
concentration of 1 mM. Reaction volumes of 20 uL were incubated for 30 minutes at 37 °C before
being halted by addition of 100 uL 2 M formic acid. One pL was applied to polyethyleneimine
cellulose (PEIl) sheets (Macherey-Nagel) and mixtures were separated by TLC using 0.7 M boric acid
and 0.4 M KzHPOa4. Hydrolysis products were visualized using phosphoimaging as described
previously. Unlabelled nucleotide standards (20 nmole) were viewed as under short-wavelength UV

light.

2.4.6 Nucleotide Binding Experiments

Rv1636yr (30 uM) was incubated in a reaction buffer (50 mM Tris-Cl, pH 7.5, 50 mM Nacl,
10% glycerol), and 5 pCi [0-*’P] GTP or 5 pCi [0->°P] ATP. The total reaction volume was 20 ul. The
reactions were then incubated on ice and subjected to either UV crosslinking or vacuum filtration to
assay the nucleotide binding. Various concentrations of unlabelled nucleotides GTP, ATP, GDP and
ADP, GMP and AMP were added where described. Bovine serum albumin, a stable non-
enzymatically active protein, was used as a control protein. Radiolabelled nucleotide was mixed
with unlabelled nucleotides prior to addition to the reaction mixture and proteins were added last to

the reactions prior to incubation.

2.4.6.1 UV Cross-linking Experiments

UV light when directed at proteins bound to nucleotide causes the cross-linking of the
protein to the nucleotide. Reactions were performed as described by Lin, 1999, and Preneta, 2004.

Reactions were incubated at 4 °C for 40 minutes with a UV light 2 cm above. Samples were then
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mixed with equal volume 2X Laemmli buffer and subjected to SDS-PAGE. Gels were washed three
times with 5 minute washes in dH,0. The gels were then blotted dry with Whatman filter paper,
wrapped in cellophane and exposed to a BAS-IP MS2040 plate. Plates were read with a Fuji FLA-

5000 phosphoimager. *?P is a high energy emitter and can pass through cellophane.

2.4.6.2 Vacuum Filtration

Vacuum filtration as described by Ormo and Sjoberg, 1990, Rombel et al., 1999 and
Tameling et al., 2002 was performed to measure the nucleotide binding capabilities of the Rv1636
proteins. A slot blot manifold (PR648, Amersham Biosciences) provided 48 wells, each with a
capacity of 1 ml. 20 pul reactions, containing 30 uM Rv1636 protein, were incubated on ice for 40
minutes before being added to 180 pl reaction buffer. Increasing the reaction volume ensure
consistency when filtering the samples through the slots membrane and gave equal distribution
across the area.

Samples were loaded onto the slot blot and vacuum filtered through a nitrocellulose 0.45
UM membrane (Whatman). The membrane was previously prepared by soaking in H,0, followed by
reaction buffer for 1 minute. Hydrophobic interactions allowed the proteins to bind the membrane
along with any bound nucleotide. Immobilized proteins were then washed twice with 500 ul water
to remove any non-specific nucleotide. The membrane was removed, rinsed in 12 mM HCI to
remove non-specific bound background radioactivity and air-dried before subsequent exposure to

BAS-IP MS2040 plates and Fuji FLA-5000 phosphoimaging.

2.5 Biophysical Techniques

Analyses were undertaken at the Division of Molecular Structure at the National Institute for

Medical Research (NIMR) with the guidance of Dr lan Taylor and Dr Simon Pennell.

2.5.1 Multi Angle Laser Light Scattering (MALLS) Analysis

The absolute molar mass of particles in solution can be determined using multi-angle laser
light scattering. The experiments described here were coupled to size exclusion chromatography

(SEC) to allow the Mw determination of the protein peaks as they elute. The scattering of the laser
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light was recorded at 18 different angles using a DAWN-HELEOS multi-angle laser light scattering
detector (Wyatt Technology Corp., Santa Barbara, CA).

Calculating the apparent molecular weight (Mw) was achieved using the Debye plot method
(Wyatt 1992, 1993) which involves creating plots of R(B)/Kc versus sin’(8/2), where 8 is the
scattering angle, R(8) is the Rayleigh excess scattering ratio and K is the optical constant. The
apparent Mw is then obtained from the intercept of this plot. The optical constant, K, is calculated
using 4r°n*(dn/dc)?/(A,"N,), where n is the solvent refractive index, dn/dc is the specific refractive
index increment in mL/g, N, is Avogadro’s number and A, is the wavelength of the scattered light in
the vacuo in cm. The specific refractive index increment is calculated using the equation of
Anthonsen et al. (1994).

One hundred pl protein samples at 5 mg/ml in 50 mM Tris and 200 mM NaCl, previously
flash frozen in liquid nitrogen, were injected into the chromatography system. Glycerol was not
added as the protein concentration is measured using refractive index changes and these are
affected by the presence of glycerol. As the protein sample eluted from the SEC column, the
concentration was measured using the refractive index change (dn/dc = 0.186) at 1 second intervals.
The light source for the refractive index was at wavelength 658 nm and was produced using an
OPTILAB-reX differential refractometer, coupled with a Peltier temperature-regulated flow cell to
keep the temperature constant at 25 °C (Wyatt Technology Corp., Santa Barbara, CA).

Data from the light scattering was then analysed using the ASTRA software version 5.1
(Wyatt Technology Corp., Santa Barbara, CA). Debye plots (R8/Kc vs sin’(6/2)) were constructed and
the intercept of the individual plots were used to calculate the weight averaged molecular weight for
each of the 1 second readings. The overall molecular weight and the polydispersity term for each
species was then calculated by combination of the average the light scattering intensity with the

protein concentration measurements.

2.5.2 Analytical Ultracentrifugation

Sedimentation coefficients were obtained using a Beckman Optima XLA analytical
ultracentrifuge, using aluminium double sector quartz cells in an An-60 Ti rotor. The protein samples
were made to a concentration up to 250 uM and were in a buffer containing Tris 50mM and NaCl
200 mM. Samples were then centrifuged at a rotor speed of 55,000 rpm under a constant
temperature of 293 kelvin. During centrifugation radial scans were collected every 300 seconds at
A=280 nm or A=230 nm. The recorded data was analysed using the SEDFIT (Schuck, 2000) program,

in terms of discrete species or to the continuous size distribution functions, C(S) and C(M).
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Calculations of the solvent density and protein partial specific volumes were performed using

tabulated values (Laue et al., 1992)

2.6 Identification of Protein-Protein Interactions

2.6.1 Cell Fractionation

M. bovis BCG was cultured in Middlebrook 7H9 broth containing BBL™ Middlebrook OADC
Enrichment media, 0.5% glycerol and 0.05% Tween 80. Cultures were grown in 250 ml conical flasks
in 50 ml of media at 37 °C on an orbital shaker at 100 rpm. The optical density was recorded using
the Eppendorf Biophotometer v.1.32. Cells were pelleted by centrifugation at 20000 g. The M.
bovis BCG cells were fractionated in order to obtain the proteins present within the cells. The cells
were resuspended in dH,0 and were washed using a hand-homogeniser. The cells were then
pelleted by centrifugation for 10 minutes at 20000 g in J2-HS Beckman Centrifuge. The washing was
repeated two further times.

The final pellet was resuspended in 5 ml PBS buffer with 0.4% Tween 80 (v/v) and 0.75 ml
proteinase inhibitors (Complete mini tablet (Roche)). The cells were then broken open under high
pressure (20 kps) using a cell disruptor (Constant Cell Disruption System; Constant Systems Ltd).
Cells broken open using the cell disruptor were pressured three times with 1 minute on ice in
between cycles. The broken cell mixture was then centrifuged at 20000 g. The supernatant
containing the soluble cellular proteins was stored at -20 °C until use. Protein concentration was

measured by a Bradford assay using the Better Bradford Assay™ Reagent (Pierce).

2.6.2 GST Pull-down

To perform the GST-pull-down, the Glutathione Sepharose™ 4B (GS4B) (Amersham) beads
were prepared and the cytosolic fraction was pre-cleared to remove any nonspecific proteins that
bound to GST or the GS4B beads. Preparation of the GS4B bead matrix 50% slurry was done by
resuspending the beads by gentle shaking of the bottle. 1.33 ml GS4B was centrifuged in 20 ml
falcon tube in the Beckman Coulter Allegra™ 6R Centrifuge at 500 g. The supernatant was removed
and 10 ml cold PBS was added. The beads were resuspended and pelleted by repeating the
centrifugation. Again, the supernatant was removed and 1 ml of PBS added. The matrix was stored
at 4 °C. The cytosolic fraction was pre-cleared by mixing 1 ml cytosolic fraction with 50 ul GS4B 50%
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slurry and 25 ug of GST added before incubation at 4 °C for 2 hours with gentle mixing. After a 2
minute centrifugation at 16000 g, the supernatant (precleared cytosolic fraction) was transferred to
a new tube and stored at -20°C.

The pull-down assay was performed by mixing 1 ml precleared cytosolic fraction with 50 pl
50% GS4B slurry and 10 pug GST-Rv1636 protein before incubation for 2 hours at 4 °C. GST-Rv1636
protein was previously purified by IMAC purification by Leiva, 2007. The mixture was centrifuged at
16000 g in microcentrifuge for 2 minutes and the supernatant removed. The pellet was washed
three times using 1 ml PBS buffer and 1 minute centrifugations. The washed pellet was mixed with
50 pl elution buffer (20 mM reduced glutathione, 50 mM Tris-HCl pH 8.0) and gently mixed. After 10
minutes at room temperature, the reactions were centrifuged at 16000 g for 2 minutes and the
supernatant collected. The elution was repeated a further time and the eluates pooled. The eluted
sample was then subjected to SDS-PAGE.

An alternative method of elution was boiling the beads with 2X Laemmli for 5 minutes and
loading straight on to SDS-PAGE. Pull-down assays were performed under a range of conditions.
Divalent ions were included by adding manganese chloride tetrahydrate (MnCl,-4H,0), magnesium
choride (MgCl,) or calcium chloride (CaCl,) at concentrations of 5 mM. Nucleotide triphosphates
(ATP or GTP) were added at concentrations of 10 uM. These were added before the initial 2 hour

incubation.

2.6.3 Co-immunoprecipitation

The cytosolic fraction was precleared by incubating 100 ul of Protein A:Agarose in every 1 ml
of cellular protein mix for 30 minutes at 4 °C or alternatively using Merck Pansorbin® cells which are
Staphylococcus aureus expressing Protein A. The beads were then removed by centrifugation at
3000 g for 2 minutes. Polyclonal rabbit anti-HisRv1636yr antibodies, produced by BioGenes
GmbH., Germany, were already available in the laboratory. Anti-HisRv1636y antibody was
incubated in 750 pl M. bovis BCG cytosolic fraction overnight at 4 °C on a rocking platform (Grant
Boekel, V5R23). 30 pl agarose beads (Protein A agarose suspension; Calbiochem’) were added and
the solution was incubated for 1 hour at 4 °C. The beads were pelleted by centrifugation at 800 g for
1 minute. The beads were then washed with 1 ml breaking buffer four times with gentle inversions
to resuspend.

An equal volume of 2X Laemmli was added and the mixture was heated for 5 minutes. The

sample was then loaded on to SDS-PAGE gel. Anti-SecA antibody was used as a control antibody.
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Attempts to scale up the procedure involved eluting the protein using 50 pl 0.1 M Glycine pH 2.5
vortex and incubating with agitation for 10 minutes at 4 °C. After centrifugation at 300 g, at 4 °C for
2 minutes of 5 ul 1M Tris pH 8.0 to each tube to neutralize the pH, before concentrating the samples
using Centriprep Columns (3000 mweco) (Millipore). The immunoprecipitation sample was
subsequently analysed by SDS-PAGE.

A modified Shevchenko stain (Shevchenko, 1996) was used that is compatible with mass
spectrometry. In brief, the gel was fixed in 50% methanol/ 5% acetic acid for 20 minute before wash
with 50% methanol followed by a wash overnight with water. The gel was then incubated in the
sensitizer solution (0.02% sodium thiosulphate) for 1 minute followed by two 1 minute washes with
water. The gel was then incubated at 4 °C in the silver reagent (0.1% silver nitrate) before being
rinsed with water and left to develop for 5-8 minutes in the developer solution (0.04% formalin in

2% sodium carbonate). The development was halted by placing the gel in 5% acetic acid.

2.6.4 Macrophage Infection with Mtb

Murine derived 1774 cells (ATCC number TIB-202) were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Sigma) supplement with 10% heat inactivated calf serum. The
experiments were carried out in a high containment category three laboratory in a class | safety
cabinet. Screening the Mtb strains, including H37Rv and the putative mutants, for murine
macrophage survival involved infecting J774 macrophages (plus interferon y) with Mtb and taking
samples at 0, 24, 48 and 72 hours.

Macrophage cells at 0.5x10° cells/ml in 2 m| DMEM were added to wells of the 24 well plates
and left to grow confluent overnight. Mtb cells were pelleted from the cultures and resuspended in
DMEM, without serum. Mtb was added to the macrophage monolayer at a multiplicity of infection
(m.o.i.) of 10:1 (bacteria:cells). The infected cells were then transferred to 5% CO,/37 °C incubator
and incubated for at least 6hr. The media was then removed and the wells washed with PBS three
times. Any extracellular bacteria were killed by addition of media containing 50 pug/ml gentamicin
before washing.

Macrophages were then scraped from the wells with PBS/0.1 % Triton 100X to cause
macrophage lysis. The samples were then plated out on 7H10/OADC/ 0.2% glycerol plates to allow
determination of CFU/ml. Triplicate 20 pl aliquots of 1/10 diltuions in culture media were plated,

then counted 14-21 days later after suitable growth was observed.
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Chapter 3 - Biochemical
Characterization of Rv1636

90



The Universal Stress Proteins of Bacteria

3.1 Introduction

USPs are widely distributed in the three domains of life. Although over 3000 proteins have
been classed as USPs, the role of the proteins remains largely unknown and USPs are poorly
characterised in terms of biological function and activity. In this chapter, the purification and
biochemical characterization of Rv1636y,; and Rv1636 site directed mutants are described. The aim
was to investigate the biochemical activities of Rv1636 more robustly. In the Williams group,
previous work on the Rv1636,; protein revealed some putative biochemical activities, including
phosphorylation, nucleotidylylation and RNA triphosphatase activities. In this chapter, efforts to
further characterise the USPs are described, with aim of linking the classification of USPs to their

biochemical activities.

3.1.1 Biochemical Activities of USPs

The USPs of E. coli are the most widely studied USPs with respect to their biochemical
activities, with previous experiments largely focusing on E. coli UspA and UspG. Freestone et al.,
1997, showed that UspA is a serine and threonine phosphoprotein. They detected three isoforms of
UspA in vivo and determined, by alkaline phosphatase treatment, that two of these isoforms were
the result of phosphorylation. The phosphorylation was shown to be dependent on the typA
(0591/Rv1165) gene, which codes for an autophosphorylating tyrosine phosphoprotein. The protein
has homology to known GTP-binding translation elongation factors, for example the TypA protein
from E. coli. In vitro chase experiments, which followed the phosphate from donors including GTP
and ATP, showed UspA to be an autophosphorylating protein.

The same authors showed that phosphorylation of UspA in vitro, with both [y-**P] ATP and
[y-*P] GTP, was highest when divalent cations, either magnesium or manganese, were present in
the reaction. No phosphorylation was observed when using [a->’P] ATP, meaning the alpha-
phosphate did not remain bound to the protein. The phosphorylation of UspA was stable to acid
hydrolysis and unstable to base hydrolysis, which is consistent with serine or threonine
phosphorylation. The protein TypA was shown to be involved with the autophosphorylation of UspA.
A mutant lacking different isoforms of UspA was found to contain an insertional mutation in the
TypA gene. They concluded that the gene TypA was required for the phosphorylation of UspA under

carbon starved conditions.
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Weber and Jung (2006) showed UspG from E. coli was also post-translationally modified and
could be both phosphorylated and adenylylated when incubated with radiolabelled y and o —ATP

respectively (Figure 3.1). Acid stability of the isoforms indicated the modifications were at serine or

threonine residues.
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Figure 3.1. Time dependent modification of His,o-UspG in vitro. (A) Incubated with [y-azP] ATP to test for
autophosphorylation (B) Quantified phosphorylation. (C) Incubated with [a-azP] ATP to test for
adenylylation. (D) Quantified adenylylation. Sample were run on 12.5% SDS and transferred to

nitrocellulose membrane. Radiolabelling was detected by phosphoimaging. (Figure from Weber & Jung
(2006)).

Post-translation modifications play key roles in regulatory mechanisms, often by altering the
activity levels of enzymatic activities. Over-expression of UspA was shown to alter the isoelectric
point of at least six other proteins (Nystrom & Neidhardt 1996), suggesting the UspA is involved in

the post translation modification of other proteins.

3.1.2 Biochemical Characterisation of Mtb USP Rv1636

Rv1636y; was previously shown to be modified by apparent nucleotidylylation and

preliminary evidence has shown that Rv1636,,; possesses an autokinase ability, allowing it to
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undergo autophosphorylation. As previously mentioned, autoadenylylation has been described for
UspG (Weber & Jung, 2006), suggesting that this may be a general property of USPs. Similarly, E. coli

UspA was shown to be an autophosphorylating serine/threonine phosphoprotein (Freestone et al.,
1997).

3.1.2.1 Autokinase Activity

It has been previously shown that incubation of Rv1636yr with [y-*2P] ATP/GTP leads to
protein labelling with the y-phosphate in a protein concentration dependent manner (Leiva, 2007).
Figure 3.2 shows the radiolabelling of increasing concentrations of Rv1636y; when incubated with [y
-?P] ATP. In order to study the putative autokinase activity, further experiments were planned and
included phosphoamino acid analysis and determination of whether Rv1636y; could act as a kinase

and transfer the phosphate group to other proteins.

HisgRv1636 (uM)
0 2 4 9 14

.

. bl wen

Figure 3.2. Apparent in vitro autophosphorylation of Rv1636,,;. Labelled band runs at same level as
Rv1636,; at 16 kDa. Rv1636y; was incubated with [y-’P] labelled ATP for 30 minutes at 37 °C.

Radioactivity was detected using phosphoimaging. Figure from Levia (2007).

3.1.2.2 Nucleotidylylation Activity

Previous work by Leiva, 2007, in the Williams group showed apparent nucleotidylylation of
Rv1636ys when incubated with [a-**P] ATP/GTP. The Rv1636 protein was covalently labelled with

the a-phosphate. Figure 3.3 shows the radiolabelling of increasing concentrations of Rv1636y; when
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incubated with [a->’P] GTP. Furthermore, it was determined that the nucleotidylylation was alkaline
stable and acid labile. Further investigation into the putative auto-nucleotidylylation activity would
involve determining the bound state of the moiety and determining if the site directed mutants of

the conserved nucleotide binding site would retain the activity.

HisRv1636 (M)
0 05 1 2.5 S 10

Figure 3.3. Apparent in vitro nucleotidylylation of Rv1636,,;. Labelled band runs at same size as Rv1636y.
Rv1636,yr was incubated with [a-azP] labelled GTP for 30 minutes at 37 °C. Radioactivity was detected using

phosphoimaging. Figure from Levia (2007).

3.1.2.3 RNA Triphosphatase Activity

Preliminary experiments by Leiva, 2007, showed that Rv1636,; displayed RNA
triphosphatase activity when incubated with [y -’P] labelled RNA (as shown in Figure 3.4A). The
protein appeared to cleave the terminal y-phosphate from the RNA strand. RNA triphosphatase
activity has been shown to be important in the baculovirus Autographa californica nuclear
polyhedrosis virus (AcNPV) (Gross & Shuman, 1998a) and also the eukaryotic capping enzyme CEL-1
triphosphatase of Caenorhabditis elegans (Takagi et al., 1997), during which the 5’ triphosphate is
cleaved to a diphosphate in the initial step of the capping reaction. In the experiments by Leiva,
2007, the radiolabelled RNA produced was in relatively low amounts, therefore it was necessary to
incubate the reaction with a larger amount of unlabelled RNA in order to visualise that the RNA was
not being degraded (Figure 3.4B). In the initial RNA triphosphatase activity experiments, it was not
determined if the labelled RNA in the reactions was only cleaved at the 5’ triphosphate end.
Therefore, it was planned to achieve this by performing RNA triphosphatase experiments with [a-
P*’] labelled RNA and end labelled ([y-P**]-labelled) RNA.
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83

Figure 3.4. Putative RNA triphosphatase releases a radiolabelled phosphate from the y-labelled RNA
transcript. (A) 10ulL reactions in the absence (lane 1) and the presence (lane 2) of 1 ug Rv1636,,; containing
10 mM Tris-HCI (pH 7.5), 50 mM Nadl, [v-Paz]-IabeIIed RNA (~10 ng), were incubated for 30 minutes at 37 °C
and separated by agarose gel electrophoresis. The gel was visualized by phosphoimaging. (B) Reactions

repeated with ~100 ng unlabelled RNA and visualized under UV light. Figure from Levia (2007).

3.1.3 Aims

Rv1636 has previously been shown to have putative autonucleotidylylation, autokinase
activity and RNA triphosphatase activity. However, these results were from preliminary experiments
from which controls were missing. In this chapter, attempts to further characterise these putative
activities are described. Residues potentially important for the protein’s activity were studied and,
in order to further characterise the activities, specific site directed mutants were created.
Phosphorylation of a protein occurs on specific residues; in eukaryotes this usually occurs on serine,
threonine or tyrosine residues, whereas in prokaryotes phosphorylation commonly occurs on
histidine residues. However, the increasing importance of the phosphorylation of serine, threonine
and tyrosine residues in prokaryotes is becoming apparent. Nucleotidylylation also occurs at specific
residues and for further confirmation the release of a nucleotide monophosphate (NMP) moiety was
assayed. The possibility that Rv1636 is an RNA triphosphatase is intriguing and in order to confirm
this activity, RNA triphosphatase activity was tested using high concentrations of end labelled RNA
and also RNA labelled throughout the molecule.
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3.2 Results

3.2.1 Protein Purification

3.2.1.1 Rv1636wr Purification

The Rv1636 gene was originally cloned from Mtb H37Rv genomic DNA into pGEM-Teasy
vector (Promega) between Ndel and BamHlI restriction sites (Leiva, 2007). The gene was then cloned
in the expression vector pET-15b (Novagen) and plasmids recovered and sequenced before being
transformed into E. coli Rosetta (DE3) to allow protein expression. pET15b::Rv1636 allows the
transcription of Rv1636 to be driven by a T7 promoter and resulted in the expressed protein being
tagged with a N-terminal histidine tag to allow nickel affinity purification.

E. coli Rosetta cells containing the vector pET15b::Rv1636 were grown to an ODggy of 0.6 and
induced with 0.1 mM IPTG at 37 °C. The cells were disrupted by Bugbuster Reagent (Novagen). The
protein was purified by immobilized metal-ion affinity chromatography (IMAC) purification and the
elution chromatograph is shown in Figure 3.5A. The soluble fraction obtained from the culture was
run through a His-trap column (GE Healthcare) and eluted fractions analysed by SDS-PAGE as shown
in Figure 3.5. The main peak corresponded to an over-expressed protein that migrated in a position

similar to previously purified Rv1636yrat 17 kDa.
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Figure 3.5. Purification of Rv1636,,; by immobilized metal-ion affinity chromatography. (A) FPLC elution
chromatogram of Rv1636y,; purification showing UV,g,. reading (mAU, milli-absorbance units) and the
imidazole gradient. Arrow shows the peak fractions that were analysed. (B) SDS-PAGE of the eluted
fractions from peak. Lanes 1-11 representing elution volume 14-24 ml. Proteins were visualised with

Imperial Stain (Pierce). Marker is Invitrogen SeeBlue®Plus2 (Lane M).
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Fractions corresponding to a strong peak on the chromatogram were collected. These
contained a protein of 17.3 kDa, which is equivalent to the expected weight of the His-tagged
Rv1636y; fusion protein. The fractions were desalted and buffer exchanged using an Amicon
centrifugal filter device with a molecular weight cut off of 10,000 Da to remove any remaining
imidazole. The final purified protein after desalting, buffer exchange and concentration is shown in

Figure 3.6.

1 2
KDa
64 w—
0
36—
m .e Rv163qNT

Figure 3.6. Purified HisRv1636y protein. Expressed in E.coli Rosetta cells and purified by IMAC. 12% SDS-
PAGE stained with Imperial Stain. Lane 1: SeeBlue®Plus2 marker (Invitrogen), Lane 2: Purified

HiS(G)RV1636WT.

3.2.1.2 Generation of Site Directed Mutants in Rv1636

Site directed mutants in the putative nucleotide triphosphate binding site were created
using the expression vector pET15b::Rv1636 as a template. The G-X,-G-Xo-GS motif of the Rv1636
protein is highlighted in Figure 3.7. Any nucleotide binding pocket is likely to be disrupted with small
changes to amino acid side chains. The conserved residues highlighted as having binding roles to
nucleotide triphosphates were substituted to alanine using the Stratagene SDM Kit Il according to

the manufacturer’s instructions.
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Figure 3.7. Putative nucleotide binding site of Rv1636 with residues selected for mutagenesis highlighted.

Substituting the side chain of the amino acids present in the putative binding site would
provide important information about the binding of the nucleotide to the Rv1636 protein. Also
substituting the D12 aspartic acid to glutamate was predicted to interfere with the putative
nucleotide binding site conformation. The aspartic acid is highly conserved among USP proteins as
can be seen in Figure 1.8 in Chapter 1, with the MJ0577 protein, UspA from E. coli and H. influenzae
all containing this conserved residue. The site directed mutants made were therefore G113A,
G116A, G126A and S127A in the putative nucleotide binding motif, and D12A. The replacement of
the hydrogen side chain of the glycines, within the putative nucleotide binding site, with the larger
methyl group of alanine would likely perturb both of the conserved loop regions which are in contact
with the nucleotide.

Primers were designed using the Stratagene primer design program and SDM was achieved
using Stratagene SDM Kit Il according to the manufactures instructions. The SDM plasmids, once
confirmed by sequencing to contain the desired mutation, were then transformed into competent E.
coli Rosetta cells for expression. Expression was carried out as described previously (1.2.1.1
Rv1636y: Purification) and the proteins were purified following solubility tests as shown in Figure
3.8. The concentration of the proteins was determined using absorbance at 280nm, which is
dependent on tryptophan, tyrosine and cysteine residues. D12A did not overexpress soluble protein

(Figure 3.8) indicating expression of the protein may have been toxic to the cell.
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Figure 3.8. Expression and purification of his-tagged site direct mutant proteins. Samples were run on 12.5%
SDS-PAGE and stained with Imperial Coomassie Stain (Pierce). Proteins were expressed in E. coli Rosetta

cells at 37 °C and purified by IMAC. SeeBlue®Plus2 marker (Invitrogen) is shown.
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3.2.2 Investigating the Biochemical Activities of Rv1636

3.2.2.1 Investigation of the Rv1636 Autokinase Activity

It was previously shown than Rv1636y; has autokinase activity and is able to undergo
autophosphorylation. Further evidence that suggested the Rv1636y; protein can be covalently
modified with the y-phosphate was shown when the Rv1636y; was incubated with [y -P*})-GTP and
this produced two bands visualised by SDS-PAGE. The presence of a double band (Figure 3.9)
suggests there is a modification that alters the migration of the protein. In the case of
phosphorylation, the addition of a phosphate group can affect the binding of SDS-molecules to a

protein.

“ <« Rv1636

1 2
[y-P3-GTP  [a-P32-GTP

Figure 3.9. Autoradiograph of Rv1636y; following incubation with radiolabelled GTP. The double band
suggests different isoforms of Rv1636 as they pass through SDS-PAGE at a different rate. Reducing SDS-

PAGE samples were boiled for 5 minutes with 2X Laemmeli.

3.2.2.1.1  Phosphoamino Acid Analysis of Labelled-Rv1636

In order to obtain further information on the kinase activity, phosphoamino acid analysis
was performed to identify the nature of the apparent phosphorylated amino acid in Rv1636. [y-P*]
ATP-incubated Rv1636y; was run on an SDS-PAGE before being transferred to a PVDF membrane.
The protein was then hydrolysed with 6 M HCL and the amino acids separated by semi-dry thin layer
electrophoresis. When comparing the ninhydrin stain of the amino acid standards to the
autoradiograph, shown in Figure 3.10, the labelled phosphate runs to the point equal to the

phospho-serine, which suggests that the gamma-phosphate is attached to a serine. Free inorganic

phosphate (Pi) was observed to run beyond the phosphoamino acids.
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Figure 3.10. Phosphoamino acid analysis by semi-dry electrophoresis on a thin-layer chromatography
electrophoretic plate. P*.labelled Rv1636y,; was hydrolysed in 6M HCL, spiked with cold phosphoamino
acids and electrophoresed. Detection of phosphoamino acids by ninhydrin colour reaction (A) and Fuji BAS

2000 phosphoimaging analysis (B).

As the autophosphorylation of Rv1636 was shown to involve a serine residue, SDM of serine
residues was undertaken in order to determine which serine(s) were involved. Rv1636 encodes nine
serines and to determine which of these residues may have a role in the phosphorylation activity.
Rv1636 was analysed using a phosphorylation site predicting software. Serine residues that could
potentially be phosphorylated were highlighted using the program NetPhos (Figure 3.11). NetPhos
predicted that the serines at the four sites S16, S17, S57 and S118 were potential sites of
phosphorylation. The program looks for serines that are near the surface and are accessible for
phosphorylation, although it should be noted it was designed for the analysis of eukaryotic proteins.
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Sequence 133 PANVSRRAK 0.171

A

Figure 3.11. NetPhos Prediction of the serine phosphorylation sites in Rv1636. The threshold is set by

default. www.cbs.dtu.dk/services/NetPhos/.

Through a combination of the Netphos program and sequence alighment of Rv1636 with

homologues from other Mycobacterium species (Figure 3.12), four serines were identified. The

serines at positions S16A, S17A and S118A were selected for mutagenesis to alanine residues;

whereas the construction of a SDM of the serine at position 127 was already described previously

(Chapter 1.2.1.2) as it is part of the conserved nucleotide binding motif. NetPhos highlighted S57 as

a possible site of phosphorylation, however, sequence alignment showed the residue was not

conserved in all the other mycobacterial homologues and therefore, likely not of functional

significance (Figure 3.12).
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Figure 3.12.

Multiple alignment of Rv1636 from Mtb with homologues from M. bovis (Mb1662), M.

smegmatis (MSMEG3811 ), M. leprae (ML1390), M. avium (MAP1339), M. vanbaalenii (Mvan3342), M.

gilvum (Mflv3551) and M. ulcerans (MUL1619). Serines chosen for SDM are highlighted by underlining of

the consensus sequence.
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PAGE purified primers were used to introduce point mutations into Rv1636, using the
QuickChange Il site-directed mutagenesis kit (Stratagene) according to the supplier’s instructions
(Chapter2.3.11). pGEM-Te::Rv1636 was used as the template. Sequencing confirmed the successful
mutagenesis. The mutated Rv1636 genes were digested from pGem-Teasy::Rv1636 and were ligated
into the expression vector pET15b between the restriction sites BamHI and Ndel. The resulting
expression vectors pET15b::Rv1636s6p.s17a and PET15b::Rv16365.15n Were then transformed into

competent E. coli Rosetta cells for expression and IMAC purification (Figure 3.13).
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Figure 3.13. Expression and purification of Rv1636s;65.517a and Rv1636s;,34 proteins resolved on 12.5% SDS-

PAGE and stained with Imperial Coomassie Stain (Pierce). SeeBlue®Plus2 marker (Invitrogen) is shown.

3.2.2.1.2  Radio-labelling of Rv1636 was shown to be Non-specific

Subsequent to the creation of the site directed mutant proteins, the Rv1636 \; was assayed
to determine if the protein could phosphorylate other proteins. The myelin basic protein (MBP),
which is an 18.5 kDa protein substrate of a wide array of kinases, is similar in size to Rv1636yr,
therefore a recombinant fusion protein (NEB) with a size of 29 kDa was used. The fusion protein

consisted of the MBP attached with a chitin binding domain on the N-terminus.
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Rv1636yr was incubated with 5 pg of myelin basic protein (MBP) and phosphoimaging
unexpectedly revealed that the MBP became radiolabelled in the absence of Rv1636y; (Figure
3.14A). The potentially non-specific radiolabelling of the MBP was in comparable levels to the
radiolabelling of the Rv1636y; indicating the apparent autophosphorylation of the Rv1636

observed may be biologically insignificant.

A B

Radioactivity  + + + q
His6-Rv1636 - + - + Radioactivity
By = =+ & MBP
Protein Kinase A
MBP . e
RVIG36 —p — MEP _,

Figure 3.14. Phosphorylation assays with Rv1636 and MBP incubated with [v-azP] ATP. (A) Rv1636yr and
MBP were incubated with [v-szP] ATP. Lane 1: No protein, Lane 2: Rv1636y,, Lane 3: MBP, Lane 4: Rv1636y
and MBP. (B) MBP incubated with protein kinase A and [v-32P] ATP. Lane 5: MBP, Lane 6: Protein kinase A
and MBP. Reactions were run for 30 minutes at 37°C. Radioactivity was detected using phosphoimaging

with Fuji Film 5000 phosphoimager.

Further investigation into the apparent non-specific labelling included performing a variety
of trial experiments. This included changing the in vitro reaction buffer from a Tris-salt buffer to
HEPES buffer, as described by Walter et al., 2000, which showed that although HEPES buffer reduced
the background labelling, the MBP remained radiolabelled. MBP protein was also replaced with the
histone H1 fraction, another known kinase substrate, and BSA, a stable protein that lacks any effect
in many biochemical reactions. The experiments showed the two control proteins also became
radiolabelled in the absence of Rv1636 .

The experiment was then repeated with protein kinase A, which is known to phosphorylate

MBP. Upon incubation with protein kinase A, MBP became significantly radiolabelled (Figure 3.14B).
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From these experiments it could be concluded that the observed labelling of Rv1636 was non-
specific and phosphoamino acid analysis was not performed on the serine mutants created. In vitro
phosphorylation is not directly an indication of in vivo activity. The presence of phospho-serine may
suggest that the Rv1636 can be phosphorylated on these residues in vivo. Given these results

further experiments were not pursued with the serine site directed mutants.

3.2.2.2 Investigation of Autonucleotidylylation Activity

Nucleotidylylation is defined as the addition of an NMP nucleotide to an amino acid by the
creation of a a-phosphodiester bond between the hydroxyl group of the amino residue and the
phosphate group of the nucleotide. In order to disrupt the phosphodiester bond and allow analysis
of the bound moiety, the organic compound piperidine ((CH,)sNH) was used. Piperidine is a
heterocyclic amine that is made up of a six-membered ring containing five methylene units and a
single nitrogen atom and which is commonly used in chemical degradation reactions as it is able to
cleave particular modified nucleotides. Piperidine is a strong base that can efficiently cleave
phosphodiester bonds at both the 3' and 5' sides of bases (Maxam and Gilbert, 1977) through
alkaline hydrolysis and which has also previously been used to cleave off an AMP moiety, as
described by Weber and Jung (2006) and Usuki et al. (1991). The use of piperidine should result in

the release of any nucleotide monophosphate bound from the Rv1636 protein.

3.2.2.21  a-NTP Labelled Rv1636 Releases a NMP Moiety

To further the analysis, an experiment was performed to determine if the radiolabelled
phosphate was attached in the form of a GMP moiety. Piperidine treatment of the [a-P*’] GTP
incubated Rv1636y, followed by thin layered chromatography (TLC), determined the release of a [a-
P3?] GMP (Figure 3.15), showing that the reaction of Rv1636 yr with [0-P*)] GTP leads to a covalent
adduct between the protein and GMP. The experiment was repeated with [a-*2P] ATP-incubated

Rv1636y; which determined that Rv1636y could also release an AMP moiety.
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Figure 3.15. Analysis of the nucleotidylylation of Rv1636 using piperidine release. (A) [32P]-GMP release
from [a-SZP] GTP-incubated Rv1636y, following piperidine treatment. Rv1636y (5 pg) was incubated with
10 pM [a-*’P] GTP (0.5 pCi/ul) for 1 hour at 37 °C before gel purification and acetone precipitation.
Piperidine treated (+) and non-treated (-) samples were resolved by TLC. Standards of 20 nmol GMP and
GTP were run and were visualised under short-wave UV light to determine the migration patterns. (B) [32P]

AMP release when Rv1636,yr incubated with [a-32P] ATP. 20 nmol of AMP and ATP were run as standards.

3.2.2.2.2 Radiolabelled Nucleotide Attaches to Denatured Rv1636

To determine if the Rv1636 mutants were able to be nucleotidylylated, the proteins were
incubated with [a-P**] ATP and subjected to SDS-PAGE analysis. As a further control, Rv1636ys was
denatured by boiling in SDS prior to incubation with the ATP. Figure 3.16 shows all the proteins
became labelled including the SDS-treated Rv1636y. As a denatured protein would not be expected
to autoadenylylate, it appeared the labelling in the experiment was unspecific and

autonucleotidylylation was not occurring to significant levels. In a separate experiment, lysozyme
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(14.7 kDa) also becomes labelled when incubated with [a-P*)] ATP (Figure 3.15). Lysozyme is known

not to be nucleotidylylated.
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Figure 3.16. In vitro nucleotidylylation of Rv1636 mutants. Labelled bands runs at the same level as
Rv1636y,; on SDS-PAGE stained with Coomassie. Rv1636 proteins were incubated with [a-*>P] ATP and ran

on 12.5% SDS Page. Radioactivity was detected using Fuji-film 5000 phosphoimager.

3.2.2.3 IsRv1636 an RNA Triphosphatase?

Previous data suggested that Rv1636 had RNA triphosphatase activity as the protein was
shown to hydrolyse the terminal phosphate from the 5 end of RNA molecules (Leiva, 2007). The
property suggests that in vivo it may have a role interacting with RNA and that Rv1636 may
represent a novel class of prokaryotic RNA triphosphatases, as the activity would be a unique
biochemical property if described for a prokaryotic protein.

The noted preliminary evidence which suggested that Rv1636 was a RNA triphosphatase was
based on the observed removal of the 5 terminal phosphate from RNA. The original RNA
triphosphatase experiments were performed on a low concentration of labelled RNA. However, RNA
is very unstable and it was attempted to repeat the experiment using higher concentrations of
labelled RNA in order to visualise whether the RNA was still intact. Initial attempts to produce

labelled RNA transcript with T4 polynucleotide kinase (PNK) after HK Thermolabile Phosphatase

dephosphorylation were unsuccessful and the level of RNA obtained was still too low to visualise.
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To further these experiments, 45-nucleotide RNA substrates were transcribed in the
presence of [a-P**] GTP or [y-Paz] GTP using the AmpliScribe™ T7 RNA polymerase. The incorporation
of the alpha label in the generated strand meant there were labelled phosphates throughout the
strand, whereas the gamma labelled phosphate would only be found at the 5’ terminal end of the
RNA. The template used was the pGEM-4Z (Promega) vector that had been linearised with Smal and
purified from an agarose gel. Following RNA transcription, the template DNA was digested with
DNasel and free nucleotides were then removed using a Sephadex G-25 column (Amersham
Biosciences). The purified 45-mer was [a-P**] or [y-P*] labelled and the quality of the RNA produced
was assessed on 10% polyacrylamide gels containing 7M urea.

RNA triphosphatase experiments were then performed on the radiolabelled RNA. As a
further control, HK™ Thermolabile Phosphatase was used as it is known to dephosphorylate RNA at
the 5’ end. Reactions were halted with formaldehyde and EDTA loading buffer as the formic acid
previously used was found to inhibit running of the polyacryamide gels. It was determined that
when previous samples of Rv1636,: and Rv16365113n Were mixed with the alpha labelled RNA, the
RNA was totally degraded (Figure 3.17). This suggests that Rv1636 is not directly a RNA
triphosphatase, and was unable to specifically cleave the 5’ terminal phosphate from RNA strands.

It remains to be determined if the breakdown of the RNA is a true catalytic activity of
Rv1636. RNase inhibitors were added to the reactions to minimise RNA breakdown by a range of
RNases. However, the ribonuclease inhibitor RNasin does not always block all RNase contamination.
Upon boiling of Rv1636 in SDS the RNA was no longer degraded, indicating the breakdown was due

to either catalytic action of Rv1636 or low level contamination of the purified protein.
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Figure 3.17. RNA triphosphatase control assay. Rv1636,,r and Rv1636¢,:35 protein were incubated with [a-
P*’] labelled RNA, which was shown to be totally degraded post incubation. 10% polyacrylamide gel with 7
M urea and exposed with the Fuji-film 5000 phosphoimager. HPK is HK™ Thermolabile Phosphatase, a
phosphatase that can cleave the 5’ phosphate of RNA.

3.2.2.1 Rv1636 Binds Adenosine Triphosphate

To continue the biochemical analysis of Rv1636, the nucleotide binding properties of the
protein was assayed. The conserved G-X,-G-Xo-GS NTP-binding motif is found within the Rv1636
protein and in many other USPs. To determine whether Rv1636,; could bind nucleotide
triphosphate the protein was incubated with [a-P**] ATP in a 20 pl reaction containing a simple Tris
(100 mM) and NaCl (20 mM) buffer. Reactions were kept at 4 °C to ensure further enzymatic
reactions did not occur. Two methods were trialled to test for nucleotide triphosphate binding.
Firstly, crosslinking of the protein to any bound nucleotide using UV light and secondly, a filter
binding method which removes any free nucleotide in the reaction by passing the reaction through a

nitrocellulose membrane under vacuum.
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3.2.2.1.1 UV Crosslinking Approach

UV crosslinking is an ideal mechanism to study the binding of nucleotides as it introduces
covalent binding between the protein and the nucleotide. When a protein initially binds a
nucleotide, the interactions are non-covalent interactions, such as hydrophobic interactions, Van der
Walls forces and ionic forces. This means that nucleotide binding would not be seen after reducing
SDS-PAGE. Irradiation with UV light of nucleotides produces purine and pyrimidine free radicals.
Subsequently any protein molecule in close proximity to the free radical can then from a covalent
bond, thus crosslinking the nucleotide to the protein.

UV crosslinking of any bound nucleotide to Rv1636 involves exposing the reaction to UV light
(Preneta, 2004). When the protein is then subjected to SDS-PAGE, the nucleotide remains attached
and can then be assayed by phosphoimaging. In this case, the reactions were carried out in the
absence and the presence of cations to determine their role. UV crosslinking determined that
Rv1636yr could bind nucleotides (Figure 3.18). The gels showed radioactive bands at the
appropriate molecular weight and corresponded to the level of Rv1636,, when electrophoresed gels
were stained with Coomassie. When no UV light was applied to the sample there was no evidence
of nucleotide binding suggesting no post-translational modifications involving the [a-P**] phosphate
were taking place at 4 °C.

The BSA protein was added as a control and was shown not to remain bound to any
nucleotide when subjected to UV crosslinking. This result suggests that the Rv1636,; can bind
nucleotide triphosphate and that the addition of cations magnesium and manganese did not result
in an increase in binding. Boiling the Rv1636yy in 2% SDS prior to incubation with the [a-P**] ATP

also led to the negation of binding properties as expected.
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Figure 3.18. UV crossing linking of Rv1636 proteins. Rv1636,,r (30 puM) was incubated with [a-Paz] ATP for
40 minutes at 4 °C under UV light. BSA is Bovine Serum Albumin. Reactions were then subjected to SDS-

PAGE and phosphoimaging.

To further analyse the nucleotide binding capabilities of Rv1636, multiple reactions were
needed in order to statistically quantify the levels of binding. Attempts to quantify the radiolabel
remained difficult and were hindered by a lack of reproducibility of the reactions, due to the
variability observed when the similar reactions were cross-linked. To get reproducible data,
experiments were performed with a base level of cold nucleotide (30 uM); however, six replication
reactions for the Rv1636y; produced a similar amount of variation as seen in competition
experiments with GTP, GDP, GMP, ATP, ADP and AMP, and therefore, a more accurate method to
study nucleotide binding was required. In order to continue studying the nucleotide binding
capabilities of Rv1636, a separate method of nucleotide binding was developed based on the

vacuum filter binding assay.

3.2.2.1.2  Filter Binding Vacuum Approach

Filter binding allows the non-covalent interactions between nucleotides and proteins to be
quantified and is a well established method for measuring the binding of nucleotide (Rombel et al
1999, Tameling et al., 2002). The proteins with any bound nucleotide remain attached whilst any
unbound nucleotide is eluted through a nitrocellulose membrane.

Twenty ul reaction volumes were passed through a nitrocellulose membrane allowing the

proteins to bind due to their hydrophobic nature while free nucleotides pass through the
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membrane. The amount of bound radiolabelled nucleotide is then represented by the strength of
the radioactive signal remaining. The results of the vacuum filter binding first showed that the blank
reaction, containing no protein, when washed with the wash buffer described in Visweswariah et al.
(2010) of 150 mM NaCl and 10 mM Tris-Cl, gave a positive signal. After trying a variety of wash
buffers, it was discovered that replacing the wash buffer with dH,0 alone cleared the background.
Figure 3.19 shows the levels of bound nucleotide associated with the proteins that are
bound to the nitrocellulose membrane. Figure 3.19A shows a number of control reactions that
indicate the binding of the nucleotide to Rv1636y is specific and above the background level. The
blank (no protein), the BSA and the Rv1636y; boiled in SDS detergent are negative controls and
would not be expected to bind any nucleotide. Boiling the Rv1636y in SDS detergent denatures the
protein by disrupting the tertiary and quaternary structure, thus rending the protein unable to bind
nucleotide. BSA was used as a control protein as it is known to be a stable protein with no
biochemical activities described. The radiolabelled signal remained with the Rv1636,; protein
indicating the protein could bind the radiolabelled nucleotide. Figure 3.19B shows the nucleotide
binding capabilities of Rv1636y and some of the site directed mutants, which suggests that some of

the mutated bases may be involved in binding.
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Blank BSA Rv1636 Rv1636- Rv1l636
WT G113A SDS-treated
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Figure 3.19. Nucleotide binding assay using a filter vacuum. Rv1636y7 (30 pM) was incubated with [a-P*%]
ATP for 40 minutes at 4 °C under UV light. Samples were passed through a 0.45 uM membrane, washed,
dried and phosphoimaged to determine levels of radioactive nucleotide bound to the proteins. (A) Control

Reactions including BSA and SDS-treated Rv1636y. (B) Rv1636 and site directed mutants.
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The preliminary results of the vacuum binding suggest that the mutant proteins bind ATP
(Figure 3.19B) and Rv1636g16a and Rv16361,74 do exhibit lower amounts of bound radioactive
nucleotide. Across the slot blot there was again high variation between reactions containing the
same protein. An example is shown between the Rv1636, protein in Figure A and B where the
reaction was performed at the same time in the same slot blot and exhibits a high level variation.
Further efforts, including changing the wash buffer and doing further repeats to obtain high
reproducibility did not improve reproducibility. This prevented further characterisation of the
binding properties. Competition experiments would have aimed to show if the protein had a
preferred substrate such as NMP, NDP or NTP for the nucleosides guanine, adenine, cytosine and
thymine. Also, the effects of cyclic nucleotides and cations would have been of interest; however

comparisons were unable to be made due to the high levels of variation encountered.
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3.3 Discussion

3.3.1 Purification of Rv1636 Proteins

Rv1636yyand the Rv1636 site directed mutants were successfully expressed as fusions with
a small six-histidine tag. The expression produced soluble proteins which were then purified from
the E. coli cellular extract by one-step ion-metal affinity chromatography (IMAC). The proteins were
purified to a high level, with washing with imidazole removing the majority of contaminants that
bind the nickel in the column due to unspecific interactions. Once purified, the proteins were stored
at -20 °C in 30% glycerol until use in the in vitro biochemical assays described. The site directed
mutants including S16A/S17A, G113A, G116A, S118A, G126A and S127A were successfully produced.

An important part of SDM is to ensure that the mutations produced have local structural
changes and do not affect the native fold of Rv1636. As the site directed mutants of Rv1636y,; were
found to be soluble, the proteins are likely to be folded when expressed in E. coli. A further
observation noted in the 89% identical homologue protein ML1390, from M. leprae, is that it has an
asparagine (N) instead of an alanine in position 84 compared to Rv1636. The change is likely to be a
conservative mutation and when comparing mutants could provide a further reference position.

The aspartic acid at position D12 within Rv1636ys is highly conserved in the USPs and the
protein D12A was found to be difficult to over-express in E.coli. Other approaches that could be
used in the future to obtain Rv1636p,4 could include purifying the protein within inclusion bodies or
optimising the protein yield through in vitro refolding methods, the use of other tag fusions systems,
such as GST, Maltose binding protein (MBP) or expressing the protein along with chaperones which
aid in the proper folding of the proteins (Villaverde & Carrio, 2003). Difficulty in expressing USPs in
E. coli has been found before in the Williams group.

In the Williams group, the expression of other several other Mtb USPs including Rv1996,
Rv2005c, Rv2026¢, Rv2028c, Rv2623 and Rv2624c in E. coli resulted in a large amount of insoluble
protein accumulation and no soluble protein, thus making further analysis difficult. The size of the
native Rv1636 in comparison to these USPs may have contributed to the solubility of this protein.
The six USPs noted are tandem proteins and may have associated folding issues that do not apply to
Rv1636. The cysteine content of the tandem USPs proteins may also play a role with the formation
of unwanted cysteine intermolecular disulphide bridges as each tandem USP has between two and
four cysteines, compared to no cysteines found in Rv1636. Zanier et al. (2007) described how,

although cysteine bridges have a role in stability of tertiary/quaternary structure, any unspecific
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cross-linking of the residues could result in the mis-folding and aggregation of recombinant proteins
in E. coli during the purification process.

Any aggregated proteins are often compartmentalised by cells, within insoluble inclusion
bodies, making further work with the proteins difficult. As an alternative the proteins could be
purified from a native environment such as from Mtb. A category level 2 Mtb strain has recently

been obtained by the laboratory and could be used to further study the USPs and Rv1636.

3.3.2 Biochemical Activities of Rv1636

3.3.2.1 Post-translational Modifications of Rv1636

3.3.2.1.1 Investigation of Autokinase Properties of Rv1636

The transfer of phosphate groups from nucleotide triphosphates to amino acids have
important functions in biological pathways and can be used to modulate protein activity.
Phosphorylation can be used as a molecular switch, as is common in two component systems, and
can be involved in both signalling and metabolism networks. Phosphorylation is defined as the
addition of a phosphate group (PO,)". When added to the R group of an amino acid it can make the
hydrophobic nature change to a polar hydrophilic nature. These changes are often important for
protein-protein interactions, often due to the conformational changes that can often result from
phosphorylation. Phosphorylation is widely used in signal transduction networks that allow the
bacteria to sense environmental signals and implement adaptive changes.

Determination of a double band of Rv1636y: by SDS-PAGE after incubation with [y->*P] GTP
suggested there are two forms of Rv1636 bound to the gamma phosphate. A phosphate group
(PO,*) has a molar mass of 94.973 Da and once bound can prevent SDS molecules binding, thus
giving the phosphate bound form a difference in charge, resulting in slower migration on SDS-PAGE.
An example of a protein that migrates differently on SDS-PAGE after a phosphorylation reaction is
the C-Jun protein. When phosphorylated at serine 63/73 the migration changes and there is a 39 to
43KDa jump. However, when the C-Jun protein is phosphorylated at 3’ terminal sites no shift is
observed (Pulverer et al., 1991). Steinberg et al., 2003, also showed the catalytic (Co) subunit of
Cyclic AMP-Dependent Protein Kinase could be phosphorylated in two forms and that the two
phosphorylated forms migrate differently when separated by SDS-PAGE.

To further the analysis of the putative kinase activity, phosphoamino acid analysis was

undertaken. This method was used to determine whether autophosphorylation occurs at serine,
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threonine or tyrosine residues. These amino acids contain a hydroxyl group in their side chains
which is necessary for phosphate binding. At physiological pH these hydroxyl groups are
deprotonated, meaning an oxyanion can act as a nucleophile and attack the phosphate from
nucleotide triphosphates. The hydroxyl groups on serine, threonine, and tyrosine are neutral, and
when phosphorylated the neutral charge is replaced by negatively charged phosphates.

The result of the phosphoamino acid analysis indicated the radiolabelled gamma-phosphate
was attached to the Rv1636,, at a serine residue. Similarly the E. coli UspA protein has been shown
to exhibit autophosphorylation activity on serine/threonine residues (Freestone et al, 1997).
Rv1636 contains nine serine residues and through a combination of the NetPhos program and
sequence analysis of other Mycobacterium homologues, four serine residues were highlighted as
possible candidates for the phosphorylation site(s). One limitation of the NetPhos is that it is
specifically designed for eukaryotic proteins, where serine/threonine and tyrosine residues are the
usual sites of phosphorylation. Although many prokaryotic proteins are phosphorylated on histidine
residues, Boitel et al., 2003 described that phosphorylation of serine/threonine and tyrosine
residues has an increasingly evident role in prokaryotic biochemistry.

The successful creation and purification of the serine SDM mutants was carried out with the
aim of further elucidating apparent autophosphorylation. Site directed mutagenesis was successful
in mutating the four serine residues identified as possible sites of phosphorylation, including S16,
S17, 5118 and S127. The double mutant at positions S16 and S17 was produced because individually
the primers for the mutagenesis had strong secondary structures. However, before phosphoamino
acid analysis on the Rv1636 serine mutants was undertaken, the autophosphorylation of Rv1636 was
unexpectedly shown to occur at a low level.

The analyses using the MBP fusion protein as a substrate protein showed the Rv1636 protein
did not possess any significant kinase activity. MBP is routinely used as a substrate for
phosphorylation assays because the protein has no autokinase activity. The MBP alone became
labelled in the autophosphorylation assay and therefore put an uncertainty to whether the
radioactivity observed on Rv1636yy is biologically relevant. A recent screen mass-spectrometry
based by Prisic et al. (2010) did not highlight Rv1636 as being a phosphorylated protein when the
Mtb was screened for phosphoproteins. However, the list is not exhaustive and gene regulation and
stage of growth are important factors to consider.

The previous phosphoamino acid analysis, which showed phosphoserine was present and
not phosphothreonine or phosphotyrosine, suggested the protein did become labelled with some
degree of specificity. Interestingly, Freestone et al. (1997) showed that although most UspA could

become phosphorylated in vivo, the phosphorylation was likely to be dependent on some unknown
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factor as only 1:10000 molecules of UspA were phosphorylated in their in vitro assay. Indeed, the in
vivo phosphorylation of E. coli UspA, was shown to be dependent on protein TypA, a ribosomal
tyrosine phosphoprotein (Freestone et al., 1998). Significant levels of Rv1636 phosphorylation may
therefore require the presence of another, as yet unknown, factor. Chapter 5 describes experiments
to search for interacting partners of Rv1636.

If the Rv1636 protein was shown to be a serine kinase the protein would be added to the
number of serine/threonine kinase already identified in Mtbh. Within the Mtb genome, 11
serine/threonine protein kinases (STPKs) are encoded. The number of these kinases varies between
bacterial species and Pérez et al., 2008, suggested the presence of the Ser/Thr or Tyr kinases may
correspond with the complexity of the bacterial lifecycle, and that these kinases are required to
allow regulation of essential processes allowing the bacteria to adapt to a variety of stresses and
promote development and virulence. Future work could involve direct kinase assays, such as those
by Mukhopadhyay et al. (1999), on immunoprecipitated Rv1636 from Mtb, to determine if any

proteins that co-immunoprecipitates with Rv1636 can allow the phosphorylation of the protein.

3.3.2.1.2 Putative Nucleotidylylation of Rv1636

Nucleotidylylation is important in signalling recognition and regulation, which are two
processes likely to be related to the survival of the bacteria under stress. Nucleotidylylation has
been shown to function as a regulatory mechanism for glutamine synthase in E. coli and often post
translation modifications allow multifunctional regulation. Other known proteins that have both
autophosphorylation and autonucleotidylylation properties include the MAFP protein [major acidic
fibroblast growth factor (aFGF) stimulated phosphoprotein], which is a glycoprotein from bovine
liver (Oda et al., 1993). Interestingly, in the MAFP protein the modifications both occur at the same
threonine residue.

The observation that Rv1636y; was also labelled when incubated with [a-P**] ATP/GTP
following denaturation in SDS suggested that all of the labelling was not due to enzymatic activity.
The SDS-treated Rv1636yy protein was labelled to a similar degree as all of the site directed mutants
tested. Weber and Jung (2006) write that the denatured UspG protein in 2% SDS exhibited no
enzymatic activities with no significant labelling detected. The authors incubated UspG with 10 uM
[a-P**] or [y-P*’] nucleotide triphosphate at 37 °C for 30 minutes and then analysed the bound GMP
stability. They found the bound GMP was acid stable (1 M HCI) and alkaline labile (3 M NaOH); which

is in contrast to the stability of the nucleotidylylation described by Leiva (2007).
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However, it remains a possibility that the proteins can be modified in vivo. The proportion
of adenylylated His-UspG after purification in E. coli was found to be approximately 5% (Weber &
Jung, 2006). As this protein was described to have autoadenylylation properties, it is clear that not
all of the units underwent autoadenylylation and other factors must be involved. Weber and Jung
(2006) explained how the partial adenylylation of the UspG that they observed in vitro could be due
to the half-life time of the modification.

The release of an [P*?] NMP when the [a-P*’] NTP incubated Rv1636y; was subjected to
piperidine treatment implied an NMP moiety was covalently bound. The finding that NMP moieties
are released could suggest that a low level of nucleotidylylation was occurring. Post-translational
modifications such as phosphorylation and nucleotidylylation are known to alter the isoelectric point
(p!) of the proteins and therefore future work should involve separating the different isoforms of
Rv1636 by 2D-PAGE analysis. The anti-Rv1636 antibody could then be used to detect different

isoforms of Rv1636 which may be present.

3.3.2.2 RNA Triphosphatase Activity

The Rv1636yr and Rv16364,134 mutant proteins were both shown to degrade the total RNA
in the RNA triphosphatase assay. The cleavage of the 5’ phosphate was not specific and the
backbone of the RNA molecule was also degraded in the reaction. The creation of a-P*? labelled RNA
and y-P** labelled allowed the phosphatase activity to be visualised. The use of the positive control
HK Thermolabile Phosphatase indicated a 5" RNA triphosphatase would not degrade the total RNA.
The degradation of the RNA was shown to be catalytic and could be a result of Rv1636 or a
contaminating protein that co-purified with Rv1636 from the E. coli. The use of RNasin did not
prevent the degradation of the RNA species and it remains a possibility that catalytic action of
Rv1636 resulted in the degradation of the RNA. One potential assay that could be performed in the
future is the immunoprecipitation of Rv1636 and assays on the native protein. Following
immunoprecipitation a phenol chloroform extraction could determine if any nucleic acids, such as
RNA/DNA, are bound to the Rv1636 protein. Investigation into the total RNA pool in a knockout or

overexpressing strain of Mtb could further link Rv1636 to RNA biochemistry.
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3.3.2.3 Nucleotide Binding of Rv1636

Rv1636 was shown to bind nucleotide in two different experiments. The first involved
crosslinking the protein to any bound nucleotide using UV light. The second was a filter binding
assay where the protein was incubated with radioactive nucleotide and any binding could be
assayed after the protein had be filtered on to a nitrocellulose membrane. The SDS-treated
denatured protein did not show binding implying the binding is a true biological activity of the
Rv1636. When Preneta et al. (2004) measured ATP binding it is unclear why an incubation step of 10
minutes at 37 °C was used prior to UV crosslinking at 4 °C. The step was omitted in similarity to Van
der Wolk (1997) and the more recent, Ostapchuk & Hearing (2008) who showed the Adenovirus lva2
protein could bind ATP.

The stable protein BSA was also used as a control and was shown not to bind the nucleotide
when subjected to UV crosslinking. Both methods have been used in published articles (Van der
Wolk, 1997; Ostapchuk & Hearing, 2008; Rombel et al., 1999; Tameling et al., 2002) to determine
levels of nucleotide binding; however, it was found that the reproducibility of identical experiments
resulted in large variation. Future studies could involve studying the retention time of boiled
supernatant of the proteins when passed through a high-performance liquid chromatography (HPLC)
system. Different compounds can be compared to standards and it can be determined if the

proteins when expressed by E. coli are purified with nucleotide bound.

3.3.3 Biochemical Studies: M. smegmatis USPs

A recent study published by Nambi et al. (2010) has given further insight into the possible
biochemical function of USPs. The study of protein acetyltransferases in M. smegmatis disclosed
further information about the USPs present in M. smegmatis and linked the USPs to cyclic adenosine
monophosphate (cAMP). cAMP is known to play a role in Mtb pathogenesis, with the adenylyl
cyclase Rv0386, which produces cAMP from ATP, shown to be required for the successful
establishment of an infection in mammalian hosts (Agarwal, et al., 2009). Intracellular cAMP is
found at a high level in both pathogenic and non-pathogenic mycobacterial species, and cAMP has a
regulatory role in other biological processes in addition to a role in Mtb pathogenesis. cAMP is often
used in signalling and regulatory pathways in bacteria and higher eukaryotes, where the small

molecule can elicit diverse cellular responses. In M. smegmatis, where intracellular cAMP can reach
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between 100 uM-1 mM, the levels of cAMP are affected by various stress conditions such as with
SDS and acid stress (Dass et al., 2008).

Nambi et al. (2010) investigated the proteins MSMEG_5458 and Rv0998, from M. smegmatis
and Mtb respectively, which consist of a cAMP binding domain fused to a domain with similarity to
the GNAT family of acetyltransferases. Interestingly, in biochemically characterising these proteins,
it was discovered that protein lysine acetylylation occurred and a USP was the substrate of the
MSMEG_5458 in vitro and in vivo. The USP was first identified by performing GST pull-down using
GST-5458 and further to this the acetylylation of the epsilon (€) amino group of a lysine residue in
the USP MSMEG_4207 was found to be regulated by cAMP. In vitro acetyltransferase assays
involved incubation of MSMEG_5458 with acetyl-CoA and MSMEG_4207 USP as a substrate.
Western blotting for acetyl-lysine antibodies showed that the acetylylation of the USP increased in
the presence of cCAMP.

Further analysis with tandem mass spectrometry showed the acetylated residue was lysine
104 and the position was confirmed with MSMEG_4207 USP mutant K104R showing no acetylylation
upon Western blot analysis. Attempts to recreate the study with the Mtb protein Rv0998 were
undertaken, but an interacting partner to Rv0998 was not found. The Rv0998 did show strict cAMP-
dependent acetylylation of the M. smegmatis USP; however MSMEG_4207 does not have an
orthologue in Mtb. MSMEG_4207 has 130 amino acids and has a modified binding motif of G-X,-H-
Xq¢-GS, which encompasses the K104 residue, but there is not a lysine within the conserved
nucleotide binding motif region of Rv1636. Rv1636 has 8 lysines positioned at K5, K33, K54, K59,
K74, K83, K106 and K137, which is more than the four possessed by MSMEG_4207 at positions K24,
K104, K120 and K126. The finding that USP MSMEG_4207 can be acetylylated adds a further
biochemical characteristic to the known diverse number of modifications attributed to the
Mycobacterial USPs.

A recent meeting with Sandhya Visweswariah, responsible for the work on the USP
MSMEG_4207, provided some further lines of research possibilities to be undertaken in the future.
They highlighted a potential role for Rv1636 and cyclic AMP as the USP homologue in M. smegmatis,
MSMEG_3811 (see Chapter 5.2.1 - Homologues of Rv1636), was shown to bind to a cAMP binding
column when passed through the agarose matrix (Personal communication, Visweswariah, 2010).
The potential biochemical activities of Rv1636 in Mtb and the 100% identical homologue Mb1662 in
M. bovis have yet to be identified. With a deeper understanding of the biochemical activities of
Rv1636 and USPs in general, it is more likely a specific biochemical function of the USPs will be able

to be determined.
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3.3.3.1 cAMP in Mtb

cAMP is a nucleotide in which the single phosphate group is bonded to two of the ribose
hydroxyl groups, thus forming a cyclic or ring structure. cAMP is synthesised from ATP by adenylyl
cyclases that are commonly found in bacteria. The genome of Mtb H37Rv is predicted to encode 16
adenylyl cyclases genes (Cole et al., 1998) including the gene Rv0386 which was recently shown to
be required for virulence (Agarwal et al., 2009).

cAMP is likely to be an important signalling molecule in Mtb as shown by the abundance of
adenylyl cyclases genes, the high concentrations cAMP reaches within the bacteria cell and that the
cyclic AMP receptor protein Rv3676 is a global regulator also required for virulence (Rickman et al.
2005; Stapleton et al., 2010). Rv3676 has adapted to function in high cAMP concentrations and
sensing of cAMP is linked to regulation of the key virulence component ESAT-6. Two examples of
genes regulated by the Rv3676 are rpfA and whiB1. rpfA encodes a protein that has a suggested role
in reviving dormant bacteria (Mukamolova et al., 2002), whereas the gene whiB1, is an essential
nitric oxide responsive regulator of gene expression (den Hengst & Buttner, 2008; Smith et al. 2010).

The importance of cAMP mediated gene regulation was indicated by Gazdik & McDonough
(2005) who added cAMP to cultures of Mtb and recorded alterations in gene expression.
Mycobacterial infection studies with macrophages by Lowrie et al. (1975) first showed macrophage
intracellular cAMP levels increase when infected with M. microti and M. bovis BCG. Bai et al. (2009)
studied the burst of production and highlighted that an increase in production of cAMP resulted in
alterations in macrophage signalling and bacterial gene regulation. cAMP is likely to be an important
secondary messenger in the Mtb infection cycle and the possibility that Rv1636 is involved with the

network remains of great interest.

3.3.4 Summary

Rvl636 had previously been described as undergoing autophosphorylation,
nucleotidylylation and to exhibit a putative role as a RNA triphosphatase. The phosphorylation and
nucleotidylylation have been determined to be not significantly above the level of an inactivated
protein and indeed, post-translational modification of Rv1636 may well be dependent on other
factors within the Mtb cell. RNA was shown to be degraded when incubated with Rv1636,
suggesting the putative RNA triphosphatase activity was not specifically cleaving the 5’ phosphate
off the RNA.

123



The Universal Stress Proteins of Bacteria

The successful creation of site directed mutants in key amino acid residues allowed further
characterisation of the putative biochemical activities. UV crosslinking and filter binding assays
showed evidence of nucleotide binding by Rv1636y; and the potential cAMP binding action of
Rv1636 may indicate a key role linking Rv1636 and cAMP in signalling within the bacterial cell.
Signalling within a cell is likely to be of significant importance during infection and stresses are
known to form cascades of signalling that allow the bacteria to modify their gene regulation and
promote continued survival of the bacilli in challenging conditions such as those encountered by the

tubercle bacillus in vivo.
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Chapter 4 - Characterisation of the
Putative NTPase Activity of
Rv1636
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4.1 Introduction

The first USP to be crystallised was the MJ0577 protein from M. jannaschii (Zarembinski et
al., 1998) and an additional 11 USP structures have since been deposited in the Protein Data Bank.
The second USP to be crystallised was Haemophilus influenzae UspA protein (1jmv) (Sousa & McKay,
2001), which revealed an asymmetric dimer structure similar to that of M. jannaschii MJ0577. The
first two structures of USPs suggested the formation of higher oligomeric structures may be a
common property of proteins in the UspA superfamily. The oligomeric structure of a protein can
often provide an insight into biochemical function. The Structural Classification of Proteins (SCOP)
describes USPs as belonging to the alpha and beta protein (a/B) class of adenine nucleotide alpha
hydrolase-like proteins. The core of these proteins consists of three layers, a/B/a, and a parallel
beta-sheet of five strands. Figure 4.1 shows a representation of the two early crystallised proteins
MJ0577 and UspA. Crystallised MJ0577 was found to contain a bound ATP molecule; however

experimental data indicated that the protein could not hydrolyse the ATP (Zarembinski et al., 1998).

LOOP FROM 2 1O u2; ATP.BINDING LOOP;
| LENGTH OF o2 HELIX 14 HELIX

Figure 4.1. The crystal structures of H. influenzae UspA (A) and M. jannaschii MJ0577 (B) proteins.
Monomeric units are shown in yellow and purple. Bound ATPs are shown in MJ0577 and N/C terminals are
coloured blue and red respectively. (C) Schematic topology of the Usp proteins showing the a/B folds. Green

regions show where UspA and MJ0577 differ. (Figures from Kvint et al., 2003; Sousa & McKay, 2001).
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In order to provide further details about the mode of action of Rv1636 the structure of the
protein has been investigated. The crystal structure of Rv1636 available in the protein data bank
(1TQ8) by Rajashankar et al., 2004, showed a strand swap dimer conformation that appears to block
the putative nucleotide binding motif (see Figure 4.7). Due to the nature of the strand swap, it is not
known if the deposited structure is the biochemically active state of Rv1636. Of interest is if the
Rv1636 can bind nucleotide and subsequently Leiva, 2007 described an NTPase activity for Rv1636 in

the absence of cations.

4.1.1 Putative NTPase Activity of Rv1636

Biochemical characterisation of N-terminal His-tagged Rv1636y; has shown that Rv1636
expresses in vitro GTPase and ATPase activity (Leiva, 2007). Interestingly, the protein was found to
have the very unusual property of exhibiting the NTPase activity only in the absence of divalent
cations. The major hydrolysis product of this cation-independent NTPase activity is the nucleotide
diphosphate and a phosphate group. The reaction was also shown to be sequential, with nucleotide
monophosphates produced.

Most nucleotide triphosphatases belong to the well-characterised class of P-loop NTPases,
containing the Walker A [GXXXXGK(S/T)] and Walker B [DXXG] sequence motifs; regions involved in
NTP binding and NTP hydrolysis, respectively (Dever et al., 1987; Saraste et al., 1990). The presence
of Mg is required to complete the hydrolysis of the B-y phosphate ester bond of the nucleotide
(Saraste et al., 1990). Rv1636 does not contain these classical motifs (Walker et al., 1982; Bourne et
al., 1991), thus the protein may potentially represent a novel NTP hydrolysis mechanism. Indeed
divalent cations were shown to inhibit the NTPase activity of Rv1636.

Rv1636,; was previously shown to hydrolyse nucleotide triphosphates including ATP and
GTP. When incubated with [0-*’P] nucleotide triphosphate at 37 °C, the hydrolysis could be
visualised when the reaction mixture was separated by thin layer chromatography (TLC) (Figure 4.2).
The hydrolysis occurred in the absence of cations and was inhibited when cations were added at a
concentration of 5 mM. NTPase kinetic data fits a classic parabolic curve when 10 uM Rv1636,,;r was
incubated with concentrations of ATP ranging from 1-25 uM. However, the K, for the NTPase
activity was low at 13.02 + 1.4 uM. It was hypothesised that the proportion of active Rv1636 in the
sample was low. Traditionally, kinetic studies to see a saturation curve towards V.., are performed
with at least 10-fold excess of substrate to enzyme; however, in the case of the Rv1636 experiments,

the molar concentrations used were equal.

127



The Universal Stress Proteins of Bacteria

4004

-

o

L=
i

Vo, pmol/min/mg
»o
£
s
A

o.s_A/ 05 1 15 2
50+ 1/[ATP]

S
it

origin # & & & & @ 5} 4 8 8 % T T T T 1

0 5 10 15 2 %
5 10 15 20 25 30 35 40 45 50 55 60
(min) [ATP], IM

Figure 4.2. Michaelis-Menten kinetics of Rv1636,,; ATPase activity over 60 minute reaction at 37 °C. (A) 10
KM Rv1636,r was incubated with 10 uM ATP in 10 mM Tris-HCI (pH 7.5) and 50 mM NaCl. Reactions were
separated by TLC. (B) Lineweaver-Burk plot of Rv1636,,; ATPase activity. The initial velocities, Vo, were
calculated by measuring time couse of ADP released for fixed concentrations of ATP from 1 to 20 uM. The
plot gave an r’ of 0.98. The Km and V., constants were calculated to be 13.02 + 1.7 uM and 653 * 44.9

pmol-min-mg™, respectively. Figure from Levia (2007).

4.1.2 Structural Methods Used in this Study

In this chapter, the use of Multi-angle Laser Light Scattering (MALLS) and Analytical
Ultracentrifugation (AUC) to study the structure Rv1636 is described. A brief introduction to these

methods is given below.

4.1.2.1 Multi-Angle Laser Light Scattering

Classical light scattering experiments can be used to provide a direct measure of molecular
mass. SEC-MALLS is a method that allows the calculation of molecular mass irrespective of the
shape of the particle (Ye, 2006). This allows the native state of a protein to be determined and the
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presence of higher oligomeric forms or aggregates detected. The method involves directing light at
the protein solution and detecting the amount of scattered light at a range of angles relative to the
incident laser beam. Molecular masses determined by light scattering using a single detector are
prone to significant error due to the experimental limitations. Multi-angle light scattering detectors
measure light scattering from a range of angles and combine the data to give estimates of molecular
mass with a vastly increased accuracy.

Multi-angle light scattering is often performed in conjunction with size exclusion
chromatography (SEC). The sample proteins pass through the column and any reading of the
molecular masses are independent of the elution volume. Samples are injected at concentrations
that are inversely related to the molecular mass. With an increased amount of sample loaded the
possibility of having large background signal:noise ratio is reduced.

The samples pass through the SEC and have the concentration recorded using UV
absorbance. The light-scattering detector receives a signal that is directly proportional to the
protein concentration multiplied by the molecular mass of the protein. Through a combination of
the light detector and the concentration detector the molecular mass of each peak coming off the
column can be accurately calculated. The molecular mass calculated by the SEC-MALLS technique is
generally accurate to 3% or better. The calculated molar mass in the SEC-MALLS involves a number
of parameters analysed by the software. The more horizontal the line indicating the calculated

molar mass, the higher the confidence of the program is to the calculated molar mass.

4.1.2.2 Analytical Ultracentrifugation

Molecular data can be gathered about a protein sample depending on the sedimentation
velocity when placed under a centripetal force. Analytical centrifugation is an important technique
allowing the study of the oligomerisation state of macromolecules. The procedure can allow the
molecular mass to be calculated and, as species of different oligomeric forms sediment differently,
the method can be used to analyse the homogeneity of molecules in a solution. Information about
the strength of the interactions between molecules can also be calculated. Figure 4.3 shows the

system setup.
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4.1.3 Aims

The NTPase activity of Rv1636 has previously been characterised to determine the effects of
temperature, cations and nucleotide competitors (Leiva, 2007). However, an explanation for the low
NTPase activity remained to be determined. The kinetic data suggested that a large proportion of
the sample was in an inactive form. It was hypothesised that the dimeric form of Rv1636 observed
in the deposited crystal structure did not represent the biologically active form. In the crystallised
form, the strand swapped structure would lead to the putative nucleotide binding motif being
blocked and this could potentially explain the low activity observed. Therefore, it was proposed that
disrupting the strand swap would result in an increase in NTPase activity. A number of mutated
forms of Rv1636 were designed with the aim of disrupting the strand swap and these were
characterised biophysically using a range of techniques to elucidate further details of the oligomeric
state of the proteins. The chapter describes the investigations into the NTPase activity and

nucleotide binding capabilities of these newly constructed Rv1636 mutants.
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4.2 Results

4.2.1 USP Ligand Binding

Investigating folding patterns and tertiary structures of proteins can provide insights into
possible cellular functions. The mode of ligand binding, such as adenosine in ATP, is highly linked to
the structure of the protein. Table 4.1 lists the 12 crystallised USPs and details the ligand binding

and probable quaternary structures according to the PDB database.

132



The Universal Stress Proteins of Bacteria

Table 4.1. Ligand binding and probable quaternary structure of the 12 crystallised USP structures from the

Pfam Data base.

Mtb Rv2623 is the first tamden domain USP to be crystallised and therefore the

homodimeric structure contains 4 individual USP domains.

Organism Gene name PDBID | No. of | Ligands/Cofactors Probable
Chains Quaternary
Structure (PDBe)
Klebsiella kpn_01444 3fdx 2 Mg ion Homodimeric
pneumoniae ATP
Formic acid (CH,0,)
3fh0 2 ADP Homodimeric
1,2-Ethanediol
Mtb Rv1636 1ta8 6 - Homotetrameric
Mtb Rv2623 3cis 8 Mg ion Homodimeric
ATP
2jax 1 Mg ion Homodimeric
Unknown atom or ion
Archaeoglobus AF_0826 3dlo 4 Clion Homotetrameric
fulgidus Acetate lon (C,H;0,)
Unknown (C4HgNO,)
Pyrococcus PH0823 2dum 4 - Homodimeric
horikoshii
Thermus TTHA0895 2209 1 Mg ion Homotetrameric
thermophilus
2z3v 1 ACP Homodimeric
S-1,2-Propanediol
2208 1 Mg ion Homotetrameric
ATP
1wig 1 - Homodimeric
Nitrosomonas NE1028 2pfs 1 Clion Homodimeric
europae
Lactobacillus Ip_3663 3fg9 6 Mg ion Homodimeric
plantaru Formic acid (CH,0,)
Haemophilus UspA limv 4 Sulphate (SO,) Homodimeric
influenza (HI_0815) Homotetrameric
Arabidopsis AT3G01520 2gm3 6 AMP Homodimeric
thaliana
Aquifex aeolicu | USP Aq_178 1q77 2 Sulphate (SO,) Homodimeric
Homotetrameric
Methanococcus | MJO577 1mijh 2 ATP Homodimeric
jannaschii Mn lon

ACP: Phosphomethylphosphonic acid adenylate ester (C11H1gNsO1,P3)
Mg ion: Magnesium ion.

Clion: Chloride ion.

Mn ion: Manganese ion.
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4.2.2 Analysis of the Crystal Structure of Rv1636

Six chains of Rv1636 make up the crystal structure of Rv1636 deposited in the Protein Data
Bank. The schematic in Figure 4.4 shows that the order is a homotetrameric structure with a dimer
attached. The structure consists of a trio of dimers with A-B, C-D and E-F having 27, 27 and 26
respective H-bonds between the two units. The dimers are then bound to each other with A-C and
B-D having 2 H-bonds between them. These bonds/interactions described are the likely biologically
significant ones rather than the weak interactions between units F and C, which maybe an artefact
of crystalisation. Table 4.2 shows the number of bonds/contacts and the number of residues

interface between the different monomeric units.

&

__Hydrogen __ Non-bonded
bonds contacts

Figure 4.4. Deposited crystal structure of Rv1636. Shows Rv1636 forms a homotetrameric structure
consisting of 4 subunits of 1 distinct polymer. (A) Crystal structure. (B) Schematic structure. Structure was

analysed using PDBsum.
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Table 4.2. Interface statistics of Rv1636 deposited crystal structure

Chains No. of interface | Interface area No. of H-bonds No. of non-bonded
residues contacts

A=B 34:37 2094:2081 27 248

C=D 36:36 2126:2110 27 236

E=F 36:36 2082:2090 26 233

A=C 19:21 1143:1133 2 52

B=D 20:21 1142:1158 3 59

A=D 9:9 411:402 2 44

B=C 9:9 407:407 2 47

C=F 15:17 862:856 5 101

It appears the monomeric units come together to form a tightly associated dimer. The

dimers are held tightly together by numerous H-bonds and these dimeric units form tetramers with

non-bonded contacts. Figure 4.5A shows the secondary structure of the Rv1636 protein and Figure

4.5B shows possible tetramer conformation as predicated by the PDB sum database. Rv1636 was

not shown to be crystallised with any ligands.
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Figure 4.5. The structure of Rv1636. (A) Sequence and secondary structure alignment. H1-5 are helices.

Arrows represent beta sheets, B = beta turn. (B) Ribbon diagram of the PDB sum probable quaternary state.
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4.2.3 Classification of Rv1636

Previously, Zarembinski et al., 1998, suggested the USPs can be subdivided into those which
bind ATP and those that do not. These subdivisions were based on the first two structures of the
USP group, MJ0577 and UspA from H. influenza. Studying the alignments of the USPs, it was
observed that there are five regions of homology, shown in Figure 4.6. It is these regions that are
used to classify USPs and are responsible for the USPs having a shared fold. Rv1636 is similar to the

MJ0577 protein as it possesses the binding motif as highlighted in conserved region 4.
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Figure 4.6. Alignment of Rv1636 with the MJ0577, UspA from H. influenza and the USPs of E. coli.

consensus sequence is shown and conserved regions are highlighted 1-5. Alignment made with Bioedit.
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137



The Universal Stress Proteins of Bacteria

The USPs of E. coli were initially classed into two subgroups: Class 1 (UspACD) and Class Il
(UspFG) as they contain some identifiable differences in the structure. Of the E.coli USPs, it is
difficult to assign the closest homologue to Rv1636 as most have only around 25% shared identity.
When the Rv1636 sequence is compared against E. coli non-redundant protein sequences, the top
hits are UspG with 28% shared homology and UspF with 27% homology. Of the E. coli USPs, only
UspFG contain the conserved GS in the nucleotide binding motif, G-X,-G-Xs-GS. When compared
with UspA, which has no G-X,-G-Xo-GS motif, the protein shares 25% similarity.

Nachin et al., 2008 subdivided the E. coli USPs based on their structure in relation to their
close homologues in a select few other species. A conserved aspartic acid residue at position D139
was suggested to be important in forming salt bridges in the UspACD subgroup. USP Rv1636 also
contains this conserved aspartic acid residue at position D139. Comparing the USPs of E. coli to
MJO0577, UspA from H. influenza and Rv1636, it appears that Rv1636 is sufficiently different for it to

be unclear if Rv1636 fits into one of these distinct groups.

4.2.4 Rv1636 is a Strand Swapped Dimer

Inspection of the Rv1636 crystal structure indicated there was a strand-swap dimer
conformation between individual dimeric units (A=B, C=D or E=F of Figure 4.4), with strands from
two monomers interlocking between the two units. The strand swap can be seen to be in close
proximity to the highlighted residues of the nucleotide binding pocket meaning that, in this state,
the binding of nucleotides would be reduced or completely blocked as shown in Figure 4.7 of one
dimeric unit. It was decided to test the hypothesis that the strand swap affects NTPase activity. In
order to disrupt the strand swapped dimer, the sequence and structure of Rv1636 was analysed
using molecular graphics program PDB viewer. Disrupting the H-bonding was proposed as a way to
destabilise the strand swapped dimer and therefore free access to the putative nucleotide binding
motif. Studying the structure with PDB viewer it can be seen that Tyr4 makes a hydrogen bond with

Asp139 to stabilise the strand swap.
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Figure 4.7. Strand swap of the Rv1636 protein. (A) Crystal Structure of Rv1636 from Protein Database
(PDB:ITQ8). Strand swap is highlighted in red circle. Dimeric strand swapped form is shown with one unit in
green and one in blue. (B) Magnified strand swap of the Rv1636 dimer. Dashed yellow lines signify the H-

bonds between the residues of different monomers.
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4.2.4.1 Disrupting the Strand Swapped Rv1636

Constructs were designed to disrupt the strand swap. The amino acid sequence of the
Rv1636 construct used to produce the crystals for diffraction analysis was analysed. It was observed
that the crystallised Rv1636 had extra amino acids added prior to the N-terminal histidine tag and
also the additional amino acids EGGS added to the C-terminus, due to the choice of expression
vector.

The truncated constructs were designed to include the central 4-144 amino acid residues
with a C-terminal His-tag. The histidine tag replaced the additional EGGS residues at the C-terminal,
and the methionine, serine and alanine before the tyrosine at position 4 were removed from the N-
terminal end. The new construct was constructed to start MYKT as shown in Figure 4.8, including a
methionine at the start to allow expression in E. coli. The new histidine tag at the C-terminus
involved replacing the terminal two threonine (TT) residues with six histidines, forming a small
seven-histidine tag to allow purification. The TT was shown not to be involved in any interactions

when the structure was analysed, justifying their removal.
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Figure 4.8. Sequence alignment of Rv1636 and the truncated version of Rv1636. The sequence of the
deposited crystal structure sequence (Rv1636-Xtal), Rv1636, His-tagged wild type (Rv1636,), and the
truncated version Rv1636,yxr (Rv1636 17-157) are all shown. The consensus sequence is shown below.

Alignment constructed with BioEdit.

The truncated Rv1636yy constructs were designed to remove any potential terminal
residues that could interfere with the native structure. The Rv1636yy«r construct was based on the
sequence of the wild type and still contained the tyrosine responsible for the H-bond with Asp139.
Once the truncated constructs were confirmed, replacing the tyrosine residue at position 4 was the
next priority. Changing tyrosine at position 4 to alanine removed the hydroxyl group (OH) and
therefore the H-bond with aspartic acid at position 139. In order to replace the tyrosine, constructs
were designed in which the Tyr4 was changed to a phenylalanine with C-terminal his-tag
(Rv1636pe¢r) and in which Tyr4d was changed to an alanine with C-terminal his-tag (Rv1636yar)-

Schematic diagrams of the constructs are shown in Figure 4.9.
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Alanine has a non-polar aliphatic side chain (CH,) that lacks the OH group and has a neutral
charge. Changing the polar tyrosine to the non-polar phenylalanine is a more conservative mutation
because both contain aromatic R groups and are of a similar molecular mass. An additional protein
was constructed with a point mutation in Asp139, replacing it with an alanine (Rv1636yykr p13oa). It
should be noted in the Rv1636ya Mutant, the initiator methionine should be cleaved off

automatically in vivo in E. coli by endogenous methionine aminopeptidase action.

142



The Universal Stress Proteins of Bacteria

A
MSAYKT VHTT
AX--HHHHHH e I Xoeeme e MISAYKT
2X-HHHHHH e TN = SAYKT VHTTEGGS
MYKT VHHHHHHH
RV1636,-His I |
MFKT VHHHHHHH
RV1636,,7-His I |
MAKT VHHHHHHH
RV1636yrpissay His - 8
MAKT A= VHHHHHHH
B
(IJOO 5 CIOO ’ COO
* P b
H:{N—*?—H H;N_CI_H H;;N'—C_H
|
CH2 CH2 CHs
H
Tyrosine Phenylalanine Alanine

Figure 4.9. Schematic diagram of the R1636 constructs designed and the amino acid side chains. (A)
Construct design. Blue indicates the Rv1636 wild type sequence, green are additional linker amino acids and
red is the histidine tags. (B) Amino acid side chains of tyrosine, phenylalanine and alanine are highlighted in

pink.
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The His-tagged Rv1636 gene in the pGem-Teasy vector was used as a template for the
construct design. Primers were designed (see Chapter 2.1.6) to amplify the Rv1636 gene flanked by
Ndel and Avrll sites. PCR was performed on pGem-Te-Rv1636 and the products ligated into pGem-
Teasy. Rv1636 was then cloned into pET41a using Ndel and Avrll. The cloning of the gene in this
way removed the pET41a features including the His-tag, GST-tag, thrombin cleavage site and the
extra amino acid linker at the beginning, resulting in the gene being 8 base pairs downstream of the
ribosome binding site AAGGAG with no additional amino acid additions to the sequence. Translation
could therefore occur directly from the methionine codon within the Ndel restriction site. pET41a
vectors containing the truncated constructs were sequenced to confirm the final sequence. Site
directed mutagenesis, as described in chapter 3, was then performed to introduce the D139A

change.

4.2.4.2 Purification of Truncated Rv1636 Constructs

The vectors containing the truncated constructs were transformed into Rosetta cells, the
proteins over expressed and purified by IMAC in a similar manner to that described earlier.
Solubility assays to determine if the newly designed constructs produced soluble protein were
performed as shown in Figure 4.10. Rv1636yy«r pizea Was found to be completely insoluble.
Purification of Rv1636yrr Was also complicated by the relatively low levels of protein retrieved

following lysis of E. coli.
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Figure 4.10. Solubility of truncated proteins expressed in E. coli Rosetta cells. Expression induced using IPTG
and occurred at 37 °C for three hours. Total, soluble and insoluble protein is showed (left) along with the

purified soluble protein (right). MYKT,30, Was shown to be totally insoluble when expressed in E. coli.

4.2.5 Size Exclusion Chromatography - Multi-Angle Laser Light

Scattering

SEC-MALLS is a method for absolute molar mass determination and facilitates the direct
determination of the characteristic properties of the macromolecular species. The determined
molecular mass of the proteins within a solute depends on the oligomeric states formed. The
mutagenesis of the Rv1636 in producing the truncated constructs aimed to disrupt the strand swap
organisation of Rv1636,,;. SEC-MALLS was undertaken to determine if the alterations to Rv1636y
resulted in further oligomeric species being found.

Rv1636y; has been previously characterised by SEC-MALLS and it was shown that the
predominant species had a mass calculated by MALLS of ~32 kDa. This mass correlated well with the
predicted molecular mass of the dimeric protein. A second peak showed a molecular mass of 66kDa

corresponding directly to tetrameric form of the protein. The data suggest the Rv1636 exists in a
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dimer/tetramer equilibrium. The absence of a monomeric unit suggests tight binding of the units in

the dimeric conformation.

4.2.5.1 SEC-MALLS shows MAKT Exists in a Monomeric Form

The SEC-MALLS graphs show the UV reading of the elution profile. The calculated molar
masses are then overlaid. The void (run off below 14ml) would include any protein too large to
interact with the matrix. The SEC-MALLS experiments described were performed on protein that had
previously been subjected to SEC and re-concentration. Therefore, any material too large to enter
the matrix is derived from newly formed higher order aggregrates upon concentration.

The results of the SEC-MALLS on the truncated constructs show that the Rv1636yyr and
Rv1636y«r remain mostly in a dimeric conformation. Figure 4.11 shows the SEC-MALLS result with
Rv1636yy«r sample containing a predominant species of 29.20 kDa. The mass corresponds well with
the predicted molecular mass of the dimer being 31.56 kDa. A small peak of protein with a mass
65.02 kDa corresponded to the 63.12 kDa calculated mass for the tetramer. The Rv1636s protein
shows evidence of a dimer with the main lower order species being 27.2 kDa. Both samples have
higher order oligomeric states corresponding to mass of over 300 kDa. It is likely these are artefacts

of concentrating the protein samples prior to loading.
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Figure 4.11. SEC-MALLS analysis of the molecular mass of the Rv1636y,yr protein (A) and Rv1636r protein
(B) in solution. His-Rv1636 was applied to the SEC column (Superdex 200 10/300 GL column) and

subsequently through the light scattering unit. Calculated molar mass of the peaks was done using the Astra

5.1 software.
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The SEC-MALLS result for the Rv1636yakr protein sample provided evidence of a possible
monomeric unit (Figure 4.12), suggesting the strand swapped conformation had been disrupted.
The lower order species had a calculated mass of 20.59 kDa which is slightly higher than the
predicted mass of 15.68 kDa. The protein still appears to have a concentration dependent
propensity to form multimers although the equilibrium is shifted downwards to between the dimer
and monomer. The molecular mass is therefore is higher than the mass of the monomer and under
that of the dimeric form. It appears the dimer/monomer peaks are unresolved suggesting that there
is still a tight association between the proteins which exchange with each other rapidly. The peak at

229.4 kDa is also likely to be an artefact of concentrating the proteins for the SEC-MALLS analysis.
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Figure 4.12. SEC-MALLS analysis of the molecular mass of the Rv1636y,,«r proteins in solution. Rv1636yaxr
was applied to the SEC column (Superdex 200 10/300 GL column) and subsequently through the light

scattering unit. Calculation of the molar mass of the peaks was performed using the Astra 5.1 software.
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4.2.6 Analytical Ultracentrifugation

Analytical ultracentrifugation provides information on the gross shape of macromolecules,
the conformational changes in macromolecules, and size distributions of macromolecular mixtures.
Sedimentation velocity experiments can be used to study reversible chemical equilibria between
macromolecular species. Prior to performing analytical ultracentrifugation, the protein solutions

were separated by size exclusion chromatography.

4.2.6.1 Size Exclusion Chromatography

The proteins were concentrated and then subjected to size exclusion chromatography to
prepare pure samples suitable for analytical ultracentrifugation. The AUC technique allows the
analysis of the state of the proteins following purification without the need for further concentration
of the sample. In size exclusion chromatography, the larger proteins interact less with the matrix
pores and are eluted first. The smaller proteins take longer to migrate through the matrix and are
eluted at the end. Both Rv1636y;and Rv1636ya«r produced readouts with two main peaks as shown
in Figure 4.13. The Rv1636y; main peaks were eluted later compared to the Rv1636r €elution

which showed the presence of separate distinct peaks.
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Figure 4.13. Size exclusion chromatography of Rv1636y; (A) and Rv1636ykr (B) using HiLoad 26/60
Superdex 75 prep grade column (GE Healthcare/Amersham). Samples were run at flow rate of 0.3
ml/minute and eluted in 3 ml fractions. Samples were taken from the peak fractions highlighted and

subjected to analytical centrifugation.
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4.2.6.2 AUC of Rv1636wt

The analytical ultracentrifugation data for the Rv1636y; protein shows the presence of
dimeric and tetrameric states as shown in Figure 4.14. The dimer/tetramer equilibrium observed is
in agreement with the SEC-MALLS data. The best-fit C(S) function for the Rv1636y,; sedimentation
velocity experiments contains two species that sediment at 0.5S and 1S respectively, and correlate
to the dimeric and tetrameric forms. The presence of two individual resolved peaks suggests the
interaction between the oligomeric states is a tight association and the exchange between the two
forms is relatively low. Figure 4.14A shows peak 1 contains particles of size 57.0 kDa which
represents the tetramer and accounts for the largest proportion of the protein present with a C (S)
reading of 1S. The tetramer can then split into the dimer over time and this is represented by the
presence of smaller amounts of dimeric protein with a molecular mass of 32 kDa and C(S) reading of
0.5. Peak 2 AUC data in Figure 4.14B shows evidence of a pure dimer with a mass of 29.8 kDa and a
C(S) value of 2S.
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Figure 4.14. Analytical centrifugation data of Rv1636,,;. Samples from peak 1 (A) and peak 2 (B) from the
size exclusion chromatography (Figure 4.13A) were analysed by AUC in the Beckman Ultracentrifuge. The

C(S) function that best fits the sedimentation velocity data for Rv1636y is shown.
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4.2.6.3 AUC of Rv1636makT Construct

The MAKT construct was also passed through a size exclusion chromatography column and
produced two distinct peaks (Figure 4.13B). When subjected to SEC-MALLS, the Rv1636yakr peak 1
gave sizes of 30.3 kDa, 56.4 kDa, 111 kDa and 221 kDa. The first of these is likely to be a dimer, with
a predicted molecular mass of 31.36 kDa, followed by the tetramer, octomer and 16mer (Figure
4.15A). The 111 kDa peak, presumably representing an octomeric formation is the predominant
species. Rv1636ya«r Peak 2 shows the presence of monomeric species at 15.4 kDa, a tetramer peak
63.8 kDa and peak representing the octomer at 108 kDa (Figure 4.15B). There is a small evidence of
dimer formation however this is hidden by the wide tetramer peak. In conclusion, the biophysical
data suggests that there is a monomeric form of Rv1636y.; however the protein is also found in

higher oligomeric states.
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Figure 4.15. Analytical centrifugation of Rv1636r. Samples from peak 1 (A) and peak 2 (B) from the size
exclusion chromatography (Figure 4.13B) were analysed by AUC in the Beckman Ultracentrifuge. The C(S)

function that best fits the sedimentation velocity data for Rv1636.r is shown.
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4.2.6.4 Does Rv1636 Hydrolyse NTPs?

Previous work by S. Leiva (2007) showed that Rv1636y; can hydrolyse nucleotides in the
absence of cations. However, the activity was shown to be low and the kinetics were measured
using equimolar concentration of nucleotide to protein. The kinetic data suggested only a small
fraction of the protein sample was active. The site directed mutants created in Chapter 3 where
tested for their ability to hydrolysis nucleotide triphosphate (Figure 4.16). The mutants all had
below 15% activity of the Rv1636,;. Reactions were performed with equimolar concentrations of
nucleotide to the protein concentration. Prior to further analysis, the truncated constructs were
assayed, to determine the levels of NTPase activity. Site-directed mutants in the truncated
constructs may be of more interest if the kinetic reactions could be performed with a higher

concentration of nucleotide.
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Figure 4.16. Nucleotide hydrolysis by Rv1636y and the site direct mutants. Reactions were carried out for
30 minutes at 37 °C in a reaction buffer containing [a-P*’] GTP, 10 mM Tris (pH 7.5), 50mM NaCl and 10pM
protein. Reactions contained either 1 mM EDTA or 5 mM MgCl,. Hydrolysis was visualised by separation on

TLC plates and quantification was achieved using Aida Analyser Software.
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To compare the level of NTP hydrolysis between the Rv1636y; and the newly designed
constructs, the hydrolysis of [a-P**] GTP was measured with increasing concentrations of non-
radiolabelled competitor GTP from 0 mM to 1 mM (Figure 4.17).

The results of the hydrolysis suggested that the proteins Rv1636yxr and Rv1636y:s had
comparable level of hydrolysis to the Rv1636y; protein. However Rv1636yar appeared to show an
increased level of hydrolysis with all the GTP being hydrolysed with cold competitor GTP at 0.1 mM.
The hydrolysis was also shown to be sequential with the hydrolysis of the B phosphate also occurring

producing GMP.
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Figure 4.17. Nucleotide hydrolysis by Rv1636y and the Truncated constructs. (A) Hydrolysis visualised on

TLC plate to separate the nucleotides. (B) Comparison of hydrolysis between Rv1636,,; and Rv1636ykr-
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To investigate the kinetics of the hydrolysis of NTP by Rv1636yr and Rv636ykr, the protein
samples were to be assayed immediately following size exclusion chromatography. These samples
would be expected to provide the most accurate measurement of the reaction kinetics. Size
exclusion chromatography separates proteins based on size and would also remove any aggregated
protein which is likely to have a lower hydrolysing activity. Following the size exclusion
chromatography, NTPase assays were performed on the eluted proteins in the major peaks for the
proteins Rv1636yr, Rv1636wr(gi113a), Rv1636pmakrand Rv1636makriciiza). Surprisingly, no NTPase activity
was found following size exclusion chromatography.

To investigate the NTPase activity further, the experiments were repeated. Again it was
found that the SEC elution profile peaks corresponding to Rv1636y (Peak 1 and 2) did not have any
hydrolysing activity (Figure 4.18). The NTPase activity was located in one of the small peaks that had

been pooled together and termed sample 3.
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Figure 4.18. Size exclusion chromatography of Rv1636,,r followed by an NTPase assay. (A) FPLC elution
chromatogram of Rv1636y,; SEC showing UV g0, reading (mAU, milli absorbance units). Pooled samples are
indicated by arrows. Sample 3 was collected from four small peaks. (B) NTPase assay directly on the peak
samples with [a-P*’]-GTP. Reactions were separated by TLC and visualised by phosphoimaging using Fuji

Film 5000 phosphoimager.
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To further investigate the NTP hydrolysis, the fractions gathered in sample 3 were
concentrated and separated by SDS-PAGE. However, no protein species was abundant enough to be
visualised on the gel. To identify a protein by mass spectrometry, a Coomassie stained band is
required. Further assays were performed following IMAC purification of Rv1636y; which involved
pooling fractions of Rv1636y; and directly assaying the samples for activity. Figure 4.19 shows that
the level of Rv1636y; present did not correlate with the hydrolysing activity observed. The
experiments indicated the activity was not linked to the proportion of Rv1636,y in the sample and
could, instead, be associated with a modified form of Rv1636, or a contaminating E. coli protein, or
the hydrolysis could be dependent on unknown factors. It was, therefore, reasoned that the
activities found were not directly associated with the common species of Rv1636y; obtained by
purification. To continue the investigation of Rv1636 biochemical activities, the nucleotide binding

capabilities of the Rv1636 were analysed.

159



The Universal Stress Proteins of Bacteria

K B e e
hg e o - - .
Lol e — - 4
. e— .- - -- |
AN — -  — .i-- - |
-
o - S« Ry1636WT
-
M1 2 3456 7 89 10
; g
Fractions
B ®ADP .48 52.20 36.69

ADP =
ATP =
Origin = > _ s
No Fractions Fractions
Protein 35 8-10

Figure 4.19. NTPase assay on fractions after IMAC purification. (A) Purification of Rv1636y; showing the

fractions (1-10) electrophoresed by SDS-PAGE and stained with Coomassie. (B) NTPase assay with [a-P*’]-

ATP.

Reactions were separated by TLC and visualised by phosphoimaging using Fuji Film 5000

phosphoimager.
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4.2.6.5 Do the Truncated Constructs Bind Nucleotide Triphosphate?

A filter binding assay was used to investigate the nucleotide binding properties of the
truncated constructs. Radio-labelled ATP and proteins were incubated together at 4 °C and passed
through a nitrocellulose membrane. The proteins, with any bound nucleotide, remain attached to
the membrane whilst any unbound nucleotide is washed away. The results of the vacuum filter
binding for the Rv1636yy, Rv1636yyr and Rv1636yakr are shown in Figure 4.20. Initial binding tests
with the proteins Rv1636yar and Rv1636yy showed the proteins could bind nucleotides.
Rv1636makr appeared to bind a higher amount of nucleotide as quantified by the phosphoimaging.
The Rv1636yr and Rv1636yyr have been shown to exist in an equilibrium between dimer and
tetramer (Figure 4.11). The lower binding activity could be a result of the active sites being blocked
as shown in the crystal structure. The control proteins including BSA and SDS-denatured Rv1636
showed similar levels to background radiation observed.

The phosphoimages were quantified and are able to give the relative binding in terms of
photo-stimulated luminescence (PSL). PSL gives the intensity of the radioactivity bound to the
membrane and therefore is indicative of the amount of nucleotide bound to the protein present.
Reactions were performed twice and average values were calculated. The Rv1636y protein was
found to be unstable and, when stored in glycerol at -20 °C, the protein precipitated and was

therefore not assayed.
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Figure 4.20. Nucleotide binding of Rv1636,; and truncated constructs using vacuum filter binding. 30 pM
proteins were incubated with [a-P*’]-ATP at 4 °C under UV light for 40 minutes. Reactions were passed

through a nitrocellulose membrane before washing. Visualised using a Fuji film 5000 phosphoimager.
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4.3 Discussion

4.3.1 Rv1636 Crystal Structure

The crystal structure of the Rv1636 protein (PDB 1TQ8) showed the protein formed a
tetrameric unit, composed of two strand exchanged dimers. A third dimeric unit was then lightly
bonded to the tetrameric structure. The swapping of the beta sheets between adjacent monomers
appears to disrupt the putative nucleotide binding motif. The subsequent formation of a tetramer
seems to block the site further. It is possible the tetramer configuration observed may represent a
crystallisation artefact and may not be the oligomeric state of the protein in vivo. Crystallisation
uses high concentration of proteins in solution and this can result in forcing the proteins present into
unnatural forms. Conditions of crystallisation may have favoured the formation of the tetramer;
although the presence of nucleotide and/or addition of a cation may have changed the state
observed. In order to achieve crystallisation, many additives are often added to buffer solutions and
crystallisation may not form structures that are biologically relevant.

In the crystal structure of Rv1636, it was observed that the tag used was modified slightly at
both the N- and the C-terminus due to the choice of expression vector, including the addition of
EGGS at the N-terminal end. The affinity tag chosen was a basic his-tag, which should be suitable for
crystallisation. Bucher et al., 2002 discussed the use of tags in crystallisation and concluded that his-
tags have not been shown to be detrimental to crystallization of proteins and the quality of crystals
is equal to those where removal of the tag has taken place. The crystal structure deposited shows
the number of hydrogen bonds between adjacent units. The dimer is clearly the most tightly
associated unit with up to 28 hydrogen bonds connecting the two. The tetramer bond is likely to be
a more transient association, however the large buried surface area suggests the tetramer form is

quite tight.

4.3.2 Design and Purification of Truncated Rv1636

Truncated proteins were successfully produced and did not contain surplus amino acids that
could influence the structure, except the addition of a small 6-his tag to allow purification.
Rv1636yykr, Rv1636pakr, RV1636pekr, and Rv1636yyir pizoa Were successfully expressed in E. coli.
Rv1636mykr p13sa Was found to be totally insoluble and work did not continue with this construct.

Rv1636yykr, Rv1636yakr and Rv1636yr Were expressed and purified to comparable levels to
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Rv1636yr. The Rv1636yr Was found not to be stable for long term storage and precipitated when
stored in 30% glycerol at -20°C. The expression of Rv1636y,r also inhibited the growth of the E. coli
Rosetta cells. It is likely the increased production of an unstable protein was detrimental to the
growth of the bacteria as the protein may become unstable and form insoluble inclusion bodies
within the cell. The unstable nature of the proteins highlights the importance of the internal
interactions and bonds to the structural integrity of the protein. Thermal denaturation profiling to

obtain Ty, values could be undertaken to determine if the mutation destabilises the native structure.

4.3.3 Biophysical Analysis of Rv1636

The oligomeric states of Rv1636 and the truncated proteins were analysed using a range of
biophysical techniques including SEC-MALLs, AUC and size exclusion chromatography. The results
for Rv1636y; were in agreement with the crystal structure of Rv1636. The results of the
sedimentation velocity experiments and the SEC-MALLS supported that the protein exists in a dimer-
tetramer equilibrium. Overall the data studying the Rv1636y protein showed no evidence of a
monomeric unit present.

To further the analysis, truncated constructs were designed and purified, before being
subjected to the biophysical techniques. Data for Rv1636yr provided evidence of the presence of a
monomeric unit, with a molecular mass of ~16 kDa, and was the first time the singular species was
observed in the biophysical studies. The strength of a dimer-dimer interaction can influence what
state the protein is in at cellular concentrations and small amino acid modifications can change the
strength of the intermolecular interactions. The replacement of tyrosine with adenine resulted in a
dramatic change in the state of the proteins in solution. The Rv1636s protein containing a
phenylalanine did not produce any significant changes from the Rv1636yr version. Rv1636r Was
however found to precipitate when stored in glycerol at -20 °C and was not subjected to SEC-MALLS
analysis.

The SEC-MALLS of the Rv1636yakr indicated that there may be a monomeric unit present
however the mass was calculated to be 20 kDa, above that of the individual unit. The AUC
confirmed the presence of a monomer unit in the solution with a species at 15.4 kDa observed. In
the AUC the Rv1636yakr protein did show some evidence of forming higher order structures;
however it is hard to envisage how multiple tetramers would bind together if the higher structure

were indeed biologically relevant.
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4.3.4 Biochemical Properties of Rv1636

The hydrolysis previously described in the laboratory on kinetics of the NTPase activity
including the Michaelis-Menten constant (Km) dynamics suggests the activity of the Rv1636y
purified protein stock was relatively low. With further kinetic analysis using a size exclusion
chromatography purified product, this activity has not been clearly reproduced. The cation-
independent activity could therefore be due to an endogenous E. coli protein that co-purifies as a
contaminant. It is also possible that Rv1636yy is hydrolysing the NTPs, although the active form of
the protein may not be known and may pass through the matrix at a different rate to the inactive
abundant common species of Rv1636y,r. Attempts to identify the protein responsible for the NTPase
hydrolysis were unsuccessful and the activity could not be directly associated with one protein that
could be analysed further by mass spectrometry.

The combination of biophysical techniques often provides greater insights into the structural
forms of proteins. For example, Alliance Protein Laboratories (www.ap-lab.com) showed when
studying antibodies that the elution position through the SEC could indicate the presence of a trimer
or a tetramer; however on analysis with MALLS it was seen the two distinct peaks were actually
different conformations of a dimer. Through combination of the data of sedimentation velocities
and SEC-MALLS it is possible to detect different conformations of specific oligomeric states. It is
possible that the active conformation of Rv1636 travels through the SEC at a different rate and it is
not represented by the major peaks.

Nucleotide triphosphatase activity involves the hydrolysis of the B-y phosphate bond of the
nucleotide. Thermodynamically and kinetically unfavourable conformational changes of biological
substrates are often required to allow directed and ordered biological processes to occur. These
conformational changes are often initiated by so called ‘molecular machines’ that couple nucleotide
hydrolysis, such as the energy available in ATP, to direct interactions with the substrate molecules.
Zarembinski et al., 1998, first described the ATP binding capabilities of USPs and suggested that
MJ0577 may function as an ATP-binding molecular switch.

It was thought Rv1636 may have capabilities to hydrolyse ATP in the absence of cations.
Hydrolysis in the absence of cations has been reported in only three NTPases to date. Cel-1 of
Caenorhabditis elegans (Takagi et al., 1997), Mcel of the mouse (Ho et al., 1998) and BVP of AcNPV
baculovirus (Gross & Shuman, 1998a) are all triphosphatases that are involved in forming part of the
capping apparatus of these organisms. These RNA triphosphatases, with the described cation-
independent hydrolysis activity, have been described as eukaryotic mRNA capping enzymes (Takagi
et al., 1997; 2003). Sequence analysis indicates that the N-terminal section of the enzymes has
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similarities to protein tyrosine phosphatases. Importantly, there is a strict conservation motif:
(I/V)HCXAGXGR(S/T)G. The cysteine residue is thought to be the active site for phosphoryl transfer
(Takagi et al., 2003; Martins & Shuman, 2000) and is therefore essential for the RNA triphosphatase
activity. There is no sequence similarity between these proteins and Rv1636, which, in addition,
contains no cysteine residues.

Whilst the cysteine residue appears important for the described cation-independent NTPase
activity, proteins that can hydrolyse nucleotides without the classical Walker motifs described in P-
loop have been described. The P42 protein from Mycoplasma mobilis exhibits ATPase activity;
however it does not contain the Walker A sequence (Ohtani & Miyata, 2007). Rv1636 possesses the
ATP binding consensus motif G-X,-G-Xs-G(S/T) which is also found in many other USPs; however, to
date, hydrolysis has not been shown. The apparent cation-independence of the hydrolysis observed
is rare and discovering the enzyme responsible would be of interest. Patton and Thompson, 2004,
describe precautions about using chelators to buffer metals as chelators cannot bring metal ion

concentration to zero.

4.3.5 Ligands of USPs

The range of ligands shown to be bound to the 12 crystallised USPs indicates that USPs
might possess diverse functions and suggests the binding properties of the USPs to different ligands
may have evolved in order for the proteins to fulfil distinct roles. Ligands found bound include all
three states of phosphorylated adenosine. Monophosphate was found in Arabidopsis thaliana
AT3G01520 gene product, diphosphate found in Klebsiella pneumonia gene kpn_01444 product and
triphosphate found in M. jannaschii MJ0577, Thermus thermophilus gene product TTHA0895 and
Rv2623 of Mtb. Magnesium, manganese and chloride ions were also found implying the ions may
have a role in the proteins’ function. Magnesium was discovered in four structures, chloride in two
structures and manganese only in the MJ0577 protein. When visualising the Rv1636 protein
structure, it was seen that the nucleotide binding pocket has a complex fold that forms a
hydrophobic section. This section might be involved in expelling H,0 and creating an environment
where binding to ligands can occur.

T. thermphilus (2z08), M. jannaschii (1mjh), Klebsiella pneumonia (3fdx) and Mtb (3cis) show
tetrameric assemblies with crystal structures showing USP-ATP complexes. Most USPs without ATP
bound crystallise as dimers. The crystal structure of K. pneumonia (3fdx) which lacks the ATP-

binding motif still crystallised with ATP and similarly the structure of 3fhO crystallised with ADP. The
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presence of the motif is not detrimental to ATP binding and the lack of the motif cannot be used as a
criterion to decide if the ATP binding is possible.

The crystal structure of Rv1636 in the PDB did not show any ligands bound. However, the
UV crosslinking discussed in the previous chapter suggests the protein can bind nucleotides. Initial
nucleotide binding assays using vacuum filtration through a nitrocellulose membrane suggested that
Rv1636yakr protein can bind radiolabelled ATP to a higher degree than the wild type protein. An
expression vector containing a Rv1636yakr c113a Mutation has already been created, however
nucleotide binding assays have not been performed. Rv1636yacr has also been cloned into an over-
expression system in vector pMV261 along with the Rv1636,y; for expression studies in mycobacteria
(see Chapter 5). Total analysis of the nucleotide binding could again be performed using a HPLC

based method to measure the level of binding.

4.3.6 Structural Insights into USPs

Proteins can also undergo conformational changes which can directly be involved in the
biological role of the protein. The function of the proteins can change with these reversible
structural changes. The loops of Rv1636 are likely to play a role in the manipulation of any bound
ligand. Although the crystallisation studies have shown only homodimer and homotetramer
formation, heterodimer formation within the USP classes was recently studied by Nachin et al.,
2008, showing that USP domains of different USPs could interact with each other. Through analysis
of the USPs by multiple sequence alignments, the residues at the dimer-dimer interfaces were
studied. The physiochemical properties of these interface residues showed that, as well as forming
the predicted homodimers, the USPs can also form heterodimers. The Nachin group’s studies of the
E. coli USPs confirmed the existence of these heterodimeric interactions in both in vivo and in vitro.

Studying UspA and UspC, both class | USPs, Nachin et al. (2008) showed the proteins can
form these homo- and heterodimers. It was hypothesised that the dynamic nature of these
interactions could help the USPs fulfil a variety of roles within the cell and possibly provide details as
to the extensive range of functions that have been assigned to USP previously described; including
stress survival, metabolism of carbon, virulence, motility and cellular adhesion. The ability of USPs
to undergo heterodimeric interactions and potentially perform diverse functional roles within the
cell, could explain why many organisms have multiple copies of USPs within their genomes. Mtb for

example contains 9 or 10 USPs and the domains are present in numerous organisational modes.
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Chromosomal deletions did indeed suggest the USPs of E. coli have both distinct and
redundant functions and Nachin et al. (2005) suggested USP roles may overlap as they showed
mutants in UspA and UspD have cumulative affects when studying oxidative stress. It is possible to
envisage the USPs working as accessory factors as well as within pathways in which they may have
more individual, distinct roles. The USP partners have the potential to form protein complexes that
can then play a role in further pathways. The results of the physiochemical studies by Nachin et al.
(2008) investigating the interface residues suggested heterodimerisations between classes was
unlikely and heterodimers are only likely between members of the same class. The conservation of
key interface residues could have contributed to the functional expansion of the roles of USPs into
many biological pathways, through the ability to form hetero- and homodimers.

The laboratory grouped the USPs of E. coli into four classes. Class | included UspACD, Class Il
UspFG and the two domains of the tandem domain UspE, called E1 and E2, were described as falling
into Class Ill and Class IV respectively as they show distinct features to the USP domains of Class |
and Il. Rv1636 does not seem to fit into these groups as the groups were formed between close
homologues of the E. coli proteins. Studying the USPs of Mtb and seeing which have the same
structure could provide clues as to whether Rv1636 is involved in formation of hetero-oligomeric

structures within Mtb.

4.3.7 USP Structure Related to Function

Heermann et al. (2009a) recently published a possible scaffolding role for the UspC protein
in E. coli. The KdpD/KdpE signalling cascade is a two component system consisting of a sensor kinase
(KdpD) and a response regulator (KdpE). The system regulates the KdpFABC operon which encodes
the high-affinity potassium transport system. The system is highly regulated and is upregulated in
response to potassium limitation and salt stress. The protein KdpD has kinase activity that is
inhibited under the high K* conditions that occur in response to salt stress (Jung et al., 2000). In
order to overcome this inhibition it was showed that UspC provides a scaffolding role and was
shown to interact with the USP domain found at the N-terminus stimulus-perceiving end of the KpdD
sensor. The interaction and scaffolding then permitted phosphorylation of the KdpE response
regulator, leading to the KdpFABC proteins being expressed. UspC was not shown to directly
influence the enzymatic activities of KdpD, but was shown to stabilise the KdpD/KdpE~P/DNA

complex that resulted in a shift in the equilibrium towards the phosphorylated form of KdpE.
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Biochemical evidence of the interaction between UspC and KdpD was shown using surface
plasmon resonance analysis. KdpD is membrane integrated, however the N-terminus containing the
USP domain protrudes into the cytoplasm. The KdpD USP domain, consisting of amino acids 1253-
A373, shared the same predicted tertiary structure as USPs; five beta sheets surrounded by four
alpha helices, and shared 15-25% homology with UspA and UspC. The interaction was shown not to
occur in KdpD1-240. Additionally studying a uspC knockout mutant, kdpFABC expression in response
to salt stress was shown to be significantly reduced. It should be noted KdpD autophosphorylation
can also occur in response to other conditions including an increase in ionic strength and also in
relation to the level of ATP within the cell. This multi-level control of KdpD activation allows the
kdpFABC response to be activated in conditions distinct to those that induce expression of UspC.

Further hydropathy plot analysis of the KpdD allowed the creation of a detailed secondary
structure model. Combining the analysis with an array of domain-swaps, Heermann et al. (2009b)
showed that the Usp-Usp interactions are dependent on the net charge of the domains, with the
electrostatic nature of the domain playing an important role in the signalling of KdpD. The USP
domain in KpdD was swapped with USP domains from a variety of other bacterial USP proteins
including the six E. coli USPs. Chimeras with UspFG, that could still exhibit kinase and phosphatase
activity in vitro, could not express the kdpFABC operon under limited K" conditions and under salt
stress. The net positive charge of the Usp domain in the KdpD protein could not be complemented
by the negative charged surface of the UspFG. The usual positive charge interaction of the domains
was hypothesised to be important to create the electrostatic repulsion required to shift the KdpD
histidine kinase into ‘ON’ state.

This leads to the suggestion that the sole single domain USP of Rv1636 could provide a
scaffolding role to the USP domain in the KdpD protein found in Mtb. Rv1028c is a KdpD protein
that is known to contain a partial USP domain of 103 base pairs. The KdpD protein is a sensor and is
associated with the cell membrane for its role as an osmosensitive K* channel. Protein Rv1028c from
Mtb is 860 amino acids and catalyses the following reaction: ATP + protein L-histidine = ADP +
protein N-phospho-L-histidine. It contains a KdpD sensor kinase domain and is a member of the two
component regulatory system KdpD/KdpE which controls the Kdp operon of genes kdpFABC. It is
likely to function as a membrane associated protein kinase that is able to phosphorylate KdpE
(Rv1027c) in response to environmental stimulus. Amino acids 256 to 377 is annotated as a USP
domain region named ‘USP_OKCHK’. The domain lies between the N-terminal sensor domain and
the C-terminal catalytic domain. Important residues for the domain to be highlighted include 260-
262, 290, 344-345, 347-348 and 358-361. The C-terminal domain contains the Histidine Kinase A

(dimerisation/phosphoacceptor) region between amino acids 630 and 696. Also in the region 753-
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853 is the histidine kinase-like ATPase region that contains an ATP binding site, Mg** binding site
(amino acid 763) and a G-X-G motif. The protein is similar to others including the KdpD sensor
protein from E. coli strain K12 (894aa). The two share 32.3% homology in 888 amino acid overlap.
This is interesting as Rv1636 was also shown to be present in the cell wall protein fraction
when Rosenkrands et al. (2000) mapped Mtb proteins by 2D gel electrophoresis. In the co-
immunoprecipitation experiments, the cell wall fraction would be pelleted as cell debris leaving the
soluble cytosolic proteins present. Western blots on the cytosolic fraction did confirm the presence
of the Rv1636 within the cytosol. Other studies by Mawuenyega (2005) showed Rv1636 to be
located in the cell wall and cytosolic fraction of Mtb cellular proteins, as determined by protein
profiling using 2DLC/MS. As the protein is in the cytosol this suggests it may be soluble, or
alternatively may be released from the cell wall or membrane during disruption process
(Mawuenyega et al., 2003). If the protein was shown to have a scaffolding role in the case of
Rv1636, it is unclear if the nucleotide binding motif plays a role in the scaffolding. If it is not
involved, it is very possible that the putative nucleotide binding motif allows the proteins to have

other functional roles within the bacteria.

4.3.8 Summary

Rv1636 appears to form higher oligomeric structures as a dimer and tetramer. The number
of hydrogen bonds in the deposited crystal structure suggest the dimeric form of Rv1636 is the most
stable. Production of the truncated constructs was successful and, in the case of the Rv1636yaxr
protein, disrupted total dimerisation of the protein. However, the Rv1636ya«r protein also showed
evidence of forming higher order structures. It remains unclear if nucleotide binding is dependent
on the formation of higer oligomeric structures. The formation of high oligomeric states of USPs is
likely to play an important role in the USP function. The UspC and KdpD role is the only evidence of
two USP structures coming together and being linked to a direct function. The scaffolding is
required to ensure phosphotransfer to the KdpE protein in response to the environmental signals.
Any oligomeric states observed are likely to be important for the enzymes’ biochemical activities and
therefore relevant to the role that the USPs have in mycobacteria. The abundance of the common
species of Rv1636 does not correlate with the NTPase activity suggesting, if the NTPase activity is a
result of Rv1636 protein, the active form of Rv1636 may not be highly represented in the sample.

Further experimental evidence is required to confirm the putative NTPase activity of Rv1636.
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Chapter 5 - Intracellular Studies of

Universal Stress Proteins
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5.1 Introduction

Studying the biochemical properties of Rv1636 and the structure of the protein has aimed to
provide an insight into the mechanisms of action of the USP family. To find a biological role for the
USP in vivo would provide greater insight into the biological significance of the USPs and indeed the
importance of any putative biochemical activities. The identification of interacting partners within
the mycobacterial cell and the creation of a knockout Rv1636 Mtb strain are seen as important tools
to study the in vivo importance of Rv1636.

During the course of this study, a phenotype was published by Max Schobert’s group
(Scheriber et al., 2006) which defined the role of the USPs of Pseudomonas aeruginosa, and with
particular reference to PA3309. This chapter details the work undertaken to link the biochemical
activities described towards detailing a biological role of the USPs. The in vivo actions of the
mycobacterial USPs are discussed, followed by an overview of the opportunistic pathogen P.

aeruginosa and the USPs it encodes.

5.1.1 Mycobacterial USPs in vivo

The Williams group has studied the USPs of Mtb and the potential role these proteins
undertake in the survival of the bacterium in response to stress. The study of the mycobacterial
USPs has been challenging with extensive phenotype screens of single USP knockouts not
highlighting any phenotypes in Mtb. Genetic knockouts created in the Williams’ group include
Rv2005c, Rv2026c, Rv2028c, and Rv2623. Phenotype screens using UV, mitomycin C, heat shock,
cold shock, hypoxia and nitric oxide did not reveal any increased susceptibilities for any of these
mutants. In addition, expressing these tandem-domain USPs also proved difficult and soluble
protein was severely limited, preventing the biochemical characterisation of the tandem-domain
proteins.

The Sassetti et al. (2003) TraSH screen for essential genes in Mtb did not suggest that any of
USPs are essential. It is possible there remains a degree of redundancy between the proteins and to
associate a particular phenotype with the USP family may require the study of double or even
multiple knockout mutants. Figure 5.1 shows the USPs of Mtb and categorises them according to
published gene expression results. The grouping of the USPs may provide ideas and possible routes

that lead towards investigating the possible redundancy observed.
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Figure 5.1. The regulation of the USPs of Mtb. The USPs have been grouped by similarities in upregulation.

Data was gathered from published microarray studies. Diagram by K. Lougheed.
5.1.2 Pseudomonas aeruginosa USPs

5.1.2.1 P. aeruginosa Overview

The gram negative bacterium P. aeruginosa is an important opportunistic pathogen in
humans and is ubiquitously found in soil, water and in most man-made environments. As an
opportunistic pathogen, the bacterium causes a variety of nosocomial infections, wound infections
and burn-related sepsis. Furthermore, P .aeruginosa infections are a significant cause of morbidity
and mortality in cystic fibrosis (CF) patients (Lyczak et al., 2000; Murray et al., 2007). P. aeruginosa
is an aerobic rod, although the bacteria can perform anaerobic growth using a variety of substrates
including using nitrate as a terminal electron acceptor in the respiration chain. The bacilli can
therefore survive in low oxygen conditions, such as within the lungs of CF sufferers.

The CF disease is caused due to an inherited mutation in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene which encodes a chloride ion (CI') channel of epithelial cells.
Without the proper functioning ion channels, an ionic imbalance leads to the re-absorption of water
from the lining of the lung, creating a viscous mucus layer. This thickened dehydrated mucosal layer
prevents the mucocilliary escalation and compromises the lung’s first line of defence against

bacterial infection.
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Within these low-oxygen mucus layers, biofilms of bacteria are formed and have been
shown to establish a microaerobic environment to maximize growth (Sabra et al., 2002; Worlitzsch
et al.,, 2002). The biofilms harbour a variety of species of bacteria and provide a protective
environment for the P. aeruginosa against host immune response and antibiotics (Singh et al., 2000).
The CF lung is, therefore, characterised by a high level of bacterial infection. P. aeruginosa causes
chronic infection in around 80% of CF sufferers and ultimately leads to respiratory failure and death.

Within the created niche in the CF lung mucus, P. aeruginosa is able to use nitrate or nitrite
as alternative electron acceptors to permit anaerobic growth (Zumft & Korner, 1997). Van der
Wauven et al. (1984) also showed that, when nitrate/nitrite were limited, arginine could also be
used in this manner through substrate-level phosphorylation.

More recently, a separate pyruvate fermentation pathway has been identified as depicted in
Figure 5.2 (Eschbach et al., 2004). The fermentation does not permit anaerobic growth, but allows
the bacteria to persist and was shown to be essential for long-term anaerobic stationary phase
survival. Studying the regulation of the anaerobic survival by Max Schobert’s group (Boes et al.,
2006; Schreiber et al., 2006) showed that two USPs of P. aeruginosa were heavily upregulated. The

two USP were genes PA3309, upregulated 72 fold, and PA4352, upregulated 22 fold.
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Figure 5.2. Pyruvate fermentation pathway model by P. aeruginosa. Full lines indicate identified
fermentation routes; whilst dashed lines represent potential fermentation pathways. PycA, pyruvate

carboxylase; LdhA, fermentative lactate dehydrogenase; Pdh, pyruvate dehydrogenase; Pta,

phospotransacetylase; AckA, acetate kinase; AdhA, alcohol dehydrogenase; Mdh, malate dehydrogenase;

Fum. Fumarase; Frd, fumarate reductase. Figure by Eschbach et al. (2004).
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5.1.2.2 Universal Stress Proteins of P. aeruginosa

Within the P. aeruginosa genome, there appear to be nine proteins that encode putative
USP domains (Figure 5.3). These USPs can be split in to three groups. Firstly, the single USP domain
proteins include the proteins PA1753 (165aa), PA2833 (148aa), PA3017 (145aa) and PA3309 (151aa).
Secondly, the tandem-type USPs is made up of PA1789 (287aa), PA4328 (304aa), PA4352 (286aa)
and PA5027 (271aa) proteins. Finally the PA1636 (KdpD) protein (885aa) is a sensor kinase that
contains one USP domain attached to other functional domains. Only two of the P. aeruginosa USPs
contain the MJ0577 ATP-binding motif sequence (G-X,-G-Xo-G(S/T)). These are the single domain
PA3309 protein and the C-terminal domain of PA4352. The USP PA3017, a single domain USP,
possesses a slightly modified motif, G-X,-G-Xs-GS, containing eight amino acids between highly

conserved glycine-glycine residues. The role of P. aeruginosa USPs largely remains undetermined.

PA1753, PA2833, PA3017, PA3309
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PA1636

PA1636-245-358 [RJNSAUGE [

PA1753-1-156  [IFELRETVAL Y

PA1789-3-124 JIRSIIVYIE

PA1789-131-272 (
PA2833-1-141 H 5GPQT S G VIGHRILEIL
PA4328-2-145 JVEER LETRKBNEL

PA4328-151-299
PAS5027-1-127
PA5027-132-271
PA4352-1-129

HI-UsSpA
PA3017-2-141 p ’

PA4352-138-282 E BT LTEFrR L1BSv E
PA3309-1-149 GSPY GTHERREMIRRIMLES V. E
Rv1636 WK <TD G < VVENVELSTI GS Vs
MJO0577 < P INGSHEKINLEKEILLES VAE

Figure 5.3. The USPs of P. aeruginosa. (A) Domain organisation. Proteins with the G-X,-G-Xo-G(S/T) motif
are underlined. (B) Sequence alignment of the P. aeruginosa USPs along with Rv1636, MJ0577 and UspA
from H. influenzae. The box highlights conserved G-X,-G-Xo-G(S/T) nucleotide binding motif. Alignment

made with BioEdit v7.0.9.0 with integrated ClustalW function.
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5.1.2.3 The Universal Stress Protein PA3309

Through studying the anaerobic metabolic activities of the P. ageruginosa, two USPs were
identified by Schrebier et al. (2006) to be potential virulence factors that allowed the harsh
environment of the cystic fibrosis lung to be colonised. When Schrebier et al. (2006) published that
USPs, PA4352 and PA3309, were involved in long-term anaerobic survival it was of interest to the
work on Mtb USPs. The Williams research group already had experience of working with P.
aeruginosa and had been investigating the chronic infections seen in CF patients with particular
reference to the production of cyanide. Schreiber et al., demonstrated that USP PA3309 is required
for survival via pyruvate fermentation, however, the exact role remains unknown. Interestingly, the
protein has also been shown to be present in anaerobic biofilms (Schreiber et al., 2006).

An initial infecting P. aeruginosa isolate can infect a patient’s lung for 20 years or more. The
long term infection by P. aeruginosa mirrored the survival of Mtb within the lung in a way that
allowed latent infections to be maintained over extreme long periods of time. It could, therefore, be
postulated that USP PA3309 was important for the survival of P. aeruginosa within the cystic fibrosis
lung. PA3309 had not been studied biochemically and the only information on the protein was the
survival role described. Sequence analysis showed the PA3309 protein contained the nucleotide
binding motif previously highlighted in the Methanococcus USP MJ0577. The protein was therefore
suitable to study the biochemical role of the nucleotide binding domain and to see if the nucleotide
binding domain was linked to the ability of P. aeruginosa to survive through pyruvate fermentation.

The biochemical function of USPs, especially those containing the G-X,-G-Xo-G(S/T)
nucleotide binding motif, is likely to be related even if the regulation and overall function may differ
between USPs within and between different organisms. Working with P. aeruginosa aimed to
confirm any findings with Rv1636 in a separate USP protein from a distinct organism. With biofilm
models already established in the laboratory the potential models for study are readily available, and
these may provide excellent opportunities to further the biochemical studies of the PA3309 and

USPs in general.

5.1.2.4 PA3309 Function

PA3309 plays an important role in anaerobic growth, shown by the 100-fold decrease of the

growth PA3309 knockout strain compared to the wild-type, when cultured in the absence of nitrate,
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nitrite or pyruvate (Schreiber et al.,, 2006). The protein Anr, an oxygen-regulating protein, was
shown to be responsible for the induction of the PA3309 protein (Schreiber et al., 2006), which was
independent of pyruvate. PA3309 was also shown to have increased expression in deep layers of
biofilms when P. geruginosa was grown on nitrate. The promoter induction in this case was shown
to be independent of Anr in the same study.

Under long term aerobic and anaerobic stationary phase conditions, the induction of the
PA3309 protein was shown to be independent of Anr, and did not involve a range of other common
regulators of promoter activity including RelA, RpoS, GacA and quorum sensing regulators RhIR and
LasR (Shcreiber et al., 2006). The regulation of PA3309, therefore, may provide clues to the role of
the USP’s and the biochemical function these proteins possess. The fact that RelA is an important
regulator of E. coli UspA (Kvint et al., 2000) and that GacA shares similarities to DevR of M.
smegmatis indicates the regulation of the USPs across the different organisms may vary considerably

(Schreiber et al., 2006).

5.1.3 Aims

This chapter describes studies to link the biochemistry and structure, all with the aim of
finding an in vivo biological role for USPs. USPs in vivo may be redundant as there are often many
encoded within bacterial genomes and single mutations in several USP’s in Mtb made by the
Williams group revealed no observable phenotypes. The retention of many USPs within the
genomes of a range of bacteria suggests the presence of USPs may have been beneficial in their
evolutionary history. Rv1636 is the sole single domain USP in Mtb and, therefore, may have a
distinct role separate from the other USPs found in Mtb; it is also worth noting that Rv1636 is the
only USP retained in the reduced genome of M. leprae. Knocking out the gene will be attempted by
continuation of a suicide vector protocol started by Leiva (2007).

In order to study the action of Rv1636 in vivo, the genomic context of Rv1636 and the
homologues in mycobacteria were also considered. Protein interactions were then studied and
over-expression of the proteins within mycobacteria was attempted. Later in the chapter, the P.
aeruginosa gene PA3309 is discussed including work to determine if the predicted nucleotide
binding motif present is involved in the anaerobic pyruvate survival described by Schreiber et al.
(2006). This was to be investigated through complementation of the PA3309 knockout with a site

directed mutant in the putative nucleotide binding motif of PA3309.
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5.2 Results

5.2.1 Rv1636 Homologues

Phylogenomic analysis of Rv1636 using Uniprot/TrEMBL shows the family members of
Rv1636 are exclusively from members of the Mycobacterium genus. Mtb Rv1636 has clear
homologues within other mycobacteria ranging from 100% identities in M. bovis to 78% for the
homologue in M. smegmatis (Table 5.1). A sequence alignment is shown in Figure 3.2 in Chapter 3.
Figure 5.4 shows the evolution of the protein cluster CLSK791295 as demonstrated by a fastest
minimal evolution phylogenetic tree made using NCBI phylogenetic tree viewer. The Rv1636 is
clearly the most related USP between the members of the Mtb complex and is highly conserved
between different strains of Mtb. Interestingly, M. smegmatis also contains the protein

MSMEG_3308 that is 160 amino acids in length and has 52% shared homology.

Table 5.1. Homologues of Rv1636 across Mycobacterium species

Organism Homologue Identity
M. tuberculosis Rv1636 100%
M. bovis Mb1662 100%
M. kansasii MkanA1l_01785 94%
M. marinum Mmar_2440 93%
M. leprae Mlbr_01390 89%
M. avium MaviaA2_13103 88%
M. intracellulare MintA_10486 85%
M. smegmatis Msmeg_3811 78%
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Figure 5.4. Phylogenetic tree view of the fastest minimal evolution of Rv1636 and the homologues which
form protein cluster CLSK791295. Distance method used mPAM-20. Constructed using NCBI phylogenetic

tree viewer. Accession numbers are indicated.

Within the order Actinomycetales, which contains the sub orders Corynebacterineae,
Streptomycineae, Pseudonocardineae, Streptosporangineae and Frankineae, there are related
proteins with approximately 50% identities to the Rv1636 protein of Mtb, as shown by BLAST
analysis (data not shown). Within the suborder Corynebacterineae, which contains the Family
Mycobacteriaceae, consisting of the sole genus Mycobacterium, there are a range of proteins which
have significant similarities to Rv1636 with up to 65% homology (Table 5.2). The protein Rv1636 is

highly conserved and was clearly present earlier in the evolutionary past within the order.

Table 5.2. Related proteins to Rv1636 within the Corynebacterineae suborder.

Suborder Family Genus Species Protein Homology
(Positives)

Corynebacterineae | Mycobacteriaceae | Mycobacterium | Mycobacterium | Rv1636 100% (100%)
tuberculosis

Corynebacterineae | Nocardiacea Rhodococcus Rhodococcus RER_33060 64% (81%)
erythropolis PR4

Corynebacterineae | Gordoniaceae Gordonia Gordonia Gbro_2864 65% (79%)
bronchialis

Corynebacterineae | Tsukamurellaceae | Tsukamurella Tsukamurella Tpau_2426 57% (77%)
paurometabola
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The genomic context of the Rv1636 homologues does not provide further clues to the role of
the protein in vivo, except a possible role in UV radiation protection. In Mtb, the protein is flanked in
proximity to the UvrA and UvrB genes, which are involved in protection against UV radiation. The E.
coli USPs subtype have been shown to be induced by UV light; however, Rv1636 was not highlighted
as having strong upregulation following exposure to exposure to UV light (Boshoff et al., 2003). It is
possible the UvrA and UvrB genes may have protected Rv1636 and it's homologues as mutations or
deletions to Rv1636 could have influence the neighbouring genes. UvrA and UvrB are upregulated in
response to UV induced DNA damage and are part of the nucleotide excision pathway.

Comparisons of the genomic context of the homologue Rv1636 within the mycobacteria are
shown in Figure 5.5. The genomic location is conserved in Mtb, M. bovis and M. leprae however
difference in transcription direction of neighbouring genes are seen in M. marinum and M.
smegmatis. In Mtb, the USPs are scattered seemingly randomly across the chromosome with
neighbouring genes providing no clues to the function of the proteins. Adjacent genes either have

varying functions or are hypothetical proteins with unknown function.
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Figure 5.5. Genomic context of Rv1636 homologues in selected Mycobacterium species. Homologues are

shown with red arrows. Arrows indicate transcriptional direction. Mtb (Rv1636), M. bovis (Mb1662), M.

marimum (MMAR_2440), M. leprae (MI1390) and M. smegmatis (MSMEG_3811) genomic contexts are all

shown.
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5.2.2 Creation of a Mtb Rv1636 Mutant

Previous work by Leiva (2007) involved using a suicide vector system to attempt to create a
Rv1636 knockout mutant in Mtb H37Rv. The pSMT100 vector system (Dussurget et al., 2001) relies
on the presence of the hygromycin resistance gene with sacB gene as a counterselective marker
(Figure 5.6). Using this system, single crossovers were selected by hygromycin resistance and

confirmed by PCR analysis. Work continued from this point in order to isolate double cross-over

mutants.
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Figure 5.6. General strategy for mutagenesis of Rv1636 gene of M. tuberculosis. (A) 1,046 and 1,035 bp
fragments, upstream and downstream of Rv1636, respectively, were cloned around a hygromycin resistance
gene in the pSMT100 vector. (B) Rv1636 gene replacement is achieved through a two-step method using

SacB as counter selective marker allowing growth on sucrose (Levia, 2007).
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These mutants were selected on sucrose for double crossovers, selecting for cells which
have lost, via homologous recombination, the sacB gene-containing plasmid backbone, leaving the
hygromycin cassette in the place of the Rv1636 gene. From the confirmed single crossovers, over 50
colonies were sub-cultured and selection for double crossovers performed with hygromycin and
sucrose. Genomic DNA was isolated from the resulting colonies and tested both for the presence of
the hygromycin cassette and the presence of the Rv1636 gene. The primers used to screen the
mutant (see Chapter 2.1.6) DNA include Hyg primers which amplify an 800 bp fragment coding for
hygromycin resistance, and Rv1636 primers, which amplify the Rv1636 gene to produce a fragment
of approximately 450 bp.

It was confirmed that none of the 50 colonies screened carried the Rv1636 complete
knockout. The colonies on the plate were small, suggesting that they were still single crossovers
containing the sacB gene. More suitable primers would have spanned the Rv1636 gene and
produced a PCR product of different sizes depending upon whether the double crossover had
occurred to avoid relying on a negative result. Work is currently underway to knockout the wild type
copy of Rv1636 in a merodiploid strain containing a second copy of the gene to take into account the

possibility that Rv1636 is essential.

5.2.2.1 Macrophage Infection with Putative Mtb H37Rv Rv1636 Mutants

Reveals a Possible Survival Defect Phenotype

Before the screening of potential double crossovers detailed above had been performed,
putative Mtb mutants, were tested for their ability to survive in murine J774 macrophages.
Following infection, samples were taken at 0, 24, 48 and 72 hours. The intracellular Mtb bacilli were
then plated out after removal of extracellular bacilli and macrophage lysis. The results of the
experiment (Figure 5.7) show the putative Rv1636 mutants have a potential survival defect
compared to the wild type and also a Mtb H37Rv mutant in the USP Rv2623 gene. Unfortunately the
mutants were unable to be confirmed as double crossovers, indicating that the infection had been
performed with single crossovers. The experiment was not able to be repeated with a confirmed
knockout of the Rv1636 gene. These studies are ongoing, but this preliminary data suggests that
ARv1636 may exhibit a survival defect and as such this USP may be of importance in intracellular

survival within the host macrophage.
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Figure 5.7. Survival curve of intracellular bacilli from a range of Mtb mutants as indicated. Strains included
WT (H37Rv), mutant Rv2636, putative mutants Rv1636 A and B. Murine J774 macrophages (plus interferon
v) were infected with the bacilli and the survival of intracellular bacilli assayed by plating out the bacteria

and calculating the cfu/ml.

5.2.3 Identification of Proteins Interacting with Rv1636

USPs have been shown to have interactions with other proteins such as the E. coli UspG with
GroEL (Bochkareva et al., 2002), UspC with KdpD (Heermann et al., 2009a) and USP1 of Lactobacillus
plantarum that can interact with transcriptional regulators involved in acid stress response (Gury et
al., 2009). Protein interactions within cells can provide large insights into the role of a protein. To
begin the work, a database search was performed using the String Database. In order to further
investigate the Rv1636 interaction, GST-pull-downs and co-immunoprecipitation reactions were

performed. Interaction studies were performed with M. bovis BCG as it contains the 100% identical
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homologue to Rv1636, Mb1662, and can be used under Category Il conditions thus making it a

suitable alternative to Mtb to investigate the cellular interactions.

5.2.3.1 Database Search

The String Data Base shows all known and predicted protein-protein interactions for
individual proteins. Searching the database for Rv1636 (Figure 5.8) and the homologues, Mb1662
from M. bovis and MSMEG_3811 from M. smegmatis, showed that little is known about the
interactions of these proteins, with any links shown being tentative links. Rv1636 was shown to
have concurrence with the USP Rv2026c (MT2085 gene) as homologous genes from Roseiflexus
castenholzii are genomic neighbours.

Similarly Methanothermobacter thermoautotropicus has homologues of the genes Rv1636
and Rv2642, a DNA binding transcriptional regulator protein, that are found adjacent to each other
in the M. thermautotrophicus genome. M. thermoautotrophicus is an anaerobic lithoautotrophic
thermophilic archaeon that is often found in biodegrading facilities and only requires carbon dioxide,
hydrogen and salts to grow. Growth occurs at temperatures ranging from 40 to 70 °C and is optimal
at 65 °C. The neighbouring genes to Rv1636, which include acetylglutamate kinase (argB), the
probable arsenic transport protein (argC), UvrA and UvrB, have not been linked to the role of Rv1636

as shown in Figure 5.8.
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Figure 5.8. String database search for predicted protein-protein interactions of Rv1636. Predicted
functional partners highlighted include MT2085, Rv2642, argB, UvrB and argC. No genes were highlighted as

being co-expressed.

5.2.3.2 Rv1636 Expression

Interaction studies were performed in M. bovis BCG. To ensure that this was a suitable
model for Mtb, the expression of Mb1662 in M. bovis BCG was confirmed by performing Western
blots using anti-His6-Rv1636y antibodies. USPs are highly conserved between M. tuberculosis and
M. bovis BCG, with both containing the ten USPs. M. bovis BCG is often used as a model organism
instead of the pathogen M. tuberculosis because M. bovis BCG is safer, meaning the project can be
undertaken in a containment level two laboratory. M. bovis BCG cells were cultured for up to 12
days in order to obtain cytosolic fractions. Growth curves were plotted by recording the optical

density of the cultures in a time course (Figure 5.9).
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Figure 5.9. Growth curves for M. bovis BCG grown at 37°C in Middlebrook 7H9 media in aerobic and hypoic
conditions. Error bars show standard deviation. Hypoxic cultures were grown in conical flask with suba seal

bungs resulting in a gradual decrease in available oxygen. Optical density at 600 nm was recored.

Western blots on cell protein extracts were performed using an anti-Hisg-Rv1636y, antibody.
Western blot analysis was performed with 15 pl of the cytosolic fraction of M. bovis BCG cells in
stationary phase (day 12/0Dgy 3.5), mid-exponential phase (ODgy 0.5) and oxygen starved
stationary phase. Figure 5.10 shows the results of the Western blot on the cytosolic lysates. The
Western blot indicates that Mb1662 is up-regulated when the M. bovis BCG cells enter stationary
phase from mid-exponential phase (lanes 2 and 3). Stationary phase cytosolic lysates were used to
investigate the protein-protein interactions of Rv1636. It should be noted that the Mb1662 protein
(15.3kDa) is smaller than the His tagged-Rv1636 version.
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Figure 5.10. Western Blot using anti-Hisg-Rv1636 antibody against samples of cytosolic fractions produced
from M. bovis BCG cells in different growth conditions. Lane 1: SeeBlue Pre-stained 2 Marker Lane 2:
Stationary phase cytosolic fraction. Lane 3: Mid-exponential phase cytosolic fraction. Lane 4: Oxygen
starved stationary phase cytosolic fraction. Lane 5: Hisg-Rv1636 (1 ug) as a positive control. In order to

compare the level of expression cytosolic fractions were diluted to 1.5 mg/ml.

5.2.3.3 GST Pull-down of Rv1636

Pull-down assays are based on the methods used for affinity purification of proteins. The
method is similar to immunoprecipitation except that, in pull-down assays, a bait protein is used
instead of an antibody. The use of a tagged bait protein allows the protein to be captured by
immobilized affinity, thus generating a secondary affinity support that allows the purification of
additional proteins that interact with the bait protein. The GST-Rv1636 fusion protein was
previously generated in the laboratory (Leiva, 2007) and had been purified by affinity
chromatography using glutathione agarose. The GST-tag is 26kDa.

The GST-fusion protein was added to cytosolic fractions produced from M. bovis BCG and
after incubation the GST protein was pulled down by the GS4B beads. Any protein interacting with
the GST-Rv1636 would also be pulled down by the beads. Different methods to release the pulled
down proteins from the GS4B beads were tested. Boiling the beads in 2X Laemmli and loading the
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sample produced a lot of background and made identifying a pulled down partner difficult. An
elution buffer containing glutathione allowed the pulled down protein to be released gently and

resulted in a sample with little background (Figure 5.11).
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Figure 5.11. GST-pull-down reaction with GST-Rv1636. Cytosolic fraction of M. bovis BCG grown in
stationary phase was used. Pull-down visualised on 15% SDS-PAGE by staining with Imperial Coomassie
stain. Lane 1 and 5: Pre-stained SeeBlue Marker, Lane 2 and 6: GST pull-down, Lane 3 and 7: GST-Rv1636
pull-down, Lane 4 and 8: Negative Control (no GST added), Lane 9: Purified GST-Rv1636 (20 pg).

Numerous GST-pull-downs were performed on the different cytosolic fractions and under
different conditions. Following experimental evidence that Rv1636 may be a GTPase, pull-downs
were repeated in the presence of nucleotides such as GTP, ATP, and GDP and in the presence of
different cations including Mg*, Mn*" and Ca®*. Pull-downs were performed using a range of
concentrations of cations and nucleotides; however, no partner was found in any of the tested
conditions. Some proteins were found that were able to bind non-specifically to the beads only in
the presence of GTP. In oxygen starved condition proteins bound non-specifically to the beads that
were not present in the stationary phase cytosolic fraction.

Staining of the gels was important because the more sensitive the staining the more likely

that any partner pulled down would be visualised and identified. The Imperial Coomassie provided
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extra sensitivity than standard Comassie stain (<3 ng of protein could be visualised). However, when
silver staining was used, it was apparent that the method provided greater resolution and it was
decided that this was the method of choice. Figure 5.12 shows a silver stained gel with pull-down
reactions using cytosolic fractions with added Mn*" and GTP. Unfortunately, no interacting partner

of Mb1662 was found.
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Figure 5.12. GST-pull-down reaction of GST-Rv1636 from cytosolic fractions of M. bovis BCG grown in
stationary phase (lane 2 and 3), hypoxia (lanes 4 and 5) and buffer control (lanes 6 and 7). Lane 1: Pre-
stained SeeBlue Marker, Lane 2, 4 and 6: GST controls, Lane 3, 5 and 7: GST-Rv1636 pull-down, Lane 8
Purified GST-Rv1636 protein. No interacting partner was found. 15% SDS-PAGE gel stained by silver

staining.

5.2.3.4 Co- immunoprecipitation of Rv1636

GST-pull-downs did not highlight any pull-down partners. To continue studying the protein-
protein interactions, co-immunoprecipitation assays were performed. Antibodies against Hisg-
Rv1636 were added to the cytosolic fractions and, after an incubation to allow their specific binding,

beads were added that were able to bind the antibodies, thus allowing the precipitation of Mb1662
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and any interacting protein if present. Initial experiments precipitated high levels of background and
silver staining did not identify the immunoprecipitated Mb1662. It was very unlikely that any
partner co-immunoprecipitated would be visible if Mb1662 was not visible.

In order to confirm that Mb1662 was being precipitated, a different ratio beads/antibody
and two different beads, Protein A plus G and Protein A, were trialled. Protein A plus G can bind a
wider range of antibodies, whereas Protein A binds specificially to the Fc region of immunoglobin
molecules. Protein A is especially strong binding to IgG of rabbit antibodies and is therefore are
more specific to the antibodies being used to precipitate Mb1662. Western blots were performed to
determine if Mb1662 was being precipitated. The result of the Western blot analysis showed that
numerous bands were present in lanes. The specificity of the Western blot was low and in order to
increase the specificity for future Western blots only 0.5 pg of primary antibody was used in the PBS-
T/milk solution. A band at 55 kDa was a result of the secondary antibody binding to the heavy chain
of the antibody and producing a positive signal.

Instead of using Western blots to determine if Mb1662 was being precipitated, control
reactions were performed using beads, anti-Hisg-Rv1636 antibody and purified Hisg-Rv1636 in 750 ul
of breaking buffer. The reactions were performed to test the ability of the antibodies to precipitate
the Mb1662 protein from a solution. The combination of variables that gave better results was
using 20 ul Protein A beads with an antibody dilution of 1 in a 100 for the total reaction. Further
experiments showed that up to 5 pg of the anti-Hiss-Rv1636 antibody could pull-down a suitable
amount of Mb1662 protein (Figure 5.13). The silver stained SDS-PAGE showed the presence of the
heavy and light chain of the antibody are 55 kDa and at 25 kDa respectively. The beads alone when
boiled and subjected to SDS-PAGE produced a number of bands (lane 2).
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Figure 5.13. Immunoprecipitation of Hisg-Rv1636,; protein using protein A agarose beads and different
amount of anti-Hisg-Rv1636y,; antibody. Lane 1: Marker Pre-stained Seeblue 2. Lane 2: Protein A agarose
beads boiled with 2X Laemmli and the supernatant loaded, Lanes 3-5: Immunoprecipitation of Hisg-
Rv1636y by different levels of antibody, Lane 6: Purified Hisg-Rv1636,yr (5 pg) as a marker. 12% SDS-PAGE

gel stained by silver staining.

Co-immunoprecipitation reactions were performed on cytosolic fractions from stationary
phase, mid-exponential phase and hypoxia stationary phase (Figure 5.14A). The results showed that
Mb1662 was precipitated from the stationary and mid-exponential phase but not hypoxia
conditions. No co-immunoprecipitating partner could be found with visual examination of the silver
stained gel. Figure 5.14B shows a Western blot that was performed on the same samples to confirm
the precipitation of Mb1662. The result showed Mb1662 was precipitated as expected from the
stationary and mid-exponential cytosolic fractions. Other background includes heavy antibody
chains, proteins from the beads and also secondary antibodies reacting non-specifically with BSA

(Bovine serum albumin) which is present in the agarose solution.
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Figure 5.14. Co-immunoprecipitation of the Mb1662 protein from M. bovis BCG cytosolic fractions produced
from cells grown under stationary phase (lanes 2 and 3), mid exponential phase (lanes 4 and 5) and hypoxia
stationary phase (lanes 6 and 7). Protein A agarose beads and 5 pg anti-Hisg-Rv1636,,; antibody were used.
Lane 1: Marker Pre-stained Seeblue. (A) 12% SDS-PAGE gel stained by silver staining. Lane 8: Purified Hisg-
Rv1636y (5 ng) as a marker. (B) Western blotting with anti-Hisg-Rv1636,,; antibody. Lane 8: Stationary

phase cytosolic fraction, Lane 9: Purified Hisg-Rv1636,,r (1 pg) as a positive control.
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5.2.4 Over-expression of Rv1636

It was hypothesised that over-expression of Rv1636 would provide an insight into the role of
the protein and also allow any knockouts, if generated, to be complemented. Over-expressing the
protein can also give further scope to study the protein-protein interactions as over-expressing the
protein would result in a higher level of ‘native’ protein. A range of over-expression systems of
mycobacteria have previously been published in the literature including mycobacterial promoters
upregulated by acetamide (ACE) (Dziadek et al., 2003), tetracycline inducible (pMIND) (Blokpoel et
al., 2005) and heat shock promoters (HSP) (Stover et al., 1991).

5.2.4.1 Cloning of Rv1636 into Over-expression Vectors

Rv1636 gene was cloned into the expression vectors pMV216, pMV361 and pSE100. Cloning
the Rv1636 gene into a number of systems aimed to provide a variety of options to allow the over-
expression of Rv1636yr. pMV261 and pMV361 were originally described by Stover et al. (1991).
pMV261 is a non-integrating plasmid with an origin of replication in both E. coli and mycobacteria
and pMV261 allows expression of the selected protein under the control of the constitutively
expressed promoter from the mycobacterial heat shock protein, Hsp60. pMV361 contains the attP
site which allows integration into the mycobacterial attB site and also encodes the integrase gene
(int) to allow insertion. Protein expression is driven by the GroEL promoter in this vector. Both
pMV261 and pMV361 encode the kanamycin resistance gene, which for the integrating pMV361 can
be excised from the mycobacterial genome using the flp recombinase. The expression vector
pMV261 is a self-replicating episomal plasmid at 3-5 copies per cell and offers high levels of over-
expression.

The pSE100 vector, originally described by Schnappinger et al. (2007), allows controlled
expression of target protein due to the strong (pMC1s) and medium (pMC2m) tet repressors, which
integrate into the Mtb genome at the attB site, allow finer control of expression depending on the
level of tetracycline used. The episomal pSE100 expression is driven by pmycltetO which is a tet

operator-containing promoter for mycobacteria.
5.2.4.1.1  Cloninginto pMV261
Rv1636 was cloned from pGem-Teasy-Rv1636 using primers pMV261-Rv1636 For/Rev

(Chapter 2.1.6). The gene was cloned between the BamHI and Hindlll sites and then inserted
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directionally in frame and downstream of the Hsp60 promoter (Pus60) Of the multi-copy plasmid
pMV261 to produce pMV261::Rv1636. pMV261 adds the amino acid residues MAKTIADP to the start
of the Rv1636 protein. To ensure the correct cloning had taken place pMV261 vectors were
sequenced across the Rvi636 gene with the pMV261 sequencing primer 5’'-
GGCATAGGCGAGTGCTAAG-3’ that is located approximately 150 bases upstream of the BamHI
restriction site.

Rv16364¢r was also cloned, from pET41a-Rv1636yr, into the pMV261 vector to produce
PMV261::Rv1636ya¢r, Using the primers pMV-261-Rv1636yacr For/Rev (see Chapter 2.1.6). The
cloning of Rv1636yr allowed the protein to be cloned directly as it is produced with no additional
amino acids added at either end, due to the additional amino acids pMV261 adds on being
complementary to the initial amino acids of Rv1636yac. The Rv1636yacr also contained a histidine
tag at the C-terminus and could therefore be a useful protein to express in the future. In the design
of the pMV261::Rv1636,.r the forward primer has one codon mismatch with pET41a-Rv1636,,a«r,
with the codon GCC present instead of GCT, to create the restriction site Mscl. GCC and GCT both

code for the amino acid alanine. Mscl cuts a blunt end restriction site.

5.2.4.1.2  Cloning into pMV361

Rv1636 was cloned, from pGem-Teasy-Rv1636, into frame between the EcoRl/ and Hindlll
sites of the pMV361 to produce pMV361::Rv1636. The primers used for the amplification were
pMV-361-Rv1636-For/Rev (see Chapter 2.1.6). The EcoRI-Rv1636-Hindlll PCR fragment was sub-
cloned in frame with Py, Of the integrating plasmid pMV361. To ensure the correct frame reading
of Rv1636, the gene was cloned in frame with the additional amino acids, MDVLYS, that pMV361
adds to the start. To ensure the correct cloning had taken place, pMV361 vectors were sequenced
with the pMV361 sequencing primer 5’- AAGCGGAAGAGCGCCCAATAC -3’ that is approximately 150
bp upstream of the BamH| restriction site.

pMV361::Rv1636 and the pMCls/pMC2m plasmids were transformed into M. smegmatis.
PCRs across the integration site did not show the presence of any insertions. The primers used to
amplify the attB site were those successfully used in Murry et al. (2005). The primer pair (Msmeg-
attB-Forward/Reverse (see Chapter 2.1.6) are designed to amplify a region of 250 bp across the attB

integration site. No integration was found at the attB site (Figure 5.15).
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Figure 5.15. PCR analysis of across M. smegmatis attB site. Lane 1. M. smegmatis WT. Lane 2-7. M.
smegmatis transformed with pMV361::Rv1636y,. Lane 8. Negative control. M is marker Promega 1 kb

hyperladder. No site-specific insertion was observed in the M. smegmatis attB site.

5.2.4.1.3  Cloninginto pSE100

The cloning into pSE100 to create pSE100::Rv1636 involved amplifying the Rv1636 with part
of the promoter region to ensure the ribosome binding site was present to allow translation.
Genomic DNA from Mtb was used for the cloning that was extracted from wild type H37Rv Mtb
using CTAB method. The primers pSE100-Rv1636-For/Rev are detailed in Chapter 2.1.6 and show
the presence of the ribosome binding site. Over-expression using pSE100 allows the over-expression
of the native protein with no additional amino acids added at the termini. The construct was not
used for over-expression studies as confirmation of pMC1s and pMC2m insertion is first required to

ensure tetraclycine controlled regulation in Mycobacterium species.
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5.2.4.2 Over-expression of Rv1636 with pMV261::Rv1636

An initial screen was performed to over-express the Rv1636 protein in M. smegmatis using
the pMV261::Rv1636 vector. The plasmid is non-integrating and is selected for under the presence
of kanamycin due to the resistance gene encoded. Minipreps on M. smegmatis confirmed the
presence of the plasmid and Western blot analysis confirmed the over-expression of Rv1636 (Figure

5.16).

1 2 3

. '& 20 k[}EI

M. smegmaits
pMV261::Rv1636
M. smegmatis
Positive control

pMV261

Figure 5.16. Western blot confirming over-expression of Rv1636 in M. smegmatis from the pMV261::Rv1636
vector. M. smegmatis in late log phase was boiled and the supernatant subjected to SDS-PAGE prior to

Western blotting with anti-Rv1636 antibodies. The positive control was previously purified Rv1636 protein.

The results of the over-expression showed there was no significant effect on growth of
over-expressing the USP in M. smegmatis (Figure 5.17). M. smegmatis containing the
pMV261::empty had been previously shown not to cause any survival defect (Stover et al., 1991).
M. smegmatis WT and M. smegmatis pMV261::Rv1636 were grown to stationary phase and did not

show any significant differences in growth.
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Figure 5.17. Over-expression of Rv1636 in M. smegmatis using the expression vector pMV261::Rv1636. M.
smegmatis was cultured in 50 ml LB with 0.05% Tween 80 and kanamycin 40 pg/ml. ODgq, reading were

recorded every two hours.

5.2.5 The Universal Stress Protein PA3309 from P. aeruginosa

5.2.5.1 PA3309 Structure

PA3309 is a single domain USP from P. aeruginosa that consists of 151 amino acids and has a
calculated molecular mass of 16496 Da. It has 37% sequence identity to UspA of E. coil. Sequence
alignment of PA3309 with Rv1636 is shown in Figure 5.18. The proteins have 27% homology and
both contain the G-X,-G-Xo-GS predicted nucleotide binding motif.
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Rvi636 4  YKTVVVGTDGSDSSMRAVDRAAQIAG-ADAKLIIAS------AYLPQHEDARAADILXKDE 56
Y ++V DGS S RA++ A +#AG + KL + + +LP + + L4+
PA%09 2  ¥DRILVAVDGSEVSDRALEEAIXLAGLSGGXLRVITIVDSPLRHLPDYAVYYNPEPLREA 61
Rvi63 57  SYXVIGTA GAPVDALVN-LADEE--======== 105
+ K GA D+ AEE
PA09 62  ALKAAD-----DVLA , ) GATFDRVCQERASEEIAERIELEAQ 108
Rvi63 106 --RKADLLVVGNVGLSTIAGRLLGSVPANVSRRAXVDVLIVE 144
AD+ G + +L6SV +RA V
PA09 109 ASDADVVVMGTHGRRGMRRLMLGSVAEGLIRVASREVLLVR 149

Figure 5.18. Sequence comparison of Mtb USP Rv1636 with P. aeruginosa USP PA3309.

Using the fold recognition-based structure prediction server Phyre, the predicted tertiary
structure of PA3309 was generated (Figure 5.19). The top-scoring model was based on the 1mjh
crystal structure of MJO577 (e-value=2.628228e-18). PA3309 has a 23% sequence identity with
MJO0577 protein. The G-X,-G-Xs-G(S/T) NTP-binding motifs is highlighted.

G 20

Figure 5.19. Predicted tertiary structure of P. aeruginosa USP PA3309. (A) Ribbon diagram of the PA3309
protein. Structure generated by PHYRE program based on the top-scoring model MJ0577 (1mjh) crystal
structure. Visualised using Swiss-PDB viewer. N and C termini of each monomer are labelled. G-X,-G-X,-GS
nucleotide binding motif is highlighted. (B) Ribbon diagram of the crystal structure of MJ0577 with bound
ATP (Zarembinski et al., 1998).
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5.2.6 Does the Predicted PA3309 Nucleotide Binding Motif have

a Direct Biological Role?

5.2.6.1 Expressing PA3309 in P. aeruginosa using pUCp18 vector

To determine if the predicted nucleotide binding motif had a role in the anaerobic survival,
the viability of P. aeruginosa with pyruvate was investigated. By complementing the PA3309
knockout with a site directed mutant of PA3309 and assaying anaerobic survival, the role played by
the predicted nucleotide binding in anaerobic growth could be determined. In addition, in order to
test if the nucleotide binding motif had a direct relevant role in the pyruvate survival, SDM of the
predicted nucleotide binding motif was performed. To express the proteins in P. aeruginosa, the
non-integrating vector pUC18, as described by Schweizer et al. (1991) was initially trialled.

The PA3309 gene region (3709770-3710969), that contained the PA3309 gene flanked
between the 455 bp upstream region and 289 bp downstream region of PA3309, was successfully
cloned from P. aeruginosa genomic DNA and ligated into pUCp18, between restriction sites EcoRl/
and Hindlll, to create pUCp18::PA3309. The primers used for the amplification were Pa-3309-Up-
forward and Pa-3309-Down-Reverse (Chapter 2.1.6). The pUCp18 vector is 4500 bp and contains the
ampicillin resistance gene. The whole PA3309 gene region, including native promoter and ribosome
binding site, was cloned into the vector.

The experiment performed by Schreiber et al. (2006) was initially repeated with the pUC
vectors being used to ensure that the phenotype could be replicated in our experimental conditions.
The pUC vectors do not need integration and are present in the P. aeruginosa in an episomal form.
Experimentation with the pUC vectors allowed the method and experimental details to be trialled,
to ensure the results of the anaerobic pyruvate survival could be replicated.

Anaerobic survival, similar to the anaerobic culture conditions described in Schreiber et al.
(2006) was measured by CFU counts across a time period of 11 days. P. aeruginosa strains were
grown in potassium-phosphate buffered LB medium to an ODgyo of 0.3 before being transferred to
rubber stoppered test tubes when 40 mM pyruvate was added. The survival was assayed by
counting the colonies to determine viability and the results are shown in Figure 5.20. The PA3309
knockout and the knockout containing the empty pUCp18 vector both had a survival defect, as
expected. The complemented strain APA3309 with pUCp18::PA3309 had the survival restored to
wild-type level.
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Figure 5.20. Anaerobic survival of P. aeruginosa on 40 mM pyruvate-supplemented media. Data is
expressed as CFU/ml, with counts calculated using 10-7 dilution (A) and as percentages of the original CFU
count (B). Strains based on a PAO1 strain include PAO1 ( ——), PAO1 + empty pUCp18 vector ( =), PAO1 +
pUCp18::PA3309 ( ——). Strains based on a PA0O1 APA3309 include PAO1 APA3309( —=),PAO01 APA3309 +
empty pUCp18 vector ( —+) and PA01 APA3309 + pUCp18-PA3309 ( —&—).
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5.2.6.2 Expression of PA3309 Using the Integrative Mini-CTX2 Vector

Following the initial experiments detailed above, the experiment was to be repeated using
the mini-CTX2 vector, an intergrating vector, made available by Max Schobert. The mini-CTX2 vector
is able to integrate, due to the presence of the site-specific recombinase ¢C31, into the P.
ageruginosa genome at the site attB and, therefore, produce stable transformants. A flip
recombinase then allows the antibiotic resistance cassette to be removed and therefore no
antibiotic is required for selection. The removal of the unwanted plasmid backbone sequences also
removes the integrase gene from the genome of integrants.

Max Schobert sent strains of P. aeruginosa including the PAO1 wild type, PAO1 containing
the empty integrated mini-CTX2 (PAO1 attB::mini-CTX2), PA3309 knockout, PA3309 knockout
containing the empty integrated mini-CTX2 (PAO1 A3309 attB::mini-CTX2) and the PA3309
knockoout complemented with miniCTX2::PA3309 (PAO1 A3309 attB::PA3309). The aim was to
mutate the G residue in the G-X,-G-X4-GS motif of the PA3309 and integrate it into the P. aeruginosa
PA3309 knockout to create PAO1 APA3309 attB::PA3309;11za.

5.2.6.3 Construction of Mini-CTX2::PA3309¢118a

The mini-CTX2::PA3309 contained 455 bp of sequence upstream of PA3309 and 289 bp
downstream of PA3309. Attempts to mutate the mini-CTX2 plasmid directly were unsuccessful.
Instead, the whole gene region was removed using restriction enzymes EcoRl and Hindlll. Following
restriction digest and agarose electrophoresis the gene region was extracted and ligated into pET15b
vector and SDM performed on this vector. Following a successful SDM reaction, the PA3309 gene
and surrounding regions were again digested and ligated back into mini-CTX2 vector to produce
mini-CTX2::PA3309:118a-

The plasmids were sequenced and were confirmed to contain the PA3309 with G118A
mutation in the correct reading frame. A further check showed was that BamHI and EcoRV both cut
once in Mini-CTX2::PA3309:1154. Double digestion confirmed the presence of the mini-CTX2:PA3309

and gave as expected two bands at 3.6kbp and 4.2 kbp (Figure 5.21).
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Figure 5.21. Double digestion of the mini-CTX2::PA3309:115» plasmid. Lane 1 undigested mini-
CTX2::PA3309:,13a. Lane 2. Double digestion with restriction enzymes BamHI and EcoRV. Lane M is marker
GeneRuler™ 1 kb DNA Ladder (Fermentas). Digestions were carried out at 37°C in 20 pul reactions using

Fermentas fast digest restriction enzymes.

5.2.6.4 Confirmation of Insertion Site in P. aeruginosa

The mini-CTX2 vector was transformed into P. aeruginosa wild type and the APA3309
knockout strain in order to obtain stable integrants. The P. aeruginosa attB site is at 2.94 Mb on the
6.4 Mb PAO1 chromosome. Primer pairs used in the characterisation, included amplification of the
attB region, the internal PA3309 region, amplification of the inner tetracycline cassette and
amplification from the multiple cloning site and surrounding regions, are shown in Chapter 2.1.6.
Table 5.3 shows the primer pairs used and the expected band sizes produced after PCR on different
P. aeruginosa strains. It was decided integration should be at the same attB site as the Mini-

CTX2:PA3309,,; strain that was sent from Max Schobert to allow direct comparison in the studies.
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Table 5.3. PCR primer pairs used for analysis of the P. aeruginosa transformed strains. (F forward and R

reverse). Strains sent by Max Schobert have tetracycline cassette removed by flip recombinase action.

Size of fragment amplified between primer pairs (bp)

Strain attB F/R Tet F/R PA3309 F/R MCS F/R
PAO1 WT 279 - 424 -
PAO1 A3309 279 - - -
PAO1 WT 1160 - - 485
attB::mini-CTX2::empty

PAO1 A3309 1160 - - 485
attB::mini-CTX2::empty

PAO1 WT 2639 - 424 1685
attB::mini-CTX2::PA3309

PAO1 A3309 2639 - 424 1685
attB::mini-CTX2::PA3309

PAO1 WT ~7000 632 424 1685
attB::mini-CTX2::PA3309:11sa

PAO1 A3309 ~7000 632 424 1685
attB::mini-CTX2::PA3309:11sa

S17.1 - 632 424 1685

-miniCTXZ::PA33O9GMgA

Control amplifications on the strains sent by Max Schobert showed the PA01 wild-type and
the APA3309 knockout both produced a band across the attB site of the expected 279 bp (Figure
5.22A, lane 1 and 2). The strains transformed with an empty mini-CTX2 vector produced a band at
the expected 1160 bp (lane 3 and 4). The 1160 bp is made up of 881 bp of the vector back bone
between the two flip recombinase sites and the 279 bp of the attB site. The complemented strain
did not produce a band in the PCR of the expected 2639 bp (lane 5). However, the strain did not
produce a band at 279 bp suggesting there was an insertion present.

When screening the P. aeruginosa transformants for the desired insertion there would not
be a band present at 279 bp if insertion at the attB site had occurred. All 250 mutants screened,
from a number of mating and transformation attempts produced a band at 279 bp suggesting no
insertion at the attB site was found. The presence of the tetracycline gene indicated insertion may

have taken place at non-specific sites (Figure 5.22C).
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Figure 5.22. PCR analysis of P. aeruginosa strains covering attB site and the tetracycline resistance cassette.
(A) PCR of attB site. (B) PCR of tet cassette. (C) PCR on putative PA01A3309 attB::mini-CTX2 3309:15a
mutant across attB (Lane 8) and tet cassette (lane 9). Lanes 1. PAO1 WT, 2. PAO1 A3309, 3. PAO1 WT
attB::mini-CTX2 4. PAO1 A3309 attB::mini-CTX2, 5. PAO1 A3309 attB::PA3309, 6. E. coli S17.1 containing
episomal mini-CTX2::PA3309;115n 7. Negatvie control, 8 and 9. Putative PAO1 A3309 attB::mini-
CTX2::PA3309;;134 mutant.

Attempts with heat shock transformation, chemical transformation and mating all were
unsuccessful at obtaining any site specific integration. The mating controls were all successful with
no colonies on the tetracycline plates when the colonies were not mated. P. aeruginosa did grow on
the high tetracycline up to 200 pg/ml; however PCRs showed no attB integration. Instead of
amplifying the whole region primer pairs using the T7 primer within the mini-CTX2 vector and either
Pa-attB-For/Rev which would produce PCR products of around 2.5kb did not show any integration.
Attempts to get mini-CTX2::PA3309;:134 into P. aeruginosa chromosome at attB site were
unsuccessful and no survival complementation experiment with the mutated PA3309 gene was able

to be performed.
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5.3 Discussion

In this chapter, work is described which was carried out with the aim of identifying the in
vivo role of USPs and the potential role that the nucleotide binding motif plays. Attempts to find an

in vivo role for USPs in the biology of Mtb and P. aeruginosa are discussed.

5.3.1 Genomic context and lineage

The genomic context of Rv1636 and the homologues in other mycobacteria does not provide
any obvious clues to the in vivo role of Rv1636. The UvrA and UvrB genes are both in the same
genomic location of Mtb, M. bovis and M. leprae and M. smegmatis, suggesting a possible link to
survival under UV radiation; however UV radiation has not been linked to alterations in Rv1636
transcription and the transcriptional direction of the genes does not suggest co-regulation. The
number of homologues found in other mycobacterial species point towards the potential
importance of the protein. Within the suborder Corynebacterineae, which contain the genus
Mycobacterium, proteins with over 60% homology are found such as protein DSM_43247, from
Gordonia bronchialis, which shares 65% homology. Gordonia bronchialis can cause a pulmonary
disease in humans.

Interestingly a recent paper highlighted the potential importance of USP promoters. The
cotton plant, Gossypium arboreum, contains a USP gene called GUSP gene that plays a role in the
response to water stress. Interestingly, the promoter region of 949bp upstream of the GUSP gene
contained numerous cis-acting elements found to be involved in stress survival in plants including E-
box, ABRE, DPBF-box and MYB-core elements. This is the first such study where a USP promoter
region has been linked to responses to stress. Stresses included response to dark, heavy metals,
dehydration, salt stress and acid stress. The promoter elements of GUSP are likely to allow
regulation of this USP to be tightly controlled. Rv1636 is preceded by Rv1635c which is transcribed
in the opposite orientation to Rv1636. There are 209 bp in between the two start codons and

therefore the promoter elements are likely to overlap.
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5.3.2 Creation of a Rv1636 knockout

The creation of a mutant is an important tool for studying gene function. PCR screening on
the putative mutant confirmed none of the 50 potential mutants were positive for the hygromycin
cassette coupled with being negative for the Rv1636 gene. The potential double crossovers were all
shown to not be true Rv1636 deletions. The colonies did appear very small compared to the wild
type and could therefore be spontaneous mutations in the sacB gene, which is present to allow for
negative selection on sucrose.

Although the mutants screened for survival within macrophages were not double
crossovers, it remains possible that the confirmed single crossover could have partially disrupted the
expression of the Rv1636 gene, meaning the survival defect could be a true representation of a
Rv1636 mutant. The construction of stable double crossovers by homologous recombination can be
difficult in the slow growing mycobacterial species. Low levels of homologous recombination and
high levels of non-homologous recombination, combined with variation at different loci are some of
the potential reasons why the stable double crossovers were difficult to obtain (McFadden 1996).

To isolate Rv1636 mutants, the work can be revisited at the single cross-over stage and
attempts made to re-select for double crossovers. An essentiality test will also be performed by
using the partial diploid that is available in the laboratory, alongside the work of creating an Rv1636
mutant.  Further work will involve returning to the confirmed single crossover strains and with
further selection on sucrose isolate more colonies which will again be screened for the presence of
hygromycin and the absence of the Rv1636 gene. An alternative approach of creating the mutants
using specialised transduction could also be used as described in Bardarov et al., 1997, or by using
the Hatfull lab’s recombineering method (van Kessel and Hatful, 2007).

Further work will also aim to determine if the Rv1636 gene is essential. By making partial
diploids with the Rv1636 gene and creating a knockout in one of these genes this will allow
determination of essentiality essential, when compared to the wild type.

When a knock-out mutant can be isolated, the phenotypic characterisation of the mutant
can be studied in stress conditions including macrophage survival, nutrient and oxygen depletion
and sensitivity to nucleic acid damaging agents such as mytomycin C, UV light and hydrogen
peroxide. Complementing any Rv1636 knockout mutant with site directed mutants in Rv1636 would

also allow the biological significance of the nucleotide binding motif to be investigated.
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5.3.3 Identification of Protein Interactions

Protein interactions have specific roles in the biochemisty of protein molecules, signal
transduction and networks. They allow communication between the cells exterior and the interior
of the cell that is mediated by signalling molecules. To find an interacting protein would provide a
large amount of potential for future research. The identity of interacting proteins could provide an
insight into the role of the protein by providing information on the network the protein is involved
in.

USPs have been shown to interact with each other when studying heterodimerisation within
the classes of E. coli (Nachin et al., 2008; Nachin et al., 2009). UspC of E. coli has also been shown to
interact with the KdpD protein in E. coli through its own USP domain. The significance of the USP-
USP interactions were discussed in the Chapter 4 and the protein interactions discussed here are
those of USPs with other mycobacterial proteins. A recent study of global protein-protein
interactions by Wang et al. (2010) did not highlight nay significant interacting partners for the USPs
of Mtb.

5.3.3.1 Rv1636 Expression

S. Leiva (2007) previously showed that Rv1636 was expressed in stationary phase using g-
rtPCR and Western blotting. Due to this result, stationary phase lysates were then used for
interaction studies. The Mb1662 protein was found to be present in cytosolic fractions obtained
from M. bovis BCG grown aerobically in mid-exponential growth and in stationary phase. The
immunoblot shows a stronger signal present in the stationary phase cytosolic fraction indicating the
protein is more abundant compared to the mid-exponential phase.

The blots on the cytosolic fractions also showed that the antibody did not cross-react with
any other protein from the cytosol. No Mb1662 was found in the oxygen starved stationary phase
cytosolic fraction. The expression results were backed up by the immunoprecipitation of the
Mb1662 protein when performing Co-IP.

From studying M. bovis BCG expression of the Mb1662 protein, it is thought that the Rv1636
protein in Mtb is expressed in the same way and by the same control mechanisms. The protein is
100% identical and is most likely to have the same role within the cell. It is feasible that other
interacting proteins are present in Mtb that have been lost in M. bovis BCG and to confirm any

interactions, the experiments should be repeated with Mtb.
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Bahk et al. (2004) compared protein levels between cultures of Mtb K-strain from Korea
and the laboratory strain H37Rv. Rv1636 was one of the eight proteins found to be more abundant
in the K-strain. The finding that there are differences in expression between individual strains of
Mtb, leads to the suggestion that there could also be differences in expression between M. bovis
BCG and Mtb.

The Wayne-Sohaskey (2001) model suggests granuloma conditions where the bacteria
persist within infected macrophages and also extracellularly in a mix of lysed cell debris, resulting in
decreasing oxygen levels until the bacilli enter the non-replicating persistent state. If protein is not
expressed under oxygen depleted conditions it does not imply the protein is not expressed within
the granulomas. It's possible that other USPs permit survival of the cells under the hypoxic
conditions and Rv1636 contributes to cell persistence through allowing survival against other
stresses. The ten USPs of Mtb are not all under the same control systems suggesting their roles may
be distinct. Another possibility is the protein may not be essential when Mtb remains within
granulomas in a non-replicating persistent state, but plays a crucial role in other circumstances, such

as survival in the macrophage upon initial infection or survival when transmitted.

5.3.3.2 GST Pull-down of Rv1636

The GS4B beads were shown to retrieve the GST-Rv1636 protein from the cytosolic fractions
as expected. No interacting partner(s) were found under the range of tested conditions. GST-pull-
down benefit’s include that the approach can purify low abundant protein complexes and is
applicable to very weak interactions. Possible reasons why no interacting partner was found include
the fact that Rv1636 attached to the GST is subject to competition for any potential partners
because the identical protein Mb1662 is present in the cytosolic fraction and may already be present
in an In vivo pre-assembled complex, thus preventing the GST-Rv1636 protein from binding. The
need for in vitro complex formation is one of the major draw-backs of the GST-pull-down method.

A further disadvantage of GST-pull-down is the tag can influence the function of protein
being tested for interactions. The GST-tag at 26 kDa is large compared to the Rv1636 protein (15
kDa) and the tag many alter the binding capabilities of the protein. Obviously the size could alter
any oligomeric structures being formed thus preventing complex formation and subsequent pulling
down of the partner protein(s).

Early in the project, SDS-PAGE gels were being stained with the Imperial Coomassie stain

which claimed sensitivity down to 3 ng of protein. The stain was used to highlight the GST and GST-
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fusion protein in the pull-downs; however the possibility remained that any partner might not be in
sufficient quantity to be able to produce a significant band on the gel and therefore may be
overlooked. Silver staining was tested and found to be significantly more sensitive than Imperial
stain, highlighting bands that were not visible on the Coomassie stained gels. The disadvantages of
silver staining are that the procedure is expensive, sensitive to background and time-consuming.
The benefit of increased resolution outweighed the disadvantages and the stain was therefore

chosen for future experimentation.

5.3.3.3 Co-immunoprecipitation of Rv1636

Immunoprecipitation of the Mb1662 from the cytosolic fraction was successful with western
blots confirming the present of the protein within the precipitated sample. Even with modifications
to the procedure including increasing the antibody concentration, an interacting protein was not
discovered. Although no nucleotides or cations were added to the cytosolic fractions in the Co-IPs
that found the partner, the fractions are likely to have low level of these present due to the
destructive nature of the cell fractionation. It is possible post-translational modification has an
effect on the interaction Rv1636 undergoes within the bacterial cell in vivo. Merck Pansorbin® cells
(Staphylococcus aureus cells bearing fixed Protein A) were used to pre-clear the reaction lysates and
remove any unspecific interactions. Earlier in the project a band of interest at 10 kDa was shown to
bind the Protein A in a non-specific manner and was not an interacting partner of Rv1636.

Co-IP benefits include that it is independent of cloning and there is no competition with in
vivo pre-assembled complex. Using the antibodies to retrieve protein complexes from endogenous
components of the M. bovis BCG cells does not require the use of an ectopic bait protein or an over-
expressed protein and therefore more closely resembles the native physiological conditions that
usually exist within the cytosol (Bauer and Kuster, 2003). The disadvantages of Co-IP include that it
requires an antibody against the protein of interest. The laboratory has polyclonal antibodies
against the Rv1636 which are specific against different epitopes because they are produced from
several lines of B-lymphocytes within the rabbit.

Monoclonal antibodies on the other hand are derived from a single cell line and are specific
against a single epitope; however they are very expensive because of the long time taken to produce
them. When using antibodies, there can be problems with cross-reactivity; however, the Western

blot on the cytosolic fraction using the anti-Hisg-Rv1636 antibody only highlighted one band at the
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expected molecular mass; therefore the antibody was confirmed to be specific with no significant
cross-reactivity.

Future interaction studies would involve crosslinking any complexes within the cellular
lysates. If the interaction is too weak for the washing steps any weak association may be lost.
Crosslinking could be performed before protein purification and even straight before co-
immunoprecipitation. If Rv1636 could be over-expressed within the mycobacteria, crosslinking
could provide more material with the aim of isolating the interacting partners within the cells.
Preforming assays in the presence of cAMP may also be of interest as the nucleotide could play a
role in the interactions of the Rv1636 protein.

Crosslinking reactions are currently being performed within the laboratory using
formalydehyde. Other examples of in vivo crosslinking described by Nachin et al., 2008, involves
using the cross-linking agents bismaleimidohexane or disuccinimidyl glutarate along with DMSO as a
control, which dissolves these cross-linking agents in solution. Control proteins to be used include
DosR, which have known interacting partners DosS/T (Roberts, et al., 2004). Other methods also
allow protein-protein interactions to be studied. Using a bacterial-two-hybrid (B2H) system any
interaction found could be tested in vivo. More recently Singh et al., 2006, described a method
called mycobacterial protein fragment complementation, which can be used to confirm protein-

protein association in mycobacteria.

5.3.3.4 Known USP Interactions

The interaction between M. smegmatis MSMEG_5458 and the USP MSMEG-4207, found by
Nambi et al., 2010, is an example of an USP interaction identified by GST-pull-down. The interaction
was shown to be a tight interaction with the M. smegmatis version of the protein shown to have
dissociation equilibrium constant of 200 uM. However, the GST pull-down performed in the same
manner as Nambi et al here was unsuccessful in identifying a precipitated partner.

Attempts by Nambi et al, 2010, to identify an interacting partner for the homologue in Mtb,
Rv0998, were not successful. The result might suggest that the interactions of the homologous
protein might have different interaction strength across different species of mycobacteria. Any
proteins Rv1636 interacts with might be of a more transient nature. It was found that the Rv0998
protein can complement the knockout in M. smegmatis even though there is 57% homology over
the 333 amino acids of the two proteins (Personal communication, Visweswariah, 2010). This
suggests that the Mtb protein can interact with proteins and perform a similar function to the

homologue in M. smegmatis.
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A well described protein which interacts with a USP is the E. coli protein GroEL, which was
shown to release UspG from complex on addition of ATP (Bochkareva et al., 2002). The molecular
chaperone GroEL is a member of the highly conserved Hsp60 family of heat-shock proteins.
Molecular chaperones are able to bind to non-native structural forms of polypeptides and promote
them towards forming their native conformation (Bukau & Horwich, 1998). Under heat shock and
other stress conditions they prevent mis-folding and aggregation of mis-folded proteins (Gragerov,
1992). It is thought that UspG may require GroEL to ensure proper protein folding conformation
(Bochkareva et al., 2002). The post translational modifications of proteins can have roles in marking
proteins by tagging, scaffolding, folding, alter signalling events, and activation of other proteins.

UspG (also called UP12) is induced by heat shock and was found to be in a complex with
GroEL and was able to be isolated by performing co-immunoprecipitation experiments. Mutants in
UspG recover slowly from stationary phase and are more sensitive to the toxic agent carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) (Bochkareva et al., 2002). As a molecular chaperone it is
possible that the GroEL interaction with UspG ensures the proper folding state of UspG is achieved
when the cell is under stress. Alternately, UspG could be aiding the GroEL in its role as a stress

response protein.

5.3.4 Over-expression of USPs

With no mutant of Rv1636 being created and protein-protein interactions failing to identify
an interacting partner, the role of Rv1636 was to be investigated by determining if over-expression
of Rv1636 produced any phenotype. The Rv1636 gene was successfully cloned into a range of
expression vectors for mycobacteria including under the constitutive heat shock promoter Py Of
pMV261 and pMV361. The cloning into pSE100 vector would allow finer level of control of the
expression. Rv1636yar Was also cloned into the pMV261 expression vector with the aim of
determining if the modifications to the Rv1636 had any phenotype on the cell and would allow
comparison to the Rv1636y.

Over-expressing Rv1636 did not show any growth phenotype in M. smegmatis. M.
smegmatis encodes the homologous protein MSMEG_3811 (78% identity) and also the similar
MSMEG_3308 (52% identity). It is possible that the Mtb protein Rv1636 does not interact with the
same partners of the M. smegmatis proteins. Small modifications in the protein structure may
prevent Rv1636 having an effect in the M. smegmatis. The M. smegmatis was able to grow on the

selective medium and overexpression of Rv1636 was confirmed by Western blot analysis, showing
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the over-expressing gene was also not toxic to the cell. It would also be interesting to test for other
phenotypes such as resistance to heat shock, hypoxia, nutrient starvation, UV radiation, osmotic
stress, ROIs, RNIs and DNA damaging agents.

An example of expressing a gene from Mtb in M. smegmatis was shown with Rv0998, where
the gene was able to complement the MSMEG_5458 knockout in M. smegmatis (Personal
communication, Visweswariah, 2010). The protein MSMEG-5458 is the protein responsible for
acetylylation of the USP MSMEG_4207. The result shows that an Mtb protein was able to have an
effect in M. smegmatis. Similar to the experiment described, a knockout of the homologue to
Rv1636, MSMEG_3811, might provide a system that allows the Rv1636 to have a greater effect
when over-expressed in M. smegmatis.

Drumm et al. (2009) only saw an effect in mycobacteria by over-expressing the Mtb USP
Rv2623 protein in the fast growing M. smegmatis strain mc®155. The introduction of the multi-copy
plasmid pMV261::Rv2623, resulted in growth deficiency of the M. smegmatis strain mc”155 on solid
7H10 Middlebrook medium and in the liquid medium-based BD BACTEC 9000MB system. Expressing
a protein to high levels during growth would likely be detrimental to cells. However, over-
expression of Rv2623 site directed mutants G117A and D15E did not result in a marked retardation
of growth, suggesting the nucleotide binding plays a role in the growth attenuation in M. smegmatis

strain mc?155.

5.3.5 P. aeruginosa Aerobic Survival and the PA3309 Protein

There were certain problems with the experimental design for the anaerobic survival
experiment described in Schreiber et al. (2006). Firstly, it was not clear why the anaerobic samples
were left static. A static culture has a larger amount of variation across the vessel compared to a
continuously shaking culture. Even taking the sample from a test tube that had been inverted would
likely not provide the most accurate results, as homogeneity would not be achieved. Individual
eppendorfs for each measurement may be a way to keep the culture static and obtain reliable
readings from samples without disturbing the continuing experiment. The experiment should be
repeated with a shaking culture and samples taken in a similar manner.

The P. aeruginosa cultures were initially grown aerobically due to the fact growth is not
supported on pyruvate. Schreiber et al. (2006) did do a control experiment in which it was shown

that pyruvate added during aerobic growth was not used and remained in the medium. PA3309
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mutants were 400-fold reduced in survival rates whereas complemented mutants were reduced
100-fold in the PA3309 study.

The integration-proficient miniCTX2 plasmid was designed to allow the efficient and stable
integration of exogenous sequences at the defined attP location in the P. aeruginosa genome.
Transcription of the integrase gene in the mini-CTX2 vector is driven by the strong trc promoter. The
trc promoter is regulated by the Lac repressor that is encoded by /aclq also contained on the
plasmid. Hoang et al., 2000 showed that the addition of IPTG to the mating mixture had no
significant effect on integration efficiency. They showed that after conjugal transfer the mini-CTX2
integrated at frequencies of 1.46 x 10”. Unfortunately for our study, no successful integration was
observed. The controls on the mating plates gave the expected results, with strain not mated not
producing any P. aeruginosa that could survive on the tetracycline 200 pg/ul plates.

The mini-CTX2 vector contains the CTX integrase that promotes integration of the vector
into the attB site of the P. aeruginosa chromosome. The modified @CTX integrase (int) gene is able
to catalyze the recombination between the phage attachment site (attP) on the plasmid and the
attachment site in the P. ageruginosa genome (attB) to allow integration of Mini-CTX2::PA3309 into
the P. aeruginosa chromosome. To achieve stable transformation with episomal plasmids,
continuous antibiotic selection is required.

It was desirable to be able to remove the resistance marker to make the P. aeruginosa
strains conducive to future infection models. Some anaerobic survival biofilm models commonly
used with P. aeruginosa would not be suitable for continuous antibiotic selection. In these infection
models, the bacteria may lose plasmids as infection progresses. Thus to obtain stable chromosomal
recombinants it was decided to use the mini-CTX vectors that are able to achieve site-specific
integration. High copy number episomal plasmid and genomic DNA also have different extent of
supercoiling, which has been shown to have an effect in gene expression regulation (Dorman, 1991).

The advantages of the site specific recombination includes that the gene sequence
reproducibly integrates at a single known site. The insertion at the known site does not disrupt
further gene regions and the effects of the integration are equal to all the strains that contain the
directed insertion. Being chromosomal, the gene is therefore found in single copy and any
detrimental effects of a multicopy plasmid being present within a strain are reduced. Multicopy
plasmids can produce artefacts as they are present in large quantities. Once inserted, the integrants
are then often a significant level of stability compared to episomes. The mini-CTX vector was able to
provide these advantages and was used to further the study.

Further work could involve cloning the G118A mutant into the pUCp18 vector and assaying

the survival. Re-attempting to complement the knockout PA3309 strain with the PA3309;11g4 USiNg
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the mini-CTX2 vector would provide the most robust evidence that the nucleotide binding motif is
required to allow aerobic survival. The experiment with the pUCp18 vectors confirmed that there
was a survival defect in the PA3309 mutant and showed the system was in place to test the survival

of a knockout mutant complemented with the PA3309s1155.

5.3.6 Summary

Investigation into the intracellular role of Rv1636 and PA3309 attempted to determine the
direct biological role of the USPs and to supplement the biochemical and structural analyses.
Attempts to make a genetic knockout mutant in Rv1636 were unsuccessful, suggesting that the
protein might be essential; however further investigation is required to confirm this. No-interacting
partner has been found through co-immunoprecipitation or GST-pull-downs; however Western
blotting confirmed protein expression of Rv1636 was at highest levels in stationary phase. Over-
expression of Rv1636 in M. smegmatis did not result in any changes in growth in LB broth and
further work could be trialled in Mtb or M. bovis BCG to express the protein in the native
environment and under other conditions, including certain stresses. P. aeruginosa continues to
provide an excellent opportunity to study the USPs predicted nucleotide binding motif’s role in
anaerobic survival. The PA3309¢.154 protein when integrated in P. aeruginosa should provide key
information as to whether the predicated nucleotide binding site is biologically relevant to the

survival of P. aeruginosa during pyruvate fermentation.
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Chapter 6 - General Discussion
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6.1 Introduction

The original aim behind this thesis was to characterise the USP Rv1636 of Mtb. Later, our
area of interest broadened to include the USP PA3309 of P.aeruginosa. The USPs have been linked
to a variety of stress survival phenotypes in a range of bacteria and plants, with the suggestion that
they may have a role in signalling pathways. To elucidate the role of USPs in the pathogen Mtb,
biochemical and biophysical analysis was carried out on Rv1636 protein, the sole single-domain USP
of Mtb. This general discussion provides a summary of the main findings of the project and the
work is discussed with reference to recent studies on other USPs, with the aim of better

understanding the potential roles of USPs in Mtb.

6.2 Biochemical Activities

6.2.1 Activities of Rv1636

As a result of this work, it has been demonstrated that Rv1636 is able to bind nucleotides.
To further develop this finding, it will be important to determine the specificity of the nucleotides
bound, including cyclic nucleotide monophosphates. The recent publication and personal
communication with Visweswariah (2010) has provided evidence that it may be worth investigating
the potential cAMP binding capabilities of Rv1636.

The putative biochemical activities of Rv1636 previously described by Leiva (2007), including
autokinase, autonucleotidylylation, RNA triphosphatase and NTP triphopshatase activities, were not
confirmed by the more in-depth investigations described in this thesis. Although evidence was
provided for the presence of specific phosphorylation of Rv1636 on serine residue(s), the levels of
labelling in the autokinase reaction was found to be similar to that of biochemically inactive
proteins. Similarly, the labelling as a result of the nucleotidylylation reaction was found to occur on
SDS-denatured Rv1636, indicating the addition of a NMP moiety was not catalytic in nature. The
potential phosphatase activity of Rv1636 acting on RNA or nucleotide triphosphates substrates also
remains unresolved. It remains a possibility that Rv1636 can degrade RNA, which could be intriguing
were this a true, catalytic activity of the protein with implications for the involvement of Rv1636 in
RNA turnover and adaptation to changing conditions. It has also been demonstrated that a purified
Rv1636 preparation has cation-independent NTPase activity; however further work is required to

fully understand this activity. Particularly intriguing was the observation that the NTPase activity
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was shown not to be associated with the predominant species of Rv1636 after size exclusion
chromatography. It is possible that this was a result of a contaminating protein, however the
possibility that a different form of Rv1636 present in small amounts was responsible for the activity,
has not been ruled out. Expressing the proteins in a mycobacterial species could allow the
purification of Rv1636 in a state more closely resembling that seen in vivo.

It should be noted that the post-translational modifications of Rv1636 in vivo have not been
studied and it is likely that these would provide a more focused approach to determining the true
biochemical activities of the protein. One possibility is that the biochemical activities of Rv1636 may
require alternative factors that are provided in vivo. This hypothesis is somewhat supported by the
observation that the in vitro phosphorylation of E. coli UspA requires the TypA protein (Freestone,
2007).

Successful SDM has provided a variety of mutant Rv1636 proteins that will aid the future
study of this USP. Mutations in potentially key serine residues and the putative nucleotide binding
site can be screened rapidly for specific activities, thus providing information about essential

residues.

6.2.2 PP-loop Members

The structure of the USP proteins can provide information about the potential biochemical
activities of these proteins. The majority of NTP hydrolysing enzymes cleave the -y bond, of which
the best characterised are the p-loop proteins that contain the conserved Walker NTP-binding motifs
A and B. Other mechanisms of B-y bond cleavage are present in other proteins including some
protein kinases (Hanks and Quin, 1991) and other selected proteins such as the hsp70 heat shock
protein (Bork et al.,1992). The detailed study of the Rv1636 structure and biochemical activities can
be used to investigate the function of these proteins. Rv1636 is a member of the PP-loop clan (Bork
and Koonin, 1994) and investigation of these members and the structures may provide clues to
shared roles.

Members of the PP-loop clan originally described by Bork and Koonin (1994) were found to
have distinct catalytic mechanisms to hydrolyse the a-B phosphodiester bond. The PP-loop clan
were likely not to have a single phylogenetic origin as shown by two distinct aminoacyl-tRNA
synthases that showed different topologies (Nagel, & Doolittle, 1991). Members used cofactors such
as acyl-CoA synthase that use CoA, whereas others, such as DNA and RNA ligases, rely on covalently

linking AMP moieties to other enzymes. The members of the PP-loop do contain a glycine rich loop
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that follows an interior B-strand. Although it is drastically reduced in the PP-loop proteins it is likely
a modified version of the P-loop found in B-y NTPases (Bork and Koonin, 1994). Comparing the two
sulphate binding proteins PAPS reductase and ATP sulfurlase, Bork and Koonin (1994) showed they
had significant overall similarity even though PAPS reductase did not exhibit ATPase activity. The
two are an example where selection pressures can allow the protein function of a conserved motif
to shift from one role to another.

The linking of the PP-loop protein to a catalytic mechanism of a-Bf phosphodiester bond
hydrolysis may be relevant to the RNA being degraded when incubated with a Rv1636 preparation in
a RNA triphosphatase assay. The Rv1636 may therefore be able to hydrolyse the a-B
phosphodiester bond nucleotide monophosphates. This is more interesting following the suggestion
that Rv1636 may have cAMP binding properties as a result of the results described by Nambi (2010);

providing one potential link between nucleotide monophosphates and Rv1636.

6.3 Biophysical Studies

6.3.1 Structure of Rv1636

Successful disruption of the Rv1636 strand swapped dimer did appear to lead to an increase
in nucleotide binding. Rv1636 was shown to form high order structures with evidence of an octomer
observed in the SECMALL analysis. A monomeric form of the truncated protein Rv1636yacr Was
identified by analytical ultracentrifugation, although the species gave a molecular mass slightly
above that seen in the SEC-MALLs analysis suggesting associations between units were still present.
It remains to be determined if the oligomeric state of Rv1636 is affected by nucleotide binding or
another factor. In other species, studies of USP structures have allowed predicted interactions
between USP to be modelled.

With Rv1636 being the only single domain USP in Mtb, it is clear that the tandem domains
are the dominant conformation in this species. The potential role that a single domain USP may
have in the monomeric form may be a distinct role compared to the tandem domain USPs and even
distinct to the role of the dimer/tetramer that Rv1636 can form through association of multiple
Rv1636 species.

Of further interest would be attempting to purify Rv1636 with the addition of different

nucleotides, such as ATP, to the purification buffers. Nucleotides may bind to the monomer, thus
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preventing the formation of the strand swapped dimer. The distribution of the oligomeric species
may shift and be observed after SEC. It would also be worth purifying Rv1636 from Mtb or a related
mycobacterial strain to understand whether the oligomeric species are the true in vivo species or an

artefact of overexpression in E. coli.

6.3.2 Functional Oligomerisation

A recent paper by Schweikhard et al. (2010) describes the structural and functional
organisation of the TeaD USP from the halophilic bacteria, Halomonas elongate. The regulation of
the ectoine transporter by the USP TeaD, allows survival under the harsh conditions experienced by
this bacillus. The bacilli are able to both synthesise and take up the natural compound ectoine,
which can serve as a protective substance aiding the bacteria in its resistance to temperature and
salt stress.

The USP TeaD is the fourth open reading frame in the TeaADCD operon and is a negative
regulator of the TeaABC operon which encodes an osmoregulated tripartite ATP-independent
periplasmic (TRAP) transporter. The negative regulation does not occur via DNA binding and
Schweikhard et al. (2010) in fact showed that ATP-dependent oligomerisation might play a
functional role in the regulatory mechanism of TeaD. By analysing HPLC retention times, the
authors showed that TeaD was able to bind ATP and the ATP was shown to stabilise the dimer-dimer
complex of TeaD.

The interactions between the monomers that make up the dimers are also of interest in
TeaD. Schweikhard et al. (2010) showed that the Arg135 residue provided by a neighbouring dimer
forms a hydrogen bond with the gamma phosphate of the ATP molecule. The crystallised USPs from
K. pneumonia and T. thermophilus also both have a positive charged residue (either lysine or
arginine) present on an adjacent dimer involved in mediating the binding to the gamma phosphate
of the ATP molecule. The property can be likened to the R-finger as described for the AAA+ classical
Walker motif ATPases. Phosphoryl transfer can generate negative charge and the R-finger is
involved in offsetting the charge build up, therefore allowing hydrolysis. No ATPase activity was
shown for TeaD alone in vitro. The bound ligand Mg** also had interactions with the phosphates and
the interaction with the a and B phosphate was shown to be stronger that the y phosphate. Water
molecules were found to complete the octahedral coordination of the magnesium ion.

TeaD has similarities to eukaryotic USP Arabidopsis 2dum, the archaeal USPs, MJ0577 and

Aquifex aeolicu (1q77), and the Pyrococcus horikoshii protein PH0823, which has a short a2-helix.
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Mtb USPs do not have this helical secondary structure element (3cis), as with the Archaeglobus
fulgidus (3dlo). Structural studies also showed monomer-monomer interactions between a5 and B4
are conserved in the USPs. Sequence alignment of the proteins that were found to be crystallised
with an ATP cofactor allowed Schweikhard et al. (2010) to identify highly conserved residues
involved in ATP binding (Figure 6.1). Three regions were highlighted as being responsible for
adenosine binding and one region, containing the G-X,-G-Xo-G(S/T) motif, was found shown to be

responsible for phosphate binding.
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Figure 6.1. Sequence alignment of crystallised USPs. Alignment by Schweikhard et al., 2010.
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The alignments attempts to identify key regions of TeaD protein that are in contact with the
bound nucleotide. The corresponding regions of Rv1636 are highlighted to play a role in binding
include the three regions responsible for adenosine binding, regions I, Il and Il. The regions
incorporated residues G10 to S17, A37 to P42 and P94 to L98, respectively. Phosphate binding site
V112 to P129 encompasses the nucleotide binding motif. The region Il of Rv1636 has the highest
level of difference compared to the other crystallised bound structures. An alanine, serine, alanine
and tyrosine do not match the LXV that is suggested to be highly conserved on the B2 loop at
positions 36-38. Region |, between B1 and al, correlates reasonably with the Rv2623 protein that
was bound to ATP. Adenosine binding lll contains the P94 which was found to be an important
residue in the corresponding P98 in the TeaD protein.

The USP structures are twisted, five stranded, parallel B sheet flanked by four a helices, (BaB
motifs) which have four loops between these beta sheets and a helices. The loops are likely to be
responsible for the ATP recognition. It is likely that Rv1636 has two main loops responsible for ATP
binding; the loop around the aspartic acid at position D12A and around the G-X,-G-Xy-GS motif, and
the G-X,-G-X,-GS loop that contains the phosphoryl/ribosyl-binding residues. A hydrophobic cluster
of residues is also present which along with the loops forge the likely adenine/ribose-binding
scaffold. The dimerisation of Rv1636 is predicted to bring together two monomers to face each
other and the tetramer would bring together the two dimers, along a 2-fold axis that juxtaposes ATP
binding pockets from the opposing dimers. The crystalised strand swap observed may be
biologically relevant and have a role in the nucleotide binding capabilities of the Rv1636 protein.

Comparison of the Rv1636 structure with other published structures supports the nucleotide
binding observed for Rv1636 and suggests which residues are involved. In addition, it is likely that
the oligomerisation has a role in Rv1636’s function. Comparison with the TeaD USP suggests that

the interaction between dimers is required for the nucleotide binding of the protein.

6.4 Intracellular Role of USPS

6.4.1 Role of Rv1636

The biological role of Rv1636 remains unknown. Overexpression of the USP in M. smegmatis
did not reveal any immediate phenotype under the growth conditions tested. In addition, co-

immunoprecipitation of Rv1636 and GST-pull-downs did not reveal any interacting partners.
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Rv1636 is described as an iron-regulated protein by Wong et al. (1999), who, using two-
dimensional (2-D) gel electrophoresis, studied the effects of iron on the protein expression profile of
Mtb. The use of iron has been linked to expression of full virulence in some gram negative
organisms (Litwin & Calderwood 1993). Mtb has multiple proteins described as iron-regulated and
the acquisition of the iron is likely to be required for growth and long term survival of the
mycobacterial (Wong et al., 1999). Mtb encodes two sideophores that are small iron chelating
molecules able to sequester iron from other iron-containing molecules. Indeed mutants disrupted in
the mbtB gene, involved in synthesising the cell surface associated sideophore mycobactin, display
growth defects in iron-limited conditions and in the human monocyte cell line THP-1 (Voss et al.,
2000). Iron is extremely important in the mycobacterial cell and is highly linked to the oxidative
status of a cell. Low iron levels can cause oxidative stress as many enzymes involved in protection
against oxidative damage contain iron as a ligand. High iron levels can result in the production of
free oxygen radicals as a result of the Fenton reaction.

Iron storage proteins and KatG are up-regulated to prevent the toxicity associated with high
iron. The ideR gene is a major regulator of iron metabolism within mycobacteria and was also shown
by Hobson et al. (2002), to be up-regulated in high oxidative stress conditions that are encountered
by Mtb bacilli inside macrophages. The role of IdeR as a positive regulator in response to oxidative
stress was supported by Rodriguez et al. (2002) who discovered ideR mutants of Mtb are more
susceptible to hydrogen peroxide and superoxides. Also linking iron with oxidative stress is the Dps
iron binding protein which can additionally bind DNA to protect the DNA from the ROIs by
preventing access to the susceptible nucleic acids (Gupta et al., 2002).

The DosS protein, one part of the DosR/S senor kinase two component system, can also bind
ferrous iron and thus can sense a shift to ferric iron allowing the protein to give a net indicator to the
net redox state of the cell (Rustad et al., 2009). DosT binds to a haem bound to O, and therefore
directly senses the oxygen tension (Cho et al., 2009, Sardiwal et al., 2005). It is interesting to note
that the DosR regulon contains six of the tandem USPs. With the Dos regulon responding to iron
signals and iron being involved in the regulation of Rv1636, a role for the USPs in iron metabolism or

toxicity is an intriguing possibility.
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6.4.2 USP Rv2623 has a role in Establishing Chronic Infection in

Mice

During the progress of our own studies, evidence was published that suggested an Mtb USP,
Rv2623, was required for the establishment of a chronic infection in mouse and guinea pig infection
models (Drumm et al., 2009). Rv2623 is one of the most highly induced genes when Mtb is
subjected to hypoxia and nitrosative stress (Voskuil et al., 2003; Park et al., 2003; Ohno et al., 2003).
The protein is also upregulated when the bacillus undergoes growth arrest such as when grown in
macrophages and under latent conditions during chronic lung infection of mice. Drumm et al. (2009)
described how Rv2623 over-expression was shown to attenuate the growth of M. smegmatis in
vitro, which is in contrast to the over-expression of Rv1636, and a 2.9A resolution crystal structure
shows a nucleotide binding pocket within the structure. Through site directed mutagenesis, based
on the structure of the nucleotide binding pocket, the USP Rv2623 was shown to regulate bacillary
growth dependent on its ATP binding.

The USP was required to cause chronic lung infection in guinea pigs. In fact, the group
reported the Rv2623 deficient mutant had a hypervirulence phenotype leading to a higher bacterial
load and an increase in mortality in both guinea pigs and mice with weakened immune systems
(C3H/HeJ mice). The group hypothesised that Rv2623 could act as an ATP-dependent signalling
intermediate in a pathway that promotes the persistent infection by Mtb. Rv2623 is one of the six
USP genes previously mentioned to be induced via the DosR dormancy regulon. Drumm et al. (2009)
created a knockout mutant in Mtb ARv2623 by specific allelic exchange. The Rv2623 gene was
replaced with a hygromycin resistance cassette delivered via recombinant mycobacteriophage
phAE159. When the in vitro growth over 14 days was compared to the wild type Mtb H37Rv in 7H9
Middlebrook medium plus OADC supplement, glycerol and Tween 80, and in minimal Sauton’s
media, it was found that the growth kinetics were comparable. This indicates there may be a
redundancy among the USPs of Mtb as previously mentioned. Indeed, partial functional overlap of
E. coli USPs has been shown (Gustavsson et al., 2002; Nachin et al., 2005) and previous work in the
Williams group has shown that single Mtb USP mutants have no phenotype under a range of
conditions.

The regulation of Rv2623 has been characterised in more depth than for the regulation of
Rv1636. Rv2623 is upregulated in murine lungs, correlated with the induction of Thl-mediated
immunity (Shi et al., 2003). Rv2623 is upregulated in wild type IFN-y activated macrophages (but not

in naive and NOS2”" macrophages) in response to nitric oxide (Schnappinger et al., 2003). Rv2623 is
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upregulated approximately 20-fold from days 4-30 in non-replicating persistence (NRP) compared to
approximately 3-fold in days 6-24 in stationary phase under aerated growth (Voskuil et al., 2004).
Much of the information on the conditions resulting in an upregulation of Mtb USPs comes
from the mining of a range of published microarray studies under a large number of conditions. To
date, Rv2623 has appeared more often than Rv1636, leading to more being known about the
regulation of Rv2623 compared to Rv1636. The regulation information available supports the

potential role that the USPs may play in aiding bacterial survival in challenging conditions.

6.4.3 Role of PA3309

The P. aeruginosa USP PA3309 was mutated and inserted into the integrating vector, mini-
CTX2. Mini-CTX2 was designed to integrate into the P. aeruginosa genome at the attachment B
(attB) site. Integration of the PA3309 gene containing a site directed mutation was performed with
the aim of determining if the putative nucleotide binding motif played a role in the survival via
pyuruvate fermentation as described by Scheriber et al. (2006). A contribution to the role could
imply that binding of a nucleotide substrate has a role in the bacterium’s survival. Alternatively, it
may be that the physiological characteristics of the residue are important; something which could be
tested by creating alternative residue substitutions.

Unfortunately, the role of the PA3309 predicted nucleotide binding motif in the anaerobic
survival by pyruvate fermentation was not able to be tested. The use of P. aeruginosa to study the
USPs is potentially a very important resource. The publication of phenotypes for the USP mutants in
PA4352 and PA3309 make the organism an important future tool in the research of the biochemical
activities. The P. aeruginosa knockout library became available to the Williams’ group in 2010,
consisting of transposon mutants in non-essential genes (Liberati et al., 2006). The knockout library
contains 4000 strains, each with a transposon mutation within non-essential genes. The USPs of P.
aeruginosa were included in the library and the use of the strains may provide a valuable research

tool.

6.5 Future work

The challenge to determine the function role of the USPs of Mtb, and especially Rv1636,

remains. For the biochemical work, the proteins’ states in vivo could be analysed by 2D-PAGE. The
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ability of Rv1636 to interact with nucleotides and the biochemical activities that may operate in vivo
is likely to influence the interactions of the protein within the cell. Eastern blotting and HPLC
analysis may provide further details of the modification of Rv1636 and the in vivo state of the
protein in different growth phases of Mtb.

This work was unsuccessful in identifying any interacting proteins of Rv1636. Identification
of interacting partners can provide a large amount of information on the in vivo function of a
protein. An alternative method could be to use in vivo crosslinking. This would involve expressing
tagged versions of the protein in a mycobacterial species, crosslinking interacting proteins with
formaldehyde or an alternative crosslinker, followed by purification of the USP and identification of
co-purified proteins. The over-expression vectors containing RV1636 provide a means to express a
higher level of Rv1636 in M. bovis BCG or Mtb and provide a higher level of protein material for
interaction studies.

A key area of future research is to obtain an Rv1636 knockout. Complementation can then
be achieved with the over-expression vectors designed and the site directed mutants used to test
the in vivo role of potentially important residues. The category 2 strain of Mtb may provide the
opportunity to study the Rv1636 in its native environment. The strain does have certain limitations;
however the opportunity to study the bacteria at a lower containment level should be exploited.

Work with P. aeruginosa continues to offer the opportunity to determine the role of the
predicted nucleotide binding site. With the successful integration of the site directed mutant

PA3309 proteins, the project will provide details on the pyruvate fermentation survival.

6.6 General Role of USPs

The physiological state of the persistent bacteria within the latently infected human host is
not well understood and the entry into the state of persistence is also largely uncharacterized. Any
host and pathogen interaction is likely to be a finely balanced and intricate affair. A thorough
understanding of the dynamics of the interaction between the host/pathogen over the time course
of the infection, which can be decades for Mtb, will allow the identification of targets which may
allow the design of novel therapies and treatments. The establishment of the long term latent
infection is an ideal area to study. If an advantage to the immune system could be gained, the result
could be complete clearance of the bacteria from the human host and loss of the human reservoir of
infection. This in turn would limit the huge number of cases of active tuberculosis disease due to re-

activation of a previously contained bacterial infection.
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Mtb is a well adapted intracellular pathogen. The conditions within the intracellular
environment need to be sensed by the bacteria to ensure survival. In order to survive it is clear a
tightly controlled system of signalling is required to ensure environmental cues are acted upon in a
finely controlled manner. Transducing complex environmental signals would require a highly tuned
signalling network to be possessed by Mtb to enable the continued survival in the demanding
conditions within the cell and to enable the evasion of the array of defence mechanisms that are
deployed by the host immune system. The universal stress proteins have been linked to enhanced
survival of numerous bacteria. The diverse nature of roles and abundance of copies of this
superfamily of proteins within individual organisms may suggest a wide ranging role and it is a
challenging proposition to fully comprehend the function of these small ubiquitous proteins.

If we were to speculate on the role of Rv1636, and Mtb USPs in general, we could propose
that they are acting as signalling proteins involved in the adaptation of the bacillus to its changing
environmental conditions. This appears to be the case in Halomonas elongate where the TeaD USP
is involved in gene regulation, and Mtb Rv2623, which regulates growth in an ATP dependent
manner. One possibility is that the USPs act to modify other proteins, such as was suggested by
Nystrom et al. (1996). In addition, the USP’s own functions may be regulated by the modification of
these proteins, such as the acetylylation of a USP described by Nambi et al. (2010). There is
evidence from E. coli that USP domains can be important for signalling — for example, E. coli KdpD
requires its USP domain to respond to K limitation and salt stress.

In addition, USP domains have been proposed to bind a range of ligands and cofactors,
perhaps allowing the USPs to perform distinct roles under a range of conditions. A signalling role
would fit with the phenotypes of USP mutants in a number of species, where it has been seen that
the cells lacking certain USPs have difficulty in adapting to various stress conditions. Although this
study was unable to confirm some of the proposed activities previously associated with Rv1636, it is
still possible that the protein does have some interesting biochemical activities that could allow it to
act in some kind of signalling role. It is appealing to consider how the higher order oligomers made
by Rv1636 might be involved in its function. However, there is still a large amount of research

required before we can fully understand this protein.
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