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Abstract:

Ergothioneine and mycothiol are the two major low molecular weight thiols present in
mycobacteria. The generation of mycothiol-deficient mutants has demonstrated its role
in protecting M. tuberculosis against oxidative and nitrosative stress. To date, no
ergothioneine-deficient mutants have been identified and the role of ergothioneine in
mycobacteria remains unknown. The work in this thesis was performed with the aim of
better understanding the function of ergothioneine in mycobacteria, by studying its

biosynthesis and the conditions affecting its production.

Firstly, an attempt was made to purify the first enzyme in ergothioneine biosynthesis
from Newurospora crassa, with the intention of identifying the equivalent enzyme in
mycobacteria. A number of purification methods were investigated including gel
filtration, hydroxyapatite, cation exchange, affinity and dye-ligand chromatography,
which did not prove to be useful. Good purification factors were obtained for anion
exchange chromatography utilising DEAE cellulose and a HPLC DEAE column, zinc
immobilised metal ion affinity chromatography (IMAC), chromatofocusing and
ammonium sulphate fractionation and these methods were optimized for use in a large-
scale purification. The large-scale purification utilising these methods was performed on
approximately 1kg of frozen mycelium and yielded a number of candidate proteins.
None of these proteins were annotated as probable methyltransferases, but one of the
candidate proteins was identified as a member of the transferase superfamily of
enzymes and was therefore investigated further. Sequence and structural analysis
however supported its annotation as a “probable glucose-1-phosphate
uridylyltransferase” and ruled it out as the first enzyme in ergothioneine biosynthesis. It
was therefore concluded that the scale on which the purification was performed was too
small to obtain sufficient amounts of the «-N, N, N-histidine methyltransferase to

identify it by mass spectrometry.
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Secondly M. smegmatis was used as a model organism to identify conditions which
affect ergothioneine production in mycobacteria. Oxidative and nitrosative stress did not
result in the induction of ergothioneine or mycothiol in M. smegmatis. Ergothioneine
levels were shown to increase dramatically as M. smegmatis entered stationary phase
and also accumulated in the media. Ergothioneine was therefore investigated as an
autoinducer, but was found to have no effect on growth of M smegmatis. It is not
understood why M. smegmatis releases ergothioneine into the media, but in a pathogen

like M. tuberculosis it could play an anti-inflammatory role.
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CHAPTER 1: GENERAL INTRODUCTION

1.1. A HISTORY OF TUBERCULOSIS

1.1.1 The Origins of Human Tuberculosis

It has been widely speculated that Mycobacterium tuberculosis (M. tuberculosis) has
evolved from Mycobacterium bovis (M. bovis), the agent of bovine tuberculosis, through
specific adaptation of an animal pathogen to the human host. Brosch er al. (2002) however
showed that M. bovis has undergone numerous deletions relative to M. tuberculosis and it is
proposed that the Mycobacterium Africanum — M. bovis lineage branched from the
progenitor of M. tuberculosis isolates. The host specificity of ancestral M. tuberculosis
strains and of Mycobacterium carnetti, which is thought to have diverged before
M. tuberculosis, suggests that the progenitor of M. tuberculosis was a human pathogen
(Brosch et al., 2002).

Skeletal hunchback deformities, which are suggestive of tuberculosis (TB), have been
found in a skeleton which dates back to about S000BC. This evidence is however not
conclusive as the deformity could have resulted from several other causes including other
bacterial or fungal infections, trauma, bone tumors and arthritis. The earliest definitive
evidence of tuberculosis is from an Egyptian mummy, which dates back to about 3400BC,

in which acid-fast bacilli were visualized in the vertebral bone (Zimmerman, 1979).

1.1.2 Historical Epidemiology of Tuberculosis

The discovery of Mycobacterium tuberculosis as the causative organism of tuberculosis is
attributed to Robert Koch. Although this breakthrough was made in 1882, it took about a
decade before it was accepted in Britain. The absence of data is a major difficulty in
determining the historical epidemiology of tuberculosis and estimates of tuberculosis
incidence have only become available in the twentieth century as a result of the
introduction of compulsory notification of tuberculosis.

When a new infection is introduced into a susceptible population, the mortality and
morbidity rates follow a predictable curve. This curve is characterized by a sharp rise to a

peak followed by a more gradual decent as the number of susceptible people in the



population declines. For tuberculosis the epidemiological curve is thought to run its course
in 300 years, with mortality and morbidity peaking after 50 and 100 years respectively
(Dutt & Stead, 1999). In most developed countries mortality due to tuberculosis peaked
during rapid industrialization, as a result of the overcrowding and poor living conditions
caused by rapid urbanization. In Britain, where reliable tuberculosis statistics have been
available since 1838, the epidemic has since shown a decline in mortality. Factors
contributing to this decline were improved living and working conditions, pasteurization to
eliminate milk as a source of infection, the introduction of dispensaries for diagnosis and
education in environmental hygiene and the establishment of sanatoriums for treatment of
tuberculosis. Tuberculosis mortality was already at a low level in Britain when
chemotherapy and BCG vaccination were introduced. European colonization and the
establishment of sanatoriums in America, Australia and Africa resulted in the spread of

tuberculosis to these regions (Metcalf, 1991).

1.1.3 The History of Tuberculosis in South Africa

Tuberculosis was not common in indigenous people in southern Africa before European
colonisation and the initial spread of the disease was closely related to their degree of
contact with the Europeans. South Africa was promoted as a health resort in the nineteenth
century due its favorable climate. Consequently, the influx of infected individuals caused
the mortality rates of towns that had sanatoria to increase. The mining industry also played
a key role in the spread of tuberculosis in southern Africa. Poor living and working
conditions of mine workers favoured the spread of infection and resulted in high incidences
of tuberculosis among these workers. The use of migrant labour both from within South
Africa and from neighboring countries resulted in the disease spreading to the rural areas.
The discovery of diamonds and gold led to rapid industrial development and urbanization
in the late nineteenth century, and saw an increase in the prevalence of tuberculosis in
urban areas. Segregation and forced population removals during the apartheid era created
areas of high tuberculosis incidence and mortality rates due to poverty, overcrowding and
poor healthcare in township areas. Although the introduction of anti-tuberculosis drugs in
the 1950’s resulted in a sharp decline in tuberculosis mortality rates, incidence rates
continued to increase (Metcalf, 1991). South Africa currently has one of the worst

tuberculosis epidemics in the world, and in 1997 the Medical Research Council of South
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Africa estimated that the incidence of the disease was 419 cases per 100 000 of the total
population. This incidence is up to 60 times higher than those currently seen in the United

States of America and Europe (Fourie, 1991-2003).

1.1.4 Tuberculosis and the HIV/AIDS Epidemic

In 2005 it was estimated that 40.3 million people were living with HIV of which 25.8
million were in Sub-Sahara-Africa and that AIDS had caused the death of 3.1million people
in that year (UNAIDS AIDS epidemic update 2005). The relationship between the HIV and
TB epidemics is a complex one as each contributes to the prevalence and mortality of the
other (Collins et al., 2002). Although a number of factors have been implicated in the
increase in the TB incidence in the United States between 1985 and 1992, a large
percentage of these cases can be attributed to HIV infection (Bloom & Murray, 1992). In
Africa TB is the leading cause of death in people infected with HIV (Tuberculosis and
AIDS: UNAIDS point of view, 1997).

The risk of developing active tuberculosis from new M. tuberculosis infection is 20 times
greater in HIV infected individuals, while the rate of reactivation of latent tuberculosis and
the frequency of extra-pulmonary TB in these individuals is also higher. In HIV positive
individuals the immune response in the lung is ineffective and is characterized by the
recruitment of fewer lymphocytes to the site of infection and the less efficient activation of
macrophages (Collins ef al., 2002). Co-infection with tuberculosis results in a more rapid
progression to AIDS and increased mortality in HIV positive individuals. M. tuberculosis
contributes to disease progression by increasing viral replication, improving the efficiency
of HIV transmission to T-cells, and increasing HIV genome diversification (Collins et al.,
2002; Lawn, 2004).



1.2. TB INFECTION AND DISEASE PROGRESSION

l'ubercle bacilli enter the body via the respiratory route and approximately 30% of exposed
people become infected (Parrish ef af, 1998). The development of clinical TB occurs in
approximately 40% of infected individuals and this primary discasc develops within 1 or 2
years alier infection. Post-primary TB can develop after a number of years and is caused
cither by reactivation of bacteria which remain after the initial infection or by exogenous
reinfection (Stewart et al, 2003). In the past it was assumed that post-primary TB is
typically caused by reactivation. However, more recent studics have revealed that
exogenous reinfection is a major cause of post-primary TB in arcas with a high discase
incidence (Sonnenberg er al, 2001: van Ric et @l 1999) and the risk of reinfection is

further clevated in HIV-positive individuals (Sonnenberg ef af., 2001).

lo mfection i 707%%)

Exposura to M 1
{close contacts)

o
™~

A
\ ot

5-10% par year

Figure 1.1: Qutcomes associated with exposure to Mycebacterium tuberculosis
(modified from Parrish er af. 1998)

During the initial stages of infection, the host immune response may be inadequate
resulting in the escape of tubercle bacilli from macrophages and transient bactercmia
(Parrish er al., 1998). In most immuno-competent individuals cell mediated immunity
develops within 2-4 weeks and therc is an influx of lymphoeytes and activated
macrophages to the site of infection. Infiltrating cells form granulomas, resulting in the
containment of the infection and the killing of most of the bacilli (Raja. 2004). In
individuals that arc able to contain the infection active disease does not develop. but some
bacilli persist and arc able to remain dormart for several years. In 10% of these

individuals, 1B will develop into full-blown discase in response to stresses or if the



immune system becomes compromised. Several features may influence the development of
active disease. HIV infection, malnutrition, drug use, cancer, diabetes, chronic renal
insufficiency and immunosuppressive drug therapy are thought to increase the risk of

reactivation (Parrish et al., 1998)

1.2.1 Survival of Mycobacteria in Macrophages

For infection to be established inhaled tubercle bacilli must be ingested by phagocytic
alveolar macrophages. Once internalized the bacilli are able to multiply within the
phagosomal compartment of non-activated macrophages (Parrish et al, 1998).
Phagocytosed material is normally transported along the phagosomal and endocytic
pathway to lysosomes for degradation. However, phagosomes containing living
mycobacteria are able to resist delivery to the lysosome. This is due to a process exerted by

the mycobacteria, and involves both host and mycobacterial processes.

Coronin 1, also known as tryptophan aspartate-containing coat protein (TACO) is a host
protein which belongs to a family of tryptophan aspartate-repeat actin binding proteins. In
murine macrophages coronin 1 is retained on the membrane of phagosomes containing live
mycobacteria. This is an active process since coronin 1 dissociates from phagosomes
containing dead mycobacteria, resulting in their delivery to the lysosome (Ferrari et al.,
1999). Phosphotidylinositol 3-phosphate (PI3P) is a lipid, which controls intracellular
trafficking and signal transduction. It affects the localization and function of proteins
containing FYVE, PH or PX domains, including proteins which may be involved in
phagosome maturation. The formation of PIP3 on the surface of the maturing phagosome is
inhibited by mycobacteria and this is thought to occur by the calmodulin dependant
regulation of PI3P (Chua and Deretic, 2004).

Phosphatidylinositol lipoarabinomannan (ManLAM), a lipid produced by M. tuberculosis,
resembles PI3P. Latex beads coated with glycosylated ManLAM were shown to block
phagosome maturation by blocking the delivery of lysosomal components from the trans
golgi network. This block in trafficking results in the exclusion of cathepsin D, Mannose 6-
phosphate receptor (M6PR) and H'-ATPase from the mycobacterial phagosome (Fratti et
al., 2003). Protein kinase G (Pkn G) is a eukaryotic-like protein kinase which is actively
secreted by pathogenic mycobacteria. The kinase is present in the phagosomal lumen and
cytosol of infected macrophages where it interferes with lysosome delivery. The deletion of
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pknG in M. bovis resulted in its transfer to the lysosome and the mutant was unable to
survive in macrophages. Infection of macrophages with BCG or M. tuberculosis in the
presence of a Pkn G inhibitor also resulted in delivery to the lysosome and killing of the
mycobacteria (Walburger et al., 2004). The activation of macrophages by interferon-y
(IFN-y) reduces the ability of mycobacteria to replicate. Although the molecular
mechanism of this suppression is not fully understood, the generation of nitric oxide is

thought to play an important role.

1.2.2 Latency and Persistence
Latency in tuberculosis has been defined as “the presence of any tuberculosis lesion which

fails to produce symptoms of its presence” (Amberson, 1938). The ability of
M. tuberculosis to persist in the lungs of latently infected individuals is central to its
success as a pathogen. Direct evidence of this persistence is the detection of viable bacteria
in tissue from asymptomatic individuals. Early studies on lung tissue removed at autopsy
revealed the presence of M. tuberculosis in the lungs of individuals that had died from
causes unrelated to TB. This was shown either by direct culture or by the infection of
guinea pigs (Stewart ef al., 2003). Interestingly, microscopic examination of infective tissue
was sometimes unable to identify the presence of acid-fast bacilli. The two hypotheses
proposed are that either the bacilli were in an altered developmental non acid-fast state, or
that bacilli numbers were too low to visualize (Parrish et al., 1998). In a study by Opie and
Aronson in 1927, they reported that 50% of normal lung tissue studied could cause TB in
guinea pigs, whereas fewer than 10% of old lesions contained live bacilli. They concluded
that M. tuberculosis is more commonly found outside of the focal lesions and suggested
that these bacilli then give rise to post-primary infection. This result is supported by the
detection of IS6110 DNA in normal lung tissue from Ethiopians and Mexicans who had
died from causes other than TB (Hernandez-Pando er al., 2000). In this study in situ PCR
also detected microbial DNA in cells other than macrophages, which could be revealing a
strategy used by M. tuberculosis to evade antigen presentation. A limitation of this method

of detecting mycobacteria is its inability to determine if they are viable or not.



After the introduction of chemotherapy, the surgical resection of tuberculosis lesions
provided material for bacteriological studies. Studies revealed that although acid-fast bacilli
could be seen in specimens, these bacilli often failed to grow in culture or cause disease in
guinea pigs (Beck and Yegian, 1952). Culturing of bacilli was found to be more difficult
from lesions that were “closed” (Medlar et al, 1952), although improved culturing
techniques were able to increase the frequency with which bacilli could be cultured from
closed lesions (Hobby ef al., 1954). This finding revealed that bacilli could remain viable
within closed lesions, and the difficulty in culturing these bacilli suggests that they may
occur in a “dormant” metabolic state. Bacilli were found even in patients who had received
extensive chemotherapy. Although the cultured bacilli were found to be susceptible to
antibiotics, it is postulated that their suppressed metabolic state in the host may make them
resistant to chemotherapy (Hobby et al., 1954). The finding that prophylactic chemotherapy
using isoniazid is able to reduce the risk of reactivation of latent TB however suggests that

some metabolism does occur (Comstock et al., 1979).

1.2.3 Modeling Persistence

In order to determine the metabolic state of persistent mycobacteria, a number of models of
persistence have been developed. The simplest model of persistence is the stationary phase
culture of M. tuberculosis, in which the number of viable bacilli remains stable. The idea
that dormant bacilli in the lung are within an environment of low oxygen tension lead to the
development of Wayne’s model of unshaken M. tuberculosis cultures in 1970. The oxygen
limitation in cultures of M. tuberculosis grown without agitation led to net growth in an
arithmetic mode. This net arithmetic growth was found to reflect the continuing logarithmic
replication in the upper oxygen rich layer of the culture, and the termination of replication
in cells which had settled through the oxygen gradient (Wayne, 1976). M. tuberculosis
grown without agitation was tolerant of anaerobiosis, while bacilli cultured under aerobic
conditions died rapidly when placed in an anaerobic environment (Wayne and Lin, 1982).
The termination of agitation of M. tuberculosis cultures initiated adaptation of the bacilli as
they settled through the oxygen gradient. This adaptation was associated with the synthesis
of URB antigen, which is found only in non-agitated cultures of M. tuberculosis. Isocitrate
lyase and glycine dehydrogenase were upregulated in bacilli adapting to oxygen limitation

(Wayne and Lin, 1982). These enzymes may be important for replenishing metabolic
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intermediates under oxygen limiting conditions. The non-replicating bacilli were also
resistant to rifampin and isoniazid, and susceptible to metronidazole, which has no effect on
aerobic cultures of M. tuberculosis (Wayne and Sramek, 1994). The use of a temporal O,
depletion gradient, generated by the slow mixing of cultures under a restricted air column,
led to the identification of two stages of nonreplicating persistence (Wayne and Hayes,
1996). The first stage (NRP stage 1) was characterized by a slow increase in turbidity
without a corresponding increase in colony forming units. Termination of DNA synthesis,
increased glycine dehydrogenase (GDH) levels and an increase in the rate of nitrate
reduction was also seen in this stage (Wayne and Hayes, 1996; Wayne and Hayes, 1998).
The second anaerobic stage, NRP stage 2, showed no further increase in turbidity and a
decline in GDH production (Wayne and Hayes, 1996). Bacilli from NRP stage 2 showed
synchronous growth after aeration was resumed, which was not seen for bacilli in NRP
stage 1. The bacilli from these two stages also showed altered sensitivity to four antibiotics.
Sequencing of the genome of M. tuberculosis revealed two sets of genes, narGHJI and
narK, which share homology with prokaryotic respiratory type nitrate reductases (Cole et
al., 1998). Mutant studies revealed that narGHJI is responsible for the nitrate reductase
activity in M. tuberculosis, while induction of nitrate reduction by hypoxia is as a result of
the induction of the nitrate transporter narK, (Sohashky and Wayne, 2003).Interestingly,
the nitrate reductase does not support anaerobic growth, but appears to provide an
additional energy source as M. tuberculosis shifts into a state of non-replicating persistence
under oxygen limiting conditions. Wayne and Hayes suggest that the ability of tubercle
bacilli to shift into one or both of these non-replicating states is responsible for their

capacity to remain dormant in the host for extended periods and reactivate at a later stage.

The most widely used animal model of latent TB infection is the mouse model. Low-dose
aerosol infection with M. tuberculosis results in unimpeded growth of bacilli in lungs and
spleen for the first 2 to 4 weeks. The adaptive immune response of resistant mouse strains,
such as C57BL/6, is then able to control the growth of organisms causing bacterial numbers
to plateau. The mice show slowly progressive pathology and are capable of surviving for
long periods of time. Although this persistent infection state represents an equilibrium
between the host and pathogen, it does not reflect latency in humans which is characterized

by low bacterial loads (reviewed in Flynn and Chan, 2001; Stewart ef al.,2003; Gomez and



McKinney, 2004). The advantage of this model of latency is that it relies on the host

immune response to control the infection.

A study investigating the fate of tubercle bacilli in the lungs and spleen of mice treated with
combinations of antibiotics led to the development of the “Cornell Model” in the 1950s
(Hobby et al., 1954). After intravenous infection with M. tuberculosis, mice were treated
with a combination of pyrazinamide (PZA) and isoniazid (INH) for 12 weeks. The mice
appeared to be “sterilized” since bacilli could not be detected in tissue from the lungs and
spleen by microscopy, culture or sub-inoculation into guinea pigs. Reactivation of the
disease however occurred spontaneously in a third of the animals 90 days after the
cessation of treatment and the administration of high doses of cortisone at 3 or 4 months
after treatment was able to increase the percentage of reactivation to 100% (McCune et al.,
19664, b). The bacilli isolated after reactivation were found to be drug susceptible. De Wit
et al. (1995) demonstrated that although the mice appeared to be sterilized, large amounts
of bacterial DNA could be detected in the organs of the mice, suggesting that the bacilli
may be in a non-culturable state. No standard protocol has been developed for the Cornell
Model and variations have demonstrated that the outcome of the model is highly dependent
on parameters such as size of the M. tuberculosis inoculum, dose of antibiotics used and
method of immune suppression (Scanga et al., 1999). Although the model has undetectable
numbers of bacilli, which is analogous to human infection, the disadvantage is the artificial
induction of latency by chemotherapy. The model has demonstrated that a subpopulation of
bacteria exist in vivo that are tolerant to the effects of antibiotics (reviewed in Gomez and

McKinney, 2004).

Latency models in other animals used to study TB, including guinea pigs, rabbits and non-
human primates have not been widely used. This is due to economic and logistical factors,
and also since extensive research has been done on the immunology and chemotherapy of
the mouse (Flynn and Chan, 2001). It is believed that by developing a therapeutic agent
which targets genes or pathways involved in persistence, treatment will become more
effective and regimes will be shortened. Therefore, the ability to model persistence is

essential for the development of new therapeutic agents for the control of TB.



1.3. STRATEGIES FOR CONTROLLING TUBERCULOSIS

1.3.1 Vaccination

Despite the use of BCG as a vaccine against tuberculosis for more than 80 years, its
efficacy in preventing pulmonary tuberculosis in adults continues to be debated. Studies
have shown that BCG provides protection against tuberculosis meningitis and disseminated
forms of the disease in children (Reviewed in Walker et al, 2006). However, trials
conducted to investigate its efficacy in adults have produced contradictory findings and
show a wide range of protective efficacy against M. tuberculosis. There are various reasons
proposed for this variability, including differences in BCG strains, doses, immunisation
age, host genetic background, infecting M. tuberculosis strains and interference from
environmental mycobacteria. In a meta-analysis of the published literature, Colditz et al.
(1994) found that vaccination with BCG reduces the risk of tuberculosis by an average of
50%. Protection was observed for both pulmonary and extra-pulmonary tuberculosis, with
higher levels of protection observed against disseminated forms of the disease. BCG
efficacy was not affected by age at vaccination, while latitude and the data validity scores

of the studies were shown to contribute to some of the variability observed.

As a result of the inefficiency with which BCG protects against pulmonary tuberculosis in
adults, there are a number of strategies being pursued to develop a new TB vaccine. Since
the majority of the world’s population has been exposed to environmental mycobacteria,
vaccinated with BCG or infected with TB, an ideal vaccine would induce protection in
previously exposed populations as well as in individuals not previously exposed (Franco-
Paredes et al., 2006). The development of acquired resistance against M. tuberculosis is
complex and involves various subsets of T-cells (Andersen, 2001). Animal models indicate
that Th1-type CD4" T-cells, which produce IFN-y, are important for protection (Franco-
Paredes et al., 2006). The recurrence of TB as a result of either re-infection or reactivation
indicates that the immune response to M. tuberculosis infection is inefficient. Therefore, a
new vaccine should elicit an immune response which is superior to that induced by natural
infection. Currently, the best correlate of protection against M. tuberculosis in humans is
IFN-y, which is the major activator of macrophages and is required for the protective

response against intracellular pathogens (Raja, 2004).

10



1.3.2 Approaches for Development of a New TB Vaccine

1.3.2.1 Subunit Vaccines

Subunit vaccines deliver mycobacterial immunogenic antigens in the form of proteins,
peptides, DNA or live vectors, which induce specific subpopulations of CD4" T-cells
(Franco-Paredes et al., 2006). Antigens which have been investigated include those derived
from the culture filtrate of M. tuberculosis (Orme, 2005) and proteins from the RD-1 region
of M. tuberculosis, which is absent from BCG. More specifically, DNA vaccination
involves immunization with a bacterial plasmid encoding an antigen, under the control of a
suitable promoter. This results in the transfection of host cells and the endogenous
production of the antigen, which generates both a humoral and cellular immune response.
The advantages of DNA vaccines include stability, ease of preparation, low cost and safety
in immune-compromised individuals. However, despite their ability to induce protection in

mice, DNA vaccines have not performed better than BCG (Huygen, 2003).

1.3.2.2 Whole-cell Vaccines

Despite its inefficient protection, BCG has many advantages as a vaccine and therefore
attempts have been made to modify it with the aim of enhancing its immunogenicity.
Recombinant BCGs which have been constructed include those expressing cytokines and
antigens, such as IFNy and Ag85B (Eddine & Kaufmann, 2005). In an attempt to improve
CD8" T cell stimulation by facilitating the escape of BCG from the phagolysosome, rBCG
expressing listeriolysin O (LLO) from Listeria monocytogenes was constructed. LLO BCG
recombinants showed an improved level of protection in mice relative to BCG (Grode et
al., 2005). The availability of the genome sequence of M. tuberculosis and the assignment
of function to various mycobacterial genes has facilitated the production of attenuated
strains of M. tuberculosis and M. bovis BCG. The rationale behind using these strains for
vaccination is that they would cause active infection, but that the duration of infection
would be limited. Auxotrophic mutants, in which an amino acid biosynthetic pathway has
been disrupted, have been generated by this approach (von Reyn & Vuola, 2002). Whole-
cell inactivated vaccines, such as Mycobacterium vaccae, have shown protection against
TB in animal models (Franco-Paredes et al., 2006). However in a study in KwaZulu Natal,
the addition of immunotherapy with M. vaccae to standard chemotherapy was shown to

have no benefit (Mayo & Stanford, 2000).
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1.3.2.3 Prime-boost Vaccines

Prime-boost vaccines involve the successive administration of the same mycobacterial
antigen. In a phase I trial, a recombinant smallpox vaccine expressing mycobacterial
antigen 85A (MVAS85A) was administered to BCG vaccinated and BCG-naive individuals.
Vaccination with MVA8S5A was found to boost pre-existing anti-mycobacterial immune
responses induced either by BCG or exposure to other mycobacteria (McShane et al.,
2004). This approach is thought to be favourable as the protective effects of BCG might be

retained.

Although the various strategies being pursued have produced promising vaccine candidates,
it will be several years before a new vaccine for TB becomes available. With ongoing
research in both host and pathogen biology, it is hoped‘that a better understanding of the
disease will translate to more effective control of the epidemic through vaccine

development.

1.3.3 Chemotherapy

Prior to the discovery of antibiotics, treatment for tuberculosis consisted primarily of bed
rest in sanatoria and the collapsing of the affected portion of the lung by surgery or
injection of air into the pleural cavity. The mortality rate of pulmonary tuberculosis was as

high as 50% in this pre-antibiotic era.

The discovery of streptomycin and proof of its anti-tubercular activity in guinea pigs led to
the initiation of studies on the treatment of tuberculosis by the British Medical Research
Council (Reviewed in Fox et al., 1999). The findings of these studies, conducted between
1946 and 1986, resulted in the development of modern chemotherapy. In 1947, a study
comparing patients receiving streptomycin plus bed rest to those on bed rest alone showed
the benefit of streptomycin. After 5 years however, the mortality rate was only slightly
higher in the control patients since most patients developed streptomycin-resistant strains.
The ability of combination therapy to reduce the development of resistance was
investigated using streptomycin and p-aminosalicylic acid (PAS). Pulmonary tuberculosis
patients receiving a combination of streptomycin and PAS yielded fewer positive sputums
and streptomycin-resistant strains than those receiving each of the drugs individually. The

introduction of isoniazid in 1952 resulted in trials using combinations of isoniazid,
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streptomycin and PAS. These showed the rapid emergence of resistance when isoniazid
was administered alone, but suppression of emergence of resistance when combined with
streptomycin. Patients receiving isoniazid and streptomycin were found to fair slightly
better than those receiving a combination of streptomycin and PAS. After screening for
primary resistance in Britain revealed that resistance to two or three drugs was rare, the
initial phase of treatment was increased to three drugs. This initial phase was continued for
2-3 months and followed by two drugs for a total duration of a year. Studies in India
showed that chemotherapy in the sanatorium setting was no more effective than at home,
and that treatment at home did not increase the risk of infection through family contact.
This resulted in the move towards the domiciliary treatment of tuberculosis, making it
feasible even in poor developing countries. The finding that intermittent treatment was as
effective as daily therapy was also a major breakthrough in tuberculosis chemotherapy. The
advantages of intermittent therapy are reduced cost, fewer adverse drug reactions and

increased compliance facilitated by directly observed therapy.

Rifampicin
0o H\NHZ o Sa NH,
N~ N~ N7
Isoniazid Pyrazinamide Ethionamide

Figure 1.2: Structures of some of the commonly used antitubercular drugs.
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1.3.3.1 Short Course Chemotherapy

Studies in the development of the Cornell mouse model revealed interesting properties of
pyrazinamide (PZA) in the murine system (McCune et al., 1966a, b). Unlike isoniazid,
PAS and streptomycin, which cause bacterial numbers in mice to decline and then level out,
PZA has the ability to sterilize organs. This sterilizing activity was also observed for
Rifampicin (RIF) in the mouse model and led to studies investigating short-course regimes
including PZA and RIF to reduce relapse rates. In a study in East Africa the effect of
adding RIF, PZA or thioacetazone to a 6-month daily regime of isoniazid and streptomycin
was investigated (East Africa/British Research councils, 1972). All four regimes were
effective; however those containing RIF and PZA had lower relapse rates after 6 months
than those with thioacetazone or only two drugs. Relapse was not due to drug resistance
since isolated organisms were fully sensitive. RIF and PZA regimes were also able to
convert patients to culture negative faster than the other regimes. The relapse rates for a 6-
month daily regime of streptomycin, isoniazid and RIF and a standard 18-month regime of
streptomycin, thiocetazone and isoniazid for two months and thioacetazone and isoniazid
for 16 months daily, were also found to be similar when assessed over a S-year period (East
Africa/British Medical Research Councils, 1977). Numerous other studies on short-course
chemotherapy were subsequently performed in order to determine the role of each drug in

the various phases of treatment, ideal dosing levels and treatment duration.

The findings of clinical trials, animal models and in vitro culture has led to the development
of a hypothesis about the bactericidal activity of various anti-tuberculosis drugs
(Mitchison, 1979). 1t is suggested that four bacterial populations exist within a patient with
TB. The first population consists of actively growing organism, which are killed most
effectively by isoniazid and to a lesser extent by streptomycin and rifampicin. The
bactericidal activity of isoniazid decreases as the growth rate of organisms becomes slower.
A second population of slow-growing organisms occur in an acidic environment, possibly
within macrophages. These bacilli are killed primarily by PZA and to a lesser extent by
RIF. Since the killing action of RIF is rapid, it is able to act against a third population of
organisms which exhibit spurts of growth. These organisms are present extracellularly in
solid caseous lesions. Finally, a population of dormant organisms exists against which none

of the drugs has activity.
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The efficacy of a treatment regime is evaluated by two criteria namely its bactericidal
activity and its sterilizing activity. The measure of bactericidal activity is the proportion of
patients that become sputum culture negative after two months of treatment, while the
relapse rate of treatment is a reflection of the sterilizing activity of a regime
(Jawahar, 2004). Current regimes use an initial intensive phase to rapidly reduce bacterial
numbers and a longer continuation phase in which the killing of slower growing organisms
is important. The inclusion of various drugs in these two phases is therefore dependent on
their bactericidal and sterilizing activity. Generally patients receive four drugs in the initial
intensive phase, and two drugs in the continuation phase of treatment. Isoniazid is given for
the duration of treatment due to its high bactericidal activity, low toxicity and low cost. A
commonly use regime is isoniazid, ethionamide, RIF and PZA for two months, followed by

isoniazid and RIF for four months.

1.3.3.2 Multi-drug Resistant Tuberculosis (MDR TB)

Tuberculosis drug resistance can be divided into two types. Firstly primary resistance

occurs in a person who has been infected with a resistant strain of M. tuberculosis and has

not previously received treatment for TB. Secondly, acquired resistance emerges during

treatment of tuberculosis and results from the inappropriate use of tuberculosis drugs
(Nachega and Chaisson, 2003). MDR TB is defined as M. tuberculosis which is resistant to
both Rifampicin and Isoniazid. The danger of MDR TB is due to its poor response to
available therapeutic regimes. The risk of failure of treatment in MDR cases is 80 times
higher than for drug susceptible strains in HIV negative individuals (Jawarhar, 2004). The
management of MDR patients is complex as it involves determining the treatment history
of the patient and the antibiotic susceptibility profile of the infecting strain. Standard drug
susceptibility testing involves growing isolated strains on solid media containing critical
concentrations of the drugs and results are often only available several months after patients
are diagnosed. Although radiometric or fluorescence-based systems are able to reduce this
period to weeks after presentation, their expense often limits application in many parts of

the world (Nachega and Chaisson, 2003).
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Table 1.1: Adverse Reactions associated with second line drugs used in
the treatment of tuberculosis (Modified from Nachega and Chaisson 2003)

Drug Major toxicities
Capreomycin gt:(('icl:?yry vestibular and renal
Kanamvein Auditory, vestibular(rare) and

y renal toxicity

Gastrointestinal disturbance,

Ethionamide hepatotoxicity, hypersensitivity

Gastrointestinal disturbance,
hepatotoxicity, hypersensitivity,
sodium load

Cycloserine Psychosis, convulsions, rash

Para-aminosalicylic
acid

Treatment of MDR-TB relies extensively on second line drugs (Table 1.1), which in
general have poorer activity and also have more adverse reactions. Patients are treated with
drugs they are known to be susceptible to or which they have not previously received. The
initial phase of treatment lasts at least six months and involves the daily administration of
four drugs. Three of the most active drugs are then administered for a continuation phase of
12 to 18 months. It is recommended that treatment be continued for at least 12 months after
the patient’s sputum cultures become negative. The treatment of MDR TB is therefore more

expensive, more toxic and less successful than treatment of drug susceptible TB.

1.3.3.3 Extensively Drug-resistant Tuberculosis (XDR TB)

XDR TB is MDR TB which is resistant to three or more of the six classes of six second-
line TB drugs. The first information available about the worldwide incidence of XDR TB
was from a survey done by the CDC and WHO of an international network of TB
laboratories (CDC, 2006). The survey found that of the 17690 TB cases between 2000 and
2004, 20% where MDR and 2% were XDR. XDR TB has been detected in all regions of
the world, with the highest prevalence occurring in Asia and Eastern Europe. XDR TB is
virtually untreatable and is associated with a high mortality rate. At a meeting in September
2006 between the South African Medical Research Council, WHO and the CDC, a seven-
point plan to combat XDR TB was released. This included improvements in the diagnosis,

containment and management of XDR TB cases, increased support for research into drugs
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and diagnostic methods for XDR TB and the increased access to antiretrovirals (Lancet

editorial, 2006).

1.3.3.4 New Anti-tuberculosis Drugs

Little change has occurred in current regimes in the past 30 years due to the absence of new
drugs. A new drug should be highly active to facilitate shorter chemotherapy, should kill
persistent bacilli to prevent relapse and should be active against MDR strains. Ideally, it
should be specific for M. tuberculosis and compatable with existing drugs (Cole & Alzari,
2005).

The activity which fluoroquinolones possess against mycobacteria has been exploited in the
treatment of patients with MDR TB. Current interest is in C-8-methoxy-fluoroquinolones,
such as moxifloxacin, which are more active against M. tuberculosis. In a study evaluating
five fluoroquinolones, moxifloxacin was the only compound which showed both
bactericidal activity against slow growing organisms and sterilizing activity against
persisters (Hu et al., 2003). These compounds could potentially be used as first line drugs
following their evaluation in clinical trials. A strategy being employed in the search for new
drugs is the modification of existing antibiotics in an attempt to make them more active
against M. tuberculosis. Rifalazil is a rifampicin derivative which has shown improved
activity in the murine model when used in combination with isoniazid (Shoen e al., 2000).
However, its usefulness is limited by the fact that RIF-resistant strains confer resistance to

all rifampicins.

PA-824 is a nitroimidazopyran which has a sub-micro molar MIC for M. tuberculosis and
also has activity against MDR strains (Stover ef al., 2000). It also has activity against non-
replicating microaerophilic cultures comparable to that of metronidazole. In the mouse and
guinea pig model of MTB, PA-824 showed activity comparable to isoniazid at safe doses.
PA-824 inhibits a step in the synthesis of cell wall mycolates, and like isoniazid is a pro-
drug which requires activation. The oral activity and chemical properties which make it
amenable to large-scale synthesis, makes PA-824 an attractive drug candidate. Resistance
to PA-824 in M. tuberculosis is associated with the loss of a glucose-6-phosphate

dehydrogenase (FGD1), loss of its cofactor Fso and mutations in hypothetical protein
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Rv3547, which are all involved in the reductive activation of PA-824 (Manjunatha et al.,
2006).

Another promising drug candidate is a diarylquinoline R207910 (Andries et al., 2005). The
compound was identified through a whole-cell screening assay using M. smegmatis and
was found to function by inhibiting ATP synthase. R207910 is highly bactericidal and was
as effective against MDR strains as drug susceptible strains. In the murine model,
substitution of RIF, isoniazid or PZA with R207910 resulted in increased potency of the
treatment regime. The sterilizing activity of R207910 requires further investigation. Phase I
human trials have shown good oral absorption, sustained plasma levels and good
tolerability of R207910.

The development of MDR and more recently XDR TB has highlighted the need for the
continuous development of new anti-tubercular drugs. The validation of new targets for

therapeutic agents is an essential part of this process.
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1.4. LOwW MOLECULAR WEIGHT THIOLS

1.4.1 The Role of Thiols in Cellular Metabolism
The presence of thiols in living systems is critical for the functioning of cellular
metabolism. This critical role is demonstrated by the numerous identitied functions of

glutathione, which the most extensively studied low molecular weight thiol.

1.4.1.1. Glutathione

Glutathione (GSH), a tripeptide (L-y-glutamyl-L-cysteinyl-glycine), occurs in most cells in
the millimolar range (Dickinson & Forman. 2002) and #ts functions include the
detoxification of free radicals, metals and other electrophilic compounds. In order to
prevent lipid peroxidation and the disruption of metabolic processes, all aerobic organisms
require a mechanism to detoxify the intermediates generated during aerobic metabolism.
The ability of GSH to react with carbon centered radicals is important in its role as an
antioxidant (1 & 2). GSH also functions to store cysteine, since free cysteine rapidly auto-
oxidises resulting in the production of oxygen radicals. Although glutathione does not react
directly with hydroperoxides, it is involved in the enzymatic reduction of hydroperoxides
by glutathione peroxidase (3 & 4} and the peroxiredoxin family of enzymes (3) (Dickinson

& Forman, 2002).

Free radical reactions
R+GSH — » RHA+GS |
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Enzymatic detoxification of Ha0z;
wlutathione peroxidase

H,0.+ 2GSH ——  2H.0+ GSSG

Glutathimne peraoxidasa
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The reduction of GSSG by the enzyme glutathione reductase (6} is the primary mechanism
for maintaining the redox state of the cell. GSSG constitutes (% of total glutathione in
cells, and only a transient increase in GSSG levels is observed during oxidative stress.
Under severe oxidative stress, (GSSG is transported out of cells by an ATP-dependent

transport mechanism.

GSSG + NADPH + Y  ———  NADP +2GSH ... 6

‘the reaction of glutathione with electrophilic compounds aceurs either spontancously or by
the catalytic action of ghutathione-S-transferase (7). The formation of the thioester bond
between GSH and the electrophile usually results in & less reactive. more water soluble
product (Eaton & Bammler. 1998). The conjugation of GSH to foreign chemicals,
endogenous compounds and metals serves to [imit their chemical reactivity and facilitate
elimination from the cell (Wang and Ballatori, 1998).

tathione-S trans i

Electrophile (£) t GSH ~ ——  GS-E ... 7
An aerobic environment also results in the oxidation of protein disulphides, which could
alter the catalytic activity of enzymes. Reduction of these disulphides occurs by a thiol-
disulphide exchange in the presence of GSH. GSSG can also exchange with protein
sulphydryls to produce protein-glutatlione mixed disulphides in a concentration dependant
manner (Brigelius ef «f., 1983). Thioredoxin (Trxs) and Glutaredoxins ((irxs) are enzymes
which catalyse thiol-disulphide exchange reactions at the cysteines within their active site
motif CXXC (Holmgren ef «f., 2005). Unlike Trxs which are reduced by NADPH, Grxs are
reduced by GSH, which allows the reactions to proceed by either a dithiol or monothio
mechanism (8-11). The latter mechanism is required for the reduction of protein-GSH

mixed disulphides (R-S-SG) (Holmgren ef al, 2003).

Dithigl mechanism:

R-S; + Grx-(SH);, ——» R-A{SHRp+Grx-S;, ... 8
Grex-S; + 2GSH — » Grx~(SH) + GSSG .
Monothicl mechanism:
R-5-8G + Grx-{SH); —— R-SH + Grx-8-8G ... 10
Grx-S-SG + GSH ——— Grx-(SH); - GSSG - ... 11



Since a significant number of signaling proteins have critical thiols, GSSG may act as a
non-specific signaling molecule in response to a change in the redox state of the cell
(Dickinson & Forman, 2002). GSH may also signal indirectly by determining the rate of

H,0, removal.

1.4.2 Thiol Biosynthetic Enzymes as Potential Drug Targets for TB

Mycobacterium tuberculosis synthesizes two major thiols, namely mycothiol (MSH) and
ergothioneine (ESH). Since these biosynthetic pathways are not present in the human host,
they are attractive targets for the development of new therapeutic agents against

tuberculosis.

1.4.2.1. Mycothiol

The biosynthesis of mycothiol (MSH) which is the trivial name assigned to the compound
1-D-myo-inosityl-2-(N-acetyl-L-cysteinyl)Jamino-2-deoxy-a-D-glucopyranoside, appears to
occur exclusively in Actinomycetales bacteria (Newton et al.,, 1996). Mycothiol is present
in high levels in mycobacteria and its synthesis is a multi-step process (Fig. 1.2). The
generation of mutants of various enzymes of the biosynthetic pathway of MSH has
provided insight into the role of MSH in mycobacteria. Chemical and transposon generated
MshC mutants in Mycobacterium smegmatis (M. smegmatis) showed increased sensitivity
to free radicals and alkylating agents and altered sensitivity to a range of antibiotics
(Rawat et al., 2002). In M. tuberculosis Erdman the MshC (Sareen et al., 2003) and MshA
(Buchmeier & Fahey, 2006) were found to be essential, suggesting that MSH is required
for growth of this strain under laboratory conditions. The enzyme mycothiol-S-conjugate
amidase has been shown to detoxify MSH conjugates of anti-mycobacterial drugs in a
manner similar to GSH (Newton ef al., 2000b) and its inhibition may therefore increase the
sensitivity of mycobacteria to established chemotherapeutic agents. The enzymatic
reduction of MSSM to MSH is catalysed by mycothiol reductase, which is thought to have
the same function as GSH disulphide reductase in maintaining the redox state of the cell
(Patel and Blanchard, 2001). Currently, much work is being done to design and test

potential inhibitors of the mycothiol biosynthetic enzymes as potential therapeutic agents.
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Figure 1.3: Biosynthetic pathway of MSH. The genes encoding MshA (Rv0486) (Newton et al., 2003),
MshB (Rv1170) (Newton et al., 2000a), MshC (Rv2130c) (Sareen et al., 2002) and MshD (Rv0819) (Koledin
et al., 2002) in M. tuberculosis have been identified. MshA2 is yet to be identified. (Modified from Sareen et
al., 2003)

1.4.2.2 Ergothioneine
Ergothioneine (ESH), the betaine of 2-thio-L-

histidine, has been detected in millimolar COOH

N
concentrations in plants, fungi, bacteria, animals HS‘</ | N—CH,
. . . / \
and humans. Animals obtain ESH from dietary ” cfi, CH,

sources, while plants are thought to obtain it from
the soil (Hand and Honek, 2004). A specific

transporter for ESH has been identified in

Figure 1.4: Ergothioneine (ESH)

humans, which suggests it has an essential
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function (Griinderman et al., 2005) Certain fungi and Actinomycetales bacteria synthesize
ESH (Genghof, 1970).

1.4.2.3 Biochemistry of Ergothioneine

Ergothioneine differs from GSH and MSH in that it exists as a thione under physiological
conditions and consequently differs in its reactivity. Unlike other thiols, ESH exists in its
reduced form in aerated aqueous solutions (Chaudiere and Ferrari-Iliou, 1999). Typical
intracellular ESH concentrations are in the range 0.1-ImM, and it possesses antioxidant
properties in this range. Ergothioneine reacts with the ‘OH radical at a diffusion controlled
rate and has the ability to chelate transition metal ions, which prevents the generation of
‘OH by reaction of H,O, with these ions (Akanmu ef al., 1991). Pulse radiolysis indicates a
co-operative interaction between vitamin C and ESH. Vitamin C is an established water-
soluble antioxidant and its interaction with ESH may contribute to its biological redox
protection (Asmus et al., 1996). The protection of «;- antiproteinase (o AP) from
inactivation by HOCI showed that ESH is a good scavenger of HOCI (Akanmu et al.,
1991). ESH concentrations of up to 2mM were shown to slightly reduce oxidant dependent
cell death, which occurs as a result of exposure to H,O,. This suggests that H,O,
scavenging may not be a major function of ESH in vivo (Aruoma et al., 1999). ESH also
possesses UV-radiation protective properties (van den Broeke, 1993), and a study on UV-
irradiated human dermal fibroblast revealed this protection is partly attributable to its

ability to scavenge superoxide and singlet oxygen (Obayashi et al., 2005).

ESH may also combat nitrosative stress caused by molecules such as peroxynitrite
(ONOO’) and nitric oxide (NO’). The ability of ESH to scavenge peroxynitrite was
demonstrated by its protection against the nitration of tyrosine and inactivation of o;.AP in
the presence of ONOO™ (Aruoma et al., 1997). Peroxynitrite-induced oxidative damage to
calf thymus DNA and DNA in N-18-RE-105 cells was inhibited by ESH (Aruoma et al.,
1999). S-Nitrosothiols are produced through the reaction of thiols with NO™ and ONOO'.
ESH was found to drive the decomposition of S-nitrosoglutathione at a rate faster than

GSH, generating ammonia as the major nitrogen-containing product (Misiti et al., 2001).

Although ESH was not able to inhibit lipid peroxidation stimulated by Fe** or Fe**, it does
not stimulate peroxidation as some thiols do. ESH was able to inhibit peroxidation of

arachidonic acid induced by H,O; and hemoproteins (Akanmu ef al., 1991). Heavy metals
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are able to auto-oxidise thiols such as GSH, to form disulphides and peroxides. This does
not occur with ESH, which has the ability to chelate divalent metal ions (Hanlon, 1971).
ESH was also able to inhibit certain Cu-requiring metalloenzymes (Hanlon, 1971). The
ability of ESH to complex with metals may be important in the protection of
oxyhemoglobin (Hb) and myoglobin (Mb) from oxidation. Pre-incubation of
oxyhemoglobin with ESH prevented copper induced oxidation of hemoglobin. Addition of
ImM of ESH was also able to prevent oxidation of Mb by HO, (Akanmu et al., 1991).

1.4.2.4 Bioactivity of Ergothioneine

In early work done on fungi, hercynine (an intermediate in ergothioneine biosynthesis) and
ergothioneine were studied as growth regulatory substances. Hercynine was identified as a
fruiting inducing substance isolated from Agaricus bisporus (Roure and Bouilliant, 1986),
while ergothioneine accumulates in spores of N. crassa (Brody, 1981 in Roure and
Bouilliant, 1986). Although the ergothioneine does not induce germination in Claviceps
purpurea, its presence is able to counter the inhibition of germination by hydrogen
peroxide. It is therefore thought to play a protective role against hydrogen peroxide during
infection (Garay, 1956).

The Fenton reaction which involves transition metals, results in the generation of highly

reactive hydroxyl radical species from hydrogen peroxide (12).

H,0, + Fe*" (Cu") ———»Fe** (C*H+OH' +OH ... 12

Deiana et al. utilized a Fenton chemistry model to evaluate the antioxidant protection to
the kidney afforded by dietary ESH. Oral supplementation with ESH, 7days prior to
exposure to an acute dose of ferric-nitrilotriacetate, was shown to reduce oxidative damage
in the liver and kidneys of rats. Supplementation protected the organs against lipid
peroxidation and against the loss of endogenous antioxidants glutathione and a-tocopherol
(Deiana et al., 2004). In an in vivo rat retinal model, in which the over stimulation of N-
methyl-D-aspartate (NMDA) subtype of glutamate receptor leads to neuronal cell death,
ergothioneine was found to be neuroprotective. Since over stimulation of NMDA results in
increased free radical production, the protective effect of ESH may be due to its antioxidant
properties (Moncaster et al., 2002). The transcription factor NFkf is involved in the

transcriptional activation of Interleukin-8, which is an inflammatory cytokine. ESH was
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shown to have an anti-inflammatory effect in human alveolar epithelial cells by inhibiting

the H-03- and TNFa- mediated activation of NFx[3 (Rahman et ¢/, 2003),

Since part of the immune response to M. fuberculosis inlection involves the generation ol

reactive oxygen and nitrogen species, the production of ESH by mycobacteria may be

indicative of its protective role against oxidative stress. The inhibition of ESH production

may therefore be a novel drug target, by limiting the bacilli’s ability te survive in this

hostile environment.

1.4.2.5 Biosynthesis of Ergothioneine
The biosynthesis of ESH has been
studied in Newrospora crassa and
Claviceps purpurea due to the high
levels present n these organisms,
showed that imact

Initial  work

histidine  was incorporated  into
ergothioneine, while thiolhistidine
does serve as a precursor for ESH
(Melville et al, Hleath &

Wildy 1957). Synthesis of ESH

1957,
involves the  trimethylation of
histidine (Melville er @/ 1959) and
the formation of hercynine as an
intermediate {Askari and Melville,
1962). Cell-tree extracts from N
crassa were able to catalvse the
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methy!l donor S-adenosylmethionine (Reinhold er af., 1970), and Ishikawa and Melville

(1970) showed that the trimethylation of histidine is catalysed by a singie enzyme in

N crassa,
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The sulfhydryl group of ESH in N. crassa is provided by cysteine (Melville et al., 1957)
and this reaction involves the formation of an intermediate compound S-(B-amino-f3-
carboxyethyl) ergothioneine sulphoxide (Ishikawa et al., 1974). This is distinct from the
transsulfuration pathway in methionine and cysteine metabolism, which proceeds via
cystathionine (Banerjee et al., 2003). S-(B-amino-p-carboxyethyl) ergothioneine sulphoxide
is converted to ergothioneine and pyruvate by a pyridoxal phosphate-dependant enzyme

(Ishikawa et al., 1974).

The use of radiolabelled precursors of ESH indicated that a similar biosynthetic pathway
exists in mycobacteria (Genghof and van Damme, 1964). In actively growing cultures of
M. smegmatis, ergothioneine synthesis was limited by the amount of sulfur present, while
hercynine accumulated in sulfur-limiting cultures. Experiments using resting M. smegmatis
cell cultures showed that cysteine is a good sulfur donor in ergothioneine synthesis, and
that other compounds which could easily be converted into cysteine could also be utilized
(Genghof and van Damme, 1968). The addition of L-histidine to the media was found to
increase hercynine synthesis. Ergothioneine and Hercynine were both detected in the buffer
fluid in which resting preparations of M. smegmatis were incubated, which may indicate

that these compounds are being exported from the cells (Genghof and van Damme, 1968).

Despite the fact that the biosynthetic pathway of ergothioneine was elucidated in
mycobacteria in the 1960s (Figure 1.3) and that the complete genome of M. tuberculosis
H37Rv was sequenced in 1998 (Cole er al, 1998), the genes involved have never been
identified. The bottleneck in validating ergothioneine biosynthetic enzymes as potential
drug targets is therefore in the identification of the genes. Performing an annotation
keyword search of the M. tuberculosis H3;;Rv genome using the TIGR database

b 14

(http://cmr.tigr.org/ ) reveals no matches to the terms “sulphoxide”, “sulphoxide synthase”

or “sulphoxide lyase”. A search for the terms “methyltransferase” and “methylase”
provides a total of 70 matches, 8 of which are putative or probable. The available
annotations for the M. tuberculosis H3;Rv genome therefore provides no indication of the

genes involved in ergothioneine biosynthesis.
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In the case of mycothiol, the first biosynthetic enzyme was identified by the generation of
chemical mutants, which were screened for reduced mycothiol production using
immunoblotting (Newton et al., 1999). The resultant Isoniazid-resistant phenotype of
mycothiol-deficient mutants subsequently facilitated the screening for other mutants. Given
that no simple technique exists for the detection of ergothioneine-deficient mutants, this is
not a feasible approach. The identification of these genes therefore requires the purification
of their respective enzymes. The approach taken by this study was to purify the first
enzyme in the biosynthesis of ergothioneine, which is an S-adenosyl-L-methionine

dependent methyltransferase.
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PART A:

The Attempted Isolation of a-N,N,N-Histidine Methyltransferase,
the First Enzyme in Ergothioneine Biosynthesis.



CHAPTER 2: INTRODUCTION

The identification of the gene of a therapeutically important enzyme facilitates the
investigation of its expression and regulation, kinetic properties and cellular function.
Sequence information may provide structural information about the protein, which in turn
would facilitate the synthesis of inhibitors. The identification of the genes of the
ergothioneine biosynthetic enzymes is therefore a critical step in validating them as a potential
drug targets. The approach of this study was to purify the o-N,N, N-histidine
methyltransferase, which is the first enzyme in ergothioneine biosynthesis. Since the
methylation reaction catalyzed by this enzyme utilizes S-adenosyl-L-methionine as the methyl

donor, it is classified as an S-adenosyl-L-methionine dependant methyltransferase.

2.1. S-Adenosyl-L-methionine Dependent Methyltranferases

Methyltransferases (MTases) are enzymes which catalyze the transfer of a methyl group from
a cofactor to the nitrogen, oxygen, sulfur or carbon atom of a substrate molecule. S-adenosyl-
L-methionine (SAM) is the most commonly used methyl donor utilized by MTases. These
SAM-dependent methyltransferases (MTases) can be divided into four major substrate
classes, namely DNA, RNA, proteins and small molecules. Three structurally defined classes
of SAM-dependent MTases have been identified.

2.1.1.Class 1

Class I MTases, which is the major class, share a common core structure referred to as an
“SAM-dependent MTase fold”. This core structure contains a mixed seven-stranded f3-sheet,
in which strand seven is anti-parallel to the other six strands. In most cases, strand 7 is
inserted into the sheet between strands 5 and 6 (63 7T 54 44 11 24 3!), which may have
functional significance. Generally, strands 1-3 interact with SAM, while strands 4-7 bind the
substrates methylated by these enzymes (Cheng & Roberts 2001).

The highly conserved structure of Class I MTases is not reflective of a high degree of
sequence similarity among the structurally characterized enzymes. Sequence similarities
between methyltransferases were first identified in enzymes which modify DNA (Posfai et al.
1989). Analysis of cytosine-specific DNA methyltransferases from 11 prokaryotes and one
eukaryote revealed highly conserved “core” sequences and “variable” regions (Lauster et al.
1989).
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A

Figure 2.1: Examptes of small molecule Class 1 MTases showing the SAM-dependent MTase fold.
A: Glycine  N-methyvltransferase, B: Phenylethanolamine N-methyltransferase  complexed with
S-adenosylhomogcysteine,



Subsequent sequence comparison of DNA. RNA, protein and small molecule
methyltransferases revealed sequence similanties in three short sequences, designated regions
L. 1T and 11 (Ingrosso et al. 1989, Wu ef al. 1992). Regions Il and [I1 are present in most non-
DNA MTases (Kagan & Clarke 1994). The similar position of these sequences in a diverse
group of MTases, along with their presence in other enzyvmes which bind SAM or S-
adenosylhomocysteine. suggested a role in SAM binding (Ingrosso er al. 1989). Structurally
guided sequence alignments revealed that motifs 1 and 1 are involved in cofactor binding,
while motit [11 plays a structural role. The analysis also revealed that the residues that interact
with the cofactor are located in four motifs, [-IV (Velkov & Lawen 2003).

Motif | is characterized by a glycine rich stretch with the consensus sequence of GXGXG in
non-nucleic acid MTases (Kagan & Clarke 1994). The conserved glycine residues in this
region form hydrogen bonds with the carboxyl and amino groups of SAM. A high degree of
heterogeneity exists in Motif II. which is characterized by an acidic residue followed by a
hydrophobic or aliphatic residue. The conserved acidic residue forms hydrogen bonds with
the hydroxyls of the adenine ribose in most structurally characterized SAM-dependent
MTases. while the hvdrophobic residue stabilizes the adenine ring by van der Waals packing
(Velkov & Lawen 2003). [In Motif I the central glycine residues are highly conserved
(Kagan & Clarke 1994) and are involved in hydrogen bonding with the adenine ring of SAM.
L'he consensus sequences have been expanded with time through manual inspection of known

MTases, and designated Motif 1, Post 1, Motif Il and Motit Tl (Katz er. al. 2003).
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Motif 111

Figure 2.2: Graphical representation of the consensus sequence for each motif determined from
18 experimentally characterized yeast methyltransferases. The size ol the letter is relative to the
frequency at which it occurred at a particular position. (From Katz ef af. 2003)

Motif 11
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2.1.2. Class 11
Class 1 SAM-dependent

MTases are characterized
by the SET (Su (var).
Enhancer of 7esie,
Trithorax) domain proteins.
The SET domain is rich in
[}-conformation consisting

of several small sheets.

which contain a few short

strands.  The  structurally Figure 2.3: The SET domain protein DIM-5 from Newrospora.
The most highly conserved region is indicated in red.

conscrved core of the SET

domain is made up of two discontinuous parts of the primary sequence. which are separated
by a highly variable region. In the threc structurally characierized SET domain proteins. the
C-terminal region of the SET domain passed under a ioop formed by the preceding sequence
(Figure 2.5). These two regions have the most highly conserved sequence motifs in the SET
domain protein tamily, and sitc directcd mutagenesis revealed their importance i binding and

catalysis (Yeates 2002)

2.1.3. Class 11

Stel4p from Saccharomyces cerevisiae was the first member identified in the
isoprenyleysteine  carboxyl methyliransferase (ICTM) family., which characterizes the
Class Il MTases. Topological analysis revealed that Steldp contains six membrane spans,
Mutation studies of Steldp identified six amino acid residues important for activity, five of
which are conserved in other ICMT homelogues. Sequence alignments and database searches
revealed homology between members of the ICMT family in the C-terminal region. A
consensus sequence (RHPXY-hyd-EE), which consists of two regions of homology flanking a
hydrophobic streich (hyd) of amino acids. was identified in this region. This scquence was
also identitied in two yeast phospholipid methyltransferases. ergosterol biosynthesis enzymes
and a series of bacterial open reading frames of unknown function (Romano & Michaelis

2001).
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2.2. The Challenge of the “Post-genomic™ Era

The generation complete genome sequences for numerous organisms has forever changed the
face of the biological sciences. The challenge now facing scientists in the “post-genomic™ era
is the analysis of genome-data to assign functions to genes and proteins and ultimately to
understand the organism as a whole. Although the availahle genomic data has ot facilitated
the identification of the ergothioncine biosynthetic enzymes. the best approach to identily
these enzymes would bhe one which incorporates sequence. structural and experimental data.
In order to correctly interpret genomic data, an understanding of how it was generated and the

errors associated with it is required.
2.2.1. Genome Annotation

Genome annotation has hecome an automated process which consists of a number of steps.
The first step involves the prediction of proteins or functional RNA products trom the genome
sequence. This process is considerably more cemplicated for eukarvotic organisms due to the

low coding density and the presence of introns (Bork et al., 1998).

The identified genes are then compared to
existing annotated databases to identifv
similar sequences. [f similar sequences are
found, their annotation is transterred to the

new sequence. This process is called

homology-based transter. and although it is a
powerful methed it has limitations. Of the
known protein sequences, only 15 % have
annotations which have been functionally

characterized experimentatly (Ofran el af.,

2003). Of the remaining 85 % of proteins,

Figure 2.4: Distribution of known sequences. 33% have close homologues in the
Only 15% of known sequences have been L -
characterized experimentally. Of the remaining annotated  group. while 37 % have only

sequences, approximately 25 % have no known
homologues in this group (Medified trom Ofran er
al 2003).

distant homologues. The remaining ~25 % of

proteins have no known homologues, and

therefore annotation has to be done by other
methods (Figure 2.4). When proteins do not share overall sequence homology. the presence of
functionally significant residues can be used in predicting function. Several databases exist to

detect such motifs or patterns, including PROSITE and PFAM. The PROSITE database



contains manually selected motifs which have been generated from multiple sequence
alignments of homologous proteins (Sigrist ef. al., 2002). These motifs are described as either
patterns or profiles and can be used to identify domains and new members of a protein family.
PFAM is a manually curated database which contains protein families which were generated
by multiple sequence alignments and translated mto hidden Markov models (Bateman et al.,
2002). Although PFAM is not as well annotated as PROSITE. cach entry is linked to other
databases and literature resources. The annotation process can also add information such as
chemical and structural properties, which are determined directly from the predicted gene or

derived from similarity searches with other genes (Stothard & Wishart, 2006).

The final step of the annotation process is to organze the information in a meaningful and
accessible way. The degree to which genome annotation is automated varies between systems
(Stothard & Wishart, 2006). In some cases the process is completely automated {BASys:
hitp. ‘wishart.biology.ualbertacabasys’ ), while in other systems human curators deal with
problematic cases (HAMAP: hup: cacxpasy ore/sprothamap) or do manual revisions to the

automatic annotations (PUMAZ: hitp: ‘compbio.mes.anl gov puma?/ ).

Although widely used. annotation of genes by homology-based transfer can be problematic
for two reasons. (i) The annotation in the database may be mcomplete or incorrect. Devos &
Valencia (2001) predict that as many as one third of specific annotations, such as those
predicting enzymatic function, could be wrong. These errors are then perpetuated in
subsequent annotations. (ii) The relationship between sequence and function is not always
clear-cut. Although similar sequences generally produce similar structures (Clothia & Lesk.
1986), this does not necessarily translate to function (Reviewed in Ponting, 2001; Whisstock
& Lesk. 2003). Conversely, similar structures can be generated from sequences which have
no similarity, as is the case in proteins which torm TIM barrels (Nagano et af, 2002). It has
also been found that many biochemical reactions can be catalysced by enzymes which have no

sequence and/or structural similarities (Galperin ef. al., 1998).

When homology-based transter is not possible due to the absence of an experimentally
annotated homologue, de nove prediction of functional features is required. This includes the
prediction of sub-cellular localisation, posi-translational modifications, protein-protein
interactions and the identification of possible ligand binding sites or functional residues
(Reviewed in Ofran er. al., 2003). Although these methods are associated with a high degree
of error. they are sufficiently accurate to guide future experimental work. The availability of

several complete genome sequences can provide additional information for clucidating



protein function (Reviewed in Bork et. al, 1998). For example the local context of a gene
may indicate its connection to a specific pathway, as is often the case with genes in a bacterial

operon.

The challenge of correctly annotating the numerous genome sequences available and
continuously being generated remains a daunting task. However, improvements to annotation
methods, the availability of more complete databases and increasing experimental knowledge

will lead to better annotations as time progresses.

2.2.2. Identification of Putative MTases using Sequence and Structural Information
Although methyltransferases share very low overall sequence homology, the conserved motifs
present in the Class I MTases have been used to identify putative MTases. These motifs were
first used to scan an entire genome for putative MTases in the organism S. cerevisiae in 1999.
This resulted in the identification of 33 candidate genes, seven of which were known
methyltransferases. Four of the identified genes were previously characterized to not be
associated with methylation and constitute false positives. Mutant studies on one of the
identified genes revealed that it catalyzes the methylation of arginine (Niewmierzycha &
Clarke 1999).

Katz et al. developed a semi-automated method for identifying putative methyltransferases
and ranking them according to the likelihood of this assignment being correct. This involved
the use of a training set of known MTases to generate log-odds matrices of amino acids and
their positions in the consensus motifs. The log-odds matrices are used to estimate the rate at
which each residue can change to each possible residue over time. This allows each residue in
the consensus motifs to be scored and different proteins to be ranked according to their overall
score. The matrices were then used to scan the genome of S. cerevisiae and the candidates
were then evaluated as either being a known MTase, a putative MTase or a false positive.
Candidate MTases were identified in yeast and other organisms and results suggested that this
methodology was an improvement on those previously used.

The high degree of structural conservation in the MTase fold in Class I MTases has also been
used in the identification MTases. The identification of a MTase fold in the crystal structure
of the fibrillarin homologue in Micricoccus jannaschii revealed its function in rRNA
methylation (Wang er. al. 2000). The MTase fold has also been identified in other structurally
characterized proteins (Cheng & Roberts 2001). Although sequence and structural homology
provide clues about the function of unidentified genes, the risk of incorrect assignment still

exists. Furthermore, the determination of the methyl accepting substrates and the elucidation
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of their role in metabolism require biochemical studies. Hence the identification and

characterization of methyltransferases requires a multidisciplinary approach.

2.3. Aims:

The fungi, Newurospora crassa (N. crassa), was selected as a source for the
o-N, N, N-histidine methyltransferase enzyme for two reasons. Firstly, Ishikawa & Melville
(1970) had reported a purification strategy for the purification of a-N, N, N-histidine
methyltransferase from N. crassa. Secondly, preliminary work revealed that the activity of the
enzyme was much lower in crude extracts from M. smegmatis than the fungi N. crassa. The
aim was therefore to purify and identify the enzyme in N. crassa, which would facilitate the

identification of the equivalent enzyme in mycobacteria.
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CHAPTER 3: MATERIALS & METHODS

3.1. Materials

Chemical/Reagent:
NH4Cl1

NH;,OH

NH4HCO;

NH4NO;3

NH,4 tartrate

H3;BO3

CaCl,

CoSOy4

F eCl3

NiSO4

NaCl

NaH,PO4

NazHPO4
CH3;COONa
NaHCO3

Na28203

NaOH

KH,PO4

K,;HPO4

MnCl.4H,0O
MgS0,4.7H,0O
Na2M004.2H20
AgNO3

ZnSO4
2-mercaptoethanol
Acetic acid
Acrylamide
s-adenosylmethioneine
s-adenosylhomocysteine
Ammonium persulphate
Ammonium sulphate
Bacto Agar
Bis-acrylamide
Protein assay reagent
Biotin

Bovine serum abumin
Casein hydrolysed
CHAPS

Coomasie Briliant Blue R250

Dimethylhistidine
DTT

1-ethyl-3-(3-dimethylaminopropyl)-carbodiamide

Ethanolamine

Supplier: (see Appendix C for details)

Merck
Riedel-de Haén
Saarchem
Riedel-de Haén
Sigma
Merck
BDH
BDH
BDH
Sigma
Fluka
BDH
BDH
Merck
BDH
Fluka
Fluka
Merck
Fluka
BDH
Merck
BDH
Merck
BDH
Merck
Merck
Sigma
Fluka
Fluka
Merk
Riedel-de Haén
Oxoid
Fluka
BioRAD
Sigma
Roche
Merck
Sigma
Merck
Pharmatech International
Fermentas
Fluka
BDH
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Formaldehyde

Formic acid

Glycerol

glycine

HCI

HEPES

Imidazole

Insulin

Iodoacetamide

Malt extract

MES
N-hydroxysuccinimide
PMSF

Proteomics grade trypsin
Ready Flow III Scintillation fluid
Sucrose

SDS

TEMED

Tris

TPCK

TLCK

Urea

Yeast extract

Dialysis tubing
Glass beads (0.4-0.6mm)

Solvents:

Acetone

Ethanol

Methanol

Acetonitrile (HPLC grade)
TFA (HPLC grade)

Chromatography Resins:
w-aminopentyl agarose
activated CH-sepharose 4B
CM-Sephadex

DEAE Cellulose DE-52
Dye ligand Kit
Hydroxyappatite
Iminodiacetic acid agarose
Strata Screen-C Cartridge
Strata scx Cartridge

Oasis mex Cartridge

BDH

Riedel-de Haén

Sigma
BDH
BDH
Fluka
Fluka
Sigma
Sigma
Merck

Research Organics Inc.

Fluka

Boeringer Ingelheim

Sigma

Beckman Coulter

Fluka
BDH
BDH
Merck
Sigma
Sigma
BDH
Fluka

Sigma
Biospec

KIMIX
Sigma
Fluka
Sigma
Sigma

Sigma
Sigma
Whatman
Whatman
Sigma
BioRAD
Sigma
Phenomenex
Phenomenex
Waters
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HPLC columns:

Luna 5p Cy5 (200 x 4.6 mm) Phenomenex
PolyHYDROXYETHYL aspartamide The Nest Group
(200 x 4.6 mm, Sum)

Vydac 301VHP575 Vydac
Radio-chemicals:

S-[methyl- *H]-Adenosyl-L-methionine, Perkin Elmer
3.2. Methods

3.2.1. Enzyme Assay with S-[methyl- 3H]-Adenosyl-L-methionine

The assays were performed as previously described (Reinhold et al., 1970, Ishikawa and
Melville, 1970), with modifications. The enzyme assay was modified by replacing
histidine with dimethylhistidine, and utilising S-[methyl- *H}-adenosyl-L-methionine to
monitor the reaction. The reaction mixtures contained 5 nmoles of dimethylhistidine, 12
nmoles of S-adenosylmethionine, 0.08uCi of S-[methyl- 3 H]-adenosyl-L-methionine,
50ul of enzyme solution, 50umoles of NH4Cl buffer, pH8.5 and water made up to a
final volume of 100ul. The assay was initiated by the addition of the enzyme solution
and incubated at 25°C for 30 or 60min. For control reactions, dimethylhistidine was
omitted. Enzyme assays were stopped by adding 10pl of 1M HCl and stored at 4°C prior
to analysis either by HPLC or mini-columns.

3.2.2. HPLC Analysis

Three volumes of acetonitrile were added to the acidified assay mixtures and the
precipitated protein removed by centrifugation at 16 100g for 1min. The components of
the enzyme assays were separated using a Polyhydroxyethyl Aspartamide column
(200x4.6mm, 5um, 100A) under HILIC conditions. After injection of 100ul of the
sample, the initial conditions of 60% (CH3CN), 40% B (5SmM ammonium formate, pH
3.0) were maintained for 5 min. The column was then eluted with a linear gradient to
60%B over 25min, maintained at 60%B for 5 min and then returned to initial conditions
in 5 min. The flow-rate was Iml.min” and the radioactivity was detected using a p-ram
flow-thru scintillation counter (Insus Systems Inc.) with the counting window set
between 0 and 18.6 keV. A standard curve was constructed which related the
radioactivity peak area to the total product present (Appendix A).

3.2.3. Mini-column Analysis

Oasis MCX cartridges were conditioned with 2ml of Methanol and equilibrated with
2ml of 0.1M HCI. The acidified assay mixtures were centrifuged at 16 100g for 1min to
remove precipitated protein. Thirty microlitres of the sample was applied to the
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equilibrated column and washed with 3ml of 0.1M HCI. The product was eluted with
5ml of 20mM imidazole-acetate buffer (pH 6.05) and 1ml fractions were collected.
Three millilitres of scintillation fluid to each fraction and was counted using a liquid
scintillation counter (Packard) with the counting window set between 0 and 18.6 keV.
The column was then washed with 3ml of 10% NH4OH in Methanol to remove the
SAM. A standard curve was constructed which related the cpm of the fractions to the
total product present (Appendix A).

3.2.4. Growth of Neurospora crassa

N. crassa was maintained as spore suspensions in 20% sterile glycerol stored at -80°C.
The spore suspensions were used to inoculate complete medium agar plates which were
incubated at 28°C in the dark. After three days, the plates were flooded with sterile
growth medium and the spores scraped to form a spore suspension. One millilitre of the
spore suspension was used to inoculate 200ml of Fries liquid medium (Appendix A),
which was incubated at 28°C with shaking (150rpm) for 48hrs. Mycelial pellets were
harvested by filtration, washed with cold water and stored at -80°C.

3.2.5. Preparation of Ammonium Sulphate Fraction from N. crassa

The required amount of frozen mycelia was ground in a blender and divided into 80g
portions. Each portion was placed in a bead-beater (Biospec products, Inc.) chamber
half-filled with cold glass beads (0.5mm). The chamber was then filled with
approximately 200ml of 50mM Tris-Cl buffer (pH 8.5) containing 35uM of TPCK and
TLCK, 0.5mM PMSF and 1mM DTT and placed in the ice-bath jacket. The mycelia
were disrupted for three one minute intervals, separated by a minute to allow cooling of
the chamber. The disruption of 20g or less of mycelium was done manually using a
pestle and mortar in the presence of glass beads and a minimum volume of buffer. The
resulting enzyme extracts were clarified at 60 000g for 30min. The clarified supernatant
was adjusted to 60% saturation with solid ammonium sulphate and kept at 4°C for
30min. The extract was centrifuged at 27 216g for 10min and the precipitate re-
suspended and dialysed against the appropriate buffer to remove residual ammonium
sulphate. All dialysis and subsequent purification steps were performed at 4°C unless

otherwise stated.

3.2.6. Small-scale Purification of Histidine Methyltransferase using Ion Exchange
Chromatography

An ammonium sulphate fraction was prepared as previously described from

approximately 100g of mycelium, and dialysed against 0.1M NH4Cl buffer, pHS.5,

ImM DTT overnight. After dialysis the extract was loaded onto a DEAE cellulose

DES2 ion exchange column, which had been equilibrated with 0.1M NH4Cl buffer,
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pHS8.5, ImM DTT. Unbound protein was removed by washing and the enzyme was
eluted with a linear NaCl gradient from 0 to 0.25M in a volume of 400ml. The fractions
were assayed as previously described and those containing activity were pooled and
precipitated by addition of ammonium sulphate to a saturation of 80%. The precipitated
protein was re-suspended in 2ml of 0.1M NH4Cl buffer, pH8.5, ImM DTT and dialysed
overnight against the same buffer. After dialysis, 100ul of the extract was loaded onto a
Vydac 301VHPS575 column which had been equilibrated with 0.1M NH4Cl buffer,
pH8.5. The enzyme was eluted with a linear gradient of 0-0.25M NaCl over 30min, at a
flow rate of 1ml.min”. One millilitre fractions were collected, and DTT and glycerol
were added to a final concentration of ImM and 10% respectively. HPLC was
performed at room temperature and fractions were placed on ice after collection.

Fractions were assayed for enzyme activity as previously described.

3.2.7. Size Exclusion Chromatography

The size exclusion resins Sephacryl S200, S300 and S400 were investigated for their
ability to separate the standards Blue Dextran (2 000 000 Da) and Acyl CoA
dehydrogenase (172 000 Da). Column lengths of between 25 cm and 50 cm were
investigated and the standards were applied in less than 3% of the column volume. The
standards were detected in the eluting fractions by determining their absorbance spectra
using an Ocean Optics diode array spectrophotometer.

3.2.8. Cation Exchange Chromatography

Approximately 80g of mycelium was used to prepare an ammonium sulphate fraction as
previously described. The fraction was dialysed overnight against SmM sodium
phosphate buffer, ImM DTT, pH 6.4 and loaded onto a CM-Sephadex column (21cm,
1.5cm) equilibrated with the same buffer. The column was washed with 80ml of 10mM
Tris-Cl pH7.5 and then eluted with a linear gradient from 5 to 50mM sodium phosphate
in a volume of 200ml. Fractions containing protein as determined by their absorbance at

280nm were assayed for activity.

3.2.9. pH Precipitation

An ammonium sulphate fraction containing approximately 100mg of protein was
dialysed overnight against 100mM NH4Cl, ImM DTT, pH8.5. The pH of the extract
was reduced to 6.0 with acetic acid and then incubated at 4°C while stirring for 30min.
Insoluble material was removed by centrifugation at 30 000g for 10min. The pH of the
extract was then raised to 8.5 using NH4OH, and the change in protein concentration
and enzyme activity determined.
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3.2.10. Hydroxyapatite

The supernatant from the pH precipitation was dialysed overnight against 25mM
HEPES, ImM DTT, pH8.0 and applied to a hydroxyapatite column (14cm, 2.2cm)
which had been equilibrated with the same buffer. The column was washed with
approximately 200ml of 25mM HEPES, 1mM DTT, pH8.0. A linear gradient from
25mM HEPES pH 8.0 to 300mM potassium phosphate in 100mM HEPES pH7.0 over

400m] was used to elute the column.

3.2.11. Immobilised Metal Ion Affinity Chromatography (IMAC)

Iminodiacetic acid (IDA) agarose was prepared and loaded with either nickel, zinc or
cobalt ions. Excess ions were removed by washing the resin with water and
equilibrating with 5 volumes of 25mM HEPES pH 8.0, 0.5M NaCl. An ammonium
sulphate fraction which had been dialysed against 25mM HEPES pH 8.0, 0.5M NaCl
overnight was loaded onto the columns and unbound material eluted. Bound proteins
were then eluted with a linear gradient of 0-20mM Imidazole in 25mM HEPES pH 8.0,
0.5M NacCl in a volume of 200ml. Eluted fractions were assayed for methyltransferase

activity.

3.2.12. Small-scale Purification of Histidine Methyltransferase using Ion Exchange
Chromatography and IMAC
An ammonium sulphate fraction from 90g of mycelium was prepared as previously
described and loaded onto a DES2 ion exchange column (17.5cm, 2.5¢cm), which had
been equilibrated with 0.1M NH4Cl1 buffer, pH8.5, ImM DTT. The column was washed
with approximately 300ml of 0.1M NH4Cl buffer, pH8.5, ImM DTT to remove
unbound proteins. The enzyme was eluted with a linear gradient of 0 to 0.25M NaCl in
a volume of 400ml at a flow rate of Iml.min"’. The fractions were assayed as previously
described and those containing activity were pooled and concentrated by ultrafiltration.
The concentrated sample was dialysed overnight against Buffer B (50mM HEPES,
0.5M NaCl, 1mM imidazole, pH 8.0). The dialysed extract was applied to an IDA-
agarose column (9.5cm, 1.5cm) loaded with zinc ions and equilibrated with buffer B.
The column was washed with approximately 120ml of buffer B and then eluted with a
linear gradient of 0-20mM imidazole in buffer B in a volume of 200ml at a flow-rate of
0.5ml.min”. Fractions containing methyltransferase activity were pooled and
precipitated with 80% ammonium sulphate. Precipitated protein was re-suspended in
1ml of 0.1M NH4CI buffer, pH8.5 and dialysed overnight against the same buffer. After
dialysis, the extract was loaded onto a Vydac 301VHP575 column which had been
equilibrated with 0.1M NH4CI buffer (pH8.5), 10% glycerol. The enzyme was eluted
with a linear gradient of 0-0.25M NaCl over 30min, at a flow rate of 1ml.min™. One
millilitre fractions were collected, and DTT was added to a final concentration of ImM.
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Fractions were assayed for enzyme activity as previously described. Trichloroacetic
acid precipitation (see appendix) was used to concentrate 600 pl of the samples for
SDS-PAGE analysis.

3.2.13. Chromatofocusing

The active fractions from a zinc IMAC column were concentrated by ultrafiltration
using a PM10 membrane and dialysed overnight against 25mM MOPS, pH 7.0. The
dialysed extract was applied to a Polyexchanger 94 column (23.5¢cm, 1cm), which had
been equilibrated with 25mM MOPS pH 7.0. The column was eluted with Polybuffer 74
which had been diluted 1 in 9 and adjusted to pH 4. The fractions eluting from the
column were adjusted to a pH between 8 and 9 with NH4OH and DTT was added to a
final concentration of ImM.

3.2.14. Dimethylhistidine Affinity Chromatography

Dimethylhistidine (DMH) was coupled to w-aminopentyl agarose in the presence of 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiamide (EDC) and N-Hydroxysuccinimide
(NHS) (Sehgal & Vijay 1994). Approximately Sml of ®-aminopentyl agarose was
washed with water and 25mM MES pH6.55. A six-fold excess of DMH was dissolved
in the MES buffer containing 1mole EDC and 15moles NHS and mixed with the resin
in a final volume of 10ml. The mixture was incubated at room temperature for 16hrs
with gentle agitation. Uncoupled DMH was removed by washing the resin with three
cycles of 0.1M sodium acetate, 0.5M NaCl pH4 and 0.1M Tris-Cl, 0.5M NaCl, pH 8.0.
Samples of the reaction were taken at the start and end of the incubation to determine
the efficiency of coupling.

Analysis of coupling efficiency was performed by HPLC using a
polyHYDROXYETHYL Aspartimide column (200x4.6mm, Sum, 100A). An aliquot of
the coupling reaction was centrifuged and 50ul of the supernatant was injected. The
initial conditions of 60% A (CH3;CN) 40% B (5mM ammonium formate pH 3.6) were
maintained for 10min. The column was then eluted with a linear gradient to 40% A over
20min, maintained at 40% for 5min and then returned to 60% A in Smin. DMH was
monitored at 220nm and the change in the peak area was used to determine the coupling
efficiency

An ammonium sulphate fraction containing 9.5mg of protein was prepared as
previously described and dialysed against 50mM NH;Cl, 1mM DTT, pH 8.5 (buffer A)
overnight. The prepared resin was re-suspended, packed and equilibrated with 50mM
NH4Cl, ImM DTT, pH 8.5. and the extract applied. The column was washed with
buffer A to remove unbound material and eluted stepwise with 100mM, 500mM NaCl
and 50mM histidine, 500mM NacCl in buffer A.
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3.2.15. S-Adenosylhomocysteine Affinity Chromatography

3.2.15.1. Coupling at a-amino

S-Adenosylhomocysteine was coupled to activated CH-Sepharose 4B according to the
manufacture’s instructions. Approximately 1ml of resin was re-suspended and washed
with 100ml of 1mM HCI on a sintered glass filter. The resin was then washed with
water and re-suspended in 0.1M NaHCO; pH 9.0. A five-fold excess of ligand was
dissolved in 200 pl of 1mM HCI and then mixed with the resin in a final volume of 2ml.
The reaction was allowed to proceed at room temperature overnight with gentle
agitation. Samples of the supernatant of the coupling reaction were taken at the start and
end of the reaction to determine the coupling efficiency. Excess ligand was removed by
washing with 5 volumes of coupling buffer. The resin was incubated with 1M
ethanolamine pH8.0 for lhr to block any unreacted groups. The coupled resin was
washed with three cycles of 0.1M sodium acetate, 0.5M NaCl pH4 and 0.1M Tris-Cl,
0.5M NaCl, pH 8.0.

Analysis of coupling efficiency was performed by HPLC using a Luna 5p C;3 column
(250x4.6mm). The coupling reaction samples were diluted 10 fold and ten microlitres
injected. The initial conditions of 95% A (CH3CN) 5% B (0.1% TFA) were maintained
for Smin. The column was then eluted with a linear gradient to 10% A over 30min,
maintained at 10%A for 5min and then returned to 95% A in Smin. S-
Adenosylhomocysteine was monitored at 260nm and the change in the peak area was
used to determine the coupling efficiency.

An ammonium sulphate fraction was prepared as previously described and dialysed
against 100mM phosphate buffer pH 8.0 (buffer C) overnight. The prepared resin was
equilibrated with buffer C and approximately 12mg of protein loaded. The column was
washed with buffer C to remove unbound material and eluted stepwise with 100mM,
500mM NaCl in buffer C.

3.2.15.2. Coupling at N¢ position

The coupling of S-adenosylhomocysteine to activated CH-Sepharose 4B was modified
by using 50mM sodium phosphate buffer pH 6.0 as the coupling buffer. Analysis of
coupling efficiency was performed as described above. An ammonium sulphate fraction
containing approximately 10mg of protein was prepared as previously described and
dialysed against SOmM NH4Cl, ImM DTT, pH 8.5 (buffer A) overnight. The prepared
resin was equilibrated with 50mM NH4Cl, 1mM DTT, pH 8.5 and the extract applied.
The column was washed with buffer A to remove unbound material and eluted stepwise
with 100mM, 500mM NaCl in buffer A containing 10% glycerol.
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3.2.16. Dye-ligand Chromatography

The following pre-packed 3ml dye-ligand columns (Sigma) were investigated: Yellow
3, Blue 4, Green 19, Red 120, Blue 72, Brown 10, Cibacron blue, Green 5, Yellow 86.
The columns were washed with half a column volume of 6M urea in 0.5M NaOH,
followed by several column volumes of 10mM NaCl to remove any leaked dye.
Columns were then equilibrated with 10mM Tris-Cl pH7.5. An ammonium sulphate
fraction from 80g of mycelium was prepared as previously described and dialysed
against 10mM Tris-Cl pH7.5 overnight. The dialysed extract was diluted to a total
volume of 20ml, of which 2ml was applied to each column. Unbound protein was
removed by washing with 10mM Tris-Cl pH7.5, and the columns were then eluted step-
wise with 10mM Tris-Cl, 0.5M NaCl pH8.5 and 10mM Tris-Cl, 1.0M NaCl pH8.5.
Eluted fractions with the highest absorbance at 280nm were assayed for activity.

3.2.17. Large-scale Purification of Histidine Methyltransferase

The N. crassa mycelium used for the large-scale purification was purchased from the
BioTechnology Institute at the University of Minnesota. Three hundred grams of frozen
mycelia was broken into pieces and ground in a blender. Eighty grams of ground
mycelia and approximately 200ml of S0mM Tris-Cl buffer (pH 8.5) containing 35uM of
TPCK and TLCK, 0.5mM PMSF, ImM DTT and 1mM EDTA, were placed in a bead-
beater chamber and disrupted as previously described. The resulting enzyme extract was
clarified at 30 000g for 20min. Streptomycin sulphate to a final concentration of 0.5%
w/v was added to the enzyme extract over a period of 30min. The precipitate was
removed by centrifugation at 27 216g for 10min. The clarified supernatant was then
adjusted to 60% saturation with solid Ammonium sulphate and kept at 4°C for 30min.
The extract was centrifuged at 27 216g for 10min and the precipitate re-suspended in a
minimum volume of 0.1M NH4Cl buffer, pH 8.5, ImM DTT.

3.2.17.1. DEAE Cellulose Chromatography

The extract was desalted by applying fifty millilitres at a time to a Sephadex G25
column (45cm, 2.2cm), which was eluted with 0.1M NH4CI buffer, pH 8.5, ImM DTT.
The active fractions from successive Sephadex columns were pooled and applied to a
DEAE cellulose column (15.5cm, 4.4cm) which had been equilibrated with 0.1M
NH4CI buffer, pH 8.5, ImM DTT. The column was eluted stepwise with 50, 150 and
500mM NaCl in 0.1M NH4CI buffer, pH 8.5 containing 1mM DTT. Protein from the
150mM elution step was precipitated by adding solid ammonium sulphate to a
saturation of 80%. The proteins were pelleted by centrifugation at 27 216g for 10min
and stored at 4 °C.

44



3.2.17.2. Zinc IMAC

The pellets from three successive DEAE columns were pooled, resuspended and
divided into four aliquots. Each aliquot was dialysed overnight against 50mM HEPES
pH8.0, 0.5M NaCl, ImM imidazole (Buffer B). The dialysed aliquot was clarified at
12 000g for 10min and then applied to an IDA-sepharose column (14.3cm, 2cm) loaded
with Zn** and equilibrated with Buffer B. The unbound protein was removed by
washing with Buffer B and the enzyme was then eluted with 20mM imidazole in buffer
B. The fractions eluted with 20mM imidazole from the four successive IDA-sepharose
columns were pooled. The protein was precipitated by adding solid ammonium
sulphate to a saturation of 80%. The precipitated protein was divided in half and
pelleted by centrifugation and stored at 4 °C.

3.2.17.3. Chromatofocusing

Half of the precipitated protein from the IDA-sepharose columns was resuspended in
25mM MOPS, pH 7.0 and dialysed overnight against the same buffer. The dialysed
extract was applied to a Polyexchanger 94 column (24cm, lcm), which had been
equilibrated with 25mM MOPS pH 7.0. The column was eluted with Polybuffer 74
which had been diluted 1 in 9 and adjusted to pH 4. The fractions eluting from the
column were adjusted to a pH between 8 and 9 with NH4OH and DTT was added to a
final concentration of ImM. The second half of the precipitated protein was processed

in the same way.

3.2.17.4. HPLC lon Exchange Chromatography

The active fractions from the Chromatofocusing column were pooled and concentrated
by ultrafiltration through a PMI10 membrane, to a volume below 10ml. The
concentrated sample was then dialysed against 10mM Tris-Cl pH 8.5 overnight. Six
millilitres of the dialysed sample was injected onto a Vydac 301 VHP575 column which
had been equilibrated with 10mM Tris-Cl, pH 8.5. Unbound protein was removed by
washing with 10mM Tris-Cl, pH 8.5 at a flow-rate of 0.5ml.min™. The column was
eluted with a linear gradient of 0-0.25M NaCl in 30min.
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3.3. General Methods:

3.3.1. SDS-Polyacrylamide Gel Electrophoresis of Proteins

SDS-polyacrylamide gel electrophoresis was performed on vertical slab gels (Laemmli,
1970). The resolving gel (approximately 11.5cm x 14cm x 0.016cm) consisted of 0.4M
Tris-Cl pH 8.8, SDS 0.1% (w/v), acrylamide 12% (w/v), bis-acrylamide 0.33% (w/v),
ammonium persulphate 0.03% (w/v) and TEMED 0.002% (v/v). This was overlaid with
a stacking gel consisting of 0.12M Tris-Cl pH 6.8, SDS 0.1% (w/v), acrylamide 4.36%
(w/v), bis-acrylamide 0.12% (w/v), ammonium persulphate 0.03% (w/v) and TEMED
0.002% (v/v). Protein samples were mixed with 1/10™ the volume of Sample Treatment
Buffer (0.125M Tris-Cl pH 6.8, 4.1% (w/v) SDS, 0.2% (v/v) glycerol, 0.1% (v/v) 2-
mercaptoethanol) and heated at 80°C for 5min before loading. A tank buffer consisting
of 25mM Tris-Cl, 0.1% SDS, 0.19M glycine was used and gels were electrophoresed at
30mA. The electrophoresis Calibration Kit from Pharmacia and the Fermentas protein
Molecular Weight Marker (Appendix B) were used to estimate protein size.

3.3.2. Native Polyacrylamide Gel Electrophoresis

Native PAGE was performed on vertical slab gels in the absence of SDS. The resolving
gel (approximately 11.5cm x 14cm x 0.016cm) consisted of 0.4M Tris-Cl pH 8.8,
acrylamide 6% (w/v), bis-acrylamide 0.33% (w/v) and riboflavin. This was overlaid
with a stacking gel consisting of 0.12M Tris-Cl pH 6.8, SDS 0.1% (w/v), acrylamide
4.36% (w/v), bis-acrylamide 0.12% (w/v) and riboflavin. Protein samples were mixed
with 1/10™ the volume of Sample Treatment Buffer (0.125M Tris-Cl pH 6.8, 0.2% (v/v)
glycerol, 0.1% (v/v) 2-mercaptoethanol) and heated at 80°C for Smin before loading. A
tank buffer consisting of 25mM Tris-Cl, 0.19M glycine was used and gels were
electrophoresed at 30mA. Gels were stained as described above.

3.3.3. Visualisation of Proteins Separated by PAGE

Gels were stained overnight in a solution of 0.45% methanol and 0.18% glacial acetic
acid, containing 0.25% Coomasie Brilliant Blue R250. Destaining was performed in a
solution containing 20% ethanol and 10% acetic acid. In cases where coomasie staining

was not sufficiently sensitive, silver staining was performed on the destained gel.
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Table 3.1: Silver Staining Protocol

Solution: Composition: Incubation time*:
Fixer soln. 50% methanol, 5% acetic acid ‘ 20min
Washing soln. 50% methanol 10min

Water 2hrs/overnight
Sensitizing 1mM Na,S,0; 1min

soln.

Water 2x1min

Silver solution | 0.1% AgNO; 20min @ 4°C
Water 2x1min
Developing 2% Na,CO3, 0.04% formalin 5-10min

soln.

Stop solution 5% acetic acid 3x1min

*All steps were performed on a shaker

3.3.4. In-gel Tryptic Digest for LC-MSMS

The protocol used was written by David Miyamoto and is based on the method from
Shevchenko et al.,, (1996). Bands were excized from coomasie or silver stained gels, cut
into pieces and placed in Eppendorf tubes. Heavily stained bands were destained by
vortexing the gel pieces three times (10min each) in 500ul of 6 mM potassium
ferricyanide. The gel pieces were then vortexed with 500ul of 100mM NH4HCO; for
10min, to remove residual potassium ferricyanide. After the removal of the NHsHCOj3,
the gel pieces were covered with acetonitrile and allowed to dehydrate at room
temperature for 10min. Excess acetonitrile was removed and the gel pieces were dried
using a Speed-vac for 10min. Gel pieces were rehydrated with 100mM NH4HCO3
containing 10mM DTT and incubated for 1hr at 56°C. After allowing the tubes to cool,
the NH4HCO; containing DTT was replaced with an equal volume of 100mM
NH4HCOj3 containing 55mM iodoacetamide. The tubes were incubated in the dark at
room temperature for 45min, with occasional vortexing. The iodoacetamide solution
was removed, replaced with an equal volume of 100mM NH4HCO; and incubated at
room temperature for 20min. Gel pieces were dehydrated by replacing the NH4HCO3;
solution with acetonitrile and incubating at room temperature for 10min. The NHsHCO;
wash and dehydration steps were repeated and the gel pieces then dried in a Speed-vac
for 10min.

A solution of proteomics grade trypsin (Sigma) was prepared according to the
manufacturer’s instructions and diluted with 50mM NH4HCO; to give a final
concentration of 10ng.ul”. The gel pieces were allowed to rehydrate in 100 pl of the
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digestion solution for 45min on ice. Excess digestion solution was removed and 100 ul
of 50mM NH4HCO; buffer added to each tubes. The digestion mixture was incubated at
37°C overnight and then centrifuged at 16 100g for 1min. The digestion supernatant was
removed and place in a PCR tube. One hundred microlitres of extraction solution
containing 5% Formic acid and 50% acetonitrile was added to the remaining gel pieces,
and incubated at room temperature for 20min. Gel pieces were centrifuged for 1min at
16 100g and the extraction supernatant removed and added to the digestion supernatant.
The extraction step was repeated three times and the pooled supernatants were
evaporated to dryness using a Speed-vac.

3.4. Bioinformatics Tools:

DNA alignments were performed using the multiple sequence alignment function in
DNAMAN v. 4.0 (Lynnon BioSoft). Cartoon structures were generated using PyMOL
(DeLano Scientific LCC) from PDB files obtained from www.rcsb.org/pdb/ .

3.4.1. MASCOT MS/MS Ion Search

The ion spectra files obtained for various samples were used to perform a MASCOT
MS/MS Ton Search (www.matrixscience.com). The search was performed on the NCBIr
database, with the taxonomy limited to fungi. The peptide tolerance and the MS/MS
tolerance were set to + 0.5 Da and + 0.6 Da respectively. One missed cleavage was

allowed and a peptide charge of 2" and 3" were selected.

3.4.2. PEAKS de novo and Database Search

PEAKS online was accessed at www.bioinformaticssolutions.com and used to perform

a de novo and database search. The search parameters were set the same as for the
MASCOT search.
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CHAPTER 4: RESULTS & DISCUSSION

4.1. Development of Methylation Assay

The development of a reliable and specific enzyme assay is essential for enzyme
purification. The assay developed for the @-N-methvlation of histidine, is based on
previous work done by Reinhold ef af.. (1970) and Ishikawa and Melville (1970), In the
study by Reinhold er af. (1970), histidine, mono-. di and trimethylhistidine were
separated by chromatography on Whatman paper, while [shikawa and Melvilie (1970)
used Amberlite IRA-410 ion exchange resin to separate hercynine from histidine.
mono- and dimethylhistidine. In the present study, the assay volume was reduced from
Iml 10 100 pl and HPLC was used to separate S-adenosylmethionine and hercynine. A
Polyhydroxyethyl Aspartamide column was investigated for ils ability to separate the
assay product from S-adenosylmethionine under HILIC conditions (Figure 4.1).
Hydrophilic interaction chromatography (HILIC) involves passing a mainly organic.
hydrophobic phase over a hydrophilic stationary phase. Solutes ¢lute in increasing order
of hydrophilicity as the organic percentage of the mobile phase is reduced. At a low pH
the stationary phase has a slight positive charge, which facilitates separation on the

basis of both hydrophobicity and charge.

120
100 A

a0 IH-labelled | 4
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Figure 4.1: Separation of 'H labelled assay components on Polyhvdroxyvethvl Aspartimide column
under HILIC conditions. Black trace shows the utilisation of histidine as a substrate, while bluc trace
shows utilisation of dimethylhistidine. Radivactivity was detected by means of a B-ram low-thru
counter {Insus Systems Tne.)

49




Under these conditions the [*H]-labelled methyl donor, S-adenosylmethionine clutes at
19 min, while the radiolabelled products clute at 14min. The product elutes in the same
position as the dimcthylhistidine and hercynine standards. which co-elute under these
conditions.  After 30min of incubation. the rate at which hercynine formed from
dimethylhistidine (blue) was shown to be faster than the product formation [rom
histidine (black). This is consistent with the findings of Ishikawa and Melville (1970).
All subsequent assays were performed utilising dimethylhistidine as a substrate.

While different scparation methods for the purification of the methyltransferase were
being investigated, the HPLC assay deseribed above was used, During the subseguent
large-scaie purification, a simpler and [ess time-consuming assay was required. This led
to the development of a mini-column assay which involved the use of pre-packed

cartridges.

4.2. Mini-column Assays

Two cation exchange cartridges. namely Strata-scx and Strata-Screen-c¢ and one mixed
mode cation/reverse phase exchanger namely the Oasis-mex cartridge, were cvaluated
for their ability to separate [’H] S-adenosylmethionine and [*C] Histidine. The columns
were conditioned according to the manufacturer’s instructions and cquilibrated with

0.1M HCIL. After applying the radiolabelled standards the columns were washed with

0.IM HCl until the radioactivity S
NH: InKa= 3.4)
returned  to  background levels. | N-w ey
; o '
Under these conditions. both SAM CH < ,[ »_J
b N N
and hercynine are positively Cst B, |
: 2 | 0.
R ' oH, L 0%
charped (see Figure 3.1) and bind | (ka=78 HN—CH ™ X_
| -
: . COOH
the cartridges. The columns were ipka=1g  HO OH
then eluted stepwise with 20mM (pKa = 1.8)
Ilistidine (acetic acid) pH 6.1, N{YCOOH
) . / Vi
which causes the hercynine 1o <N ,J N s
: ; H CH, CH
loose its charge and elute tfrom the (oKa=6.04) .

column. The imidazole in the !
buffer also competes with  the Figure 4.2: pKa values for ionisable groups of

hercynine for binding to the S-adenosvlmethionine and hercynine

cartnidges. Finally, the pH is raised further to clute the SAM from the cartridge using

10% NH4 in Methanol. The ability of the three columns to separate SAM and histidine
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is shown in Figure 4.3. The values were corrected for spill-over from "*C into the 11

window. The Oasis column was found to be most effective, although a small percentage

of SAM eluted with the hisudine. The reverse phase properties ol this cartridge could

explain the improved retention of SAM compared to the cation exchangers.
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Figure 4.3A: Scparation of
|'H] S-adenosylmethionine
(pink) and ["'C] Histidine (blue)
on i strata-sex™ column,

Figure 4.3B: Scparation of
['H] S-adenosy Imethionine
(pink) and ["'C] Histidine (blue)
on a strata-Sereen-¢™ column.

Figure 4.3C: Separation of
|"H] S-adenosyimethionine
{pnk) and "*C Histidine (blue)
on an Oasis-mex '™ column.



4.2.1. Evaluation of Oasis Mini-column Assay
In order to validate the oasis mini-column assay, the same reaction mixture was

separated using both HPLC and the mini-columns. A control reaction excluding the

substrate was also evaluated. The results are shown below.

Assay: Total Activity

HPLC 0.19 nmoles.min™
QOasis 0.18 nmoles.min™
Oasis control 0.12 nmoles.min!

Although the total activity determined using the HPLC and oasis assays were similar, a
high background was observed for the oasis control. When the control assay was
separated by HPLC, there was no radioactivity observed where the product was
expected. It is possible that SAM either degrades spontaneously or is modified by one
of the enzymes in the extract, resulting in a product which co-elutes with hercynine
from the oasis cartridge. If this breakdown or modification occurs when DMH is
present, one would expect the total activity in the assay to be higher. However, it cannot
be ruled out that the total activity observed in the oasis assay is due both to hercynine
and another product. Therefore, these assays were only employed as a screen for
activity and not a quantitative measure. Control assays were included for each sample

and subtracted from the assay to determine if activity was present.
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4.3. Small-scale Purification of Histidinre Methyltransferase using lon Exchange
Chromatography

The purification of «-N.N.N-mcthyltransferase from N. crassa by Ishikawa and Mclville

(1970) utilized ammonium sulphate fractionation, molecular exclusion chromatography

on Bio-Gel A-0.5m and ion exchange chromatography on DEAE cellulose and DEAE

sephadex. Similar methods were therefore investigated.

A dialysed ammonium sulphate fraction (0-60%) was loaded onto a DEAE cellulose
column. Since the enzyme could not be eluted from DEAL cellulose with 0.2 M NH,Cl
as previously reported. the method was modified to elute the enzyme with a NaCl
gradient. The gradient fractions are shown in Figure 4.4, which revealed a broad band of
activity spread over the gradient, Since no elution profiles were shown by Ishikawa and
Melville (1970). it is not clear if they encountered a similar phenomenon. They did
however indicate that when the DEAL ceilulose column was eluted with a 1 000 ml
gradient. the highest methyltransferase activity eluted between 730 and 900ml. This

volume suggests that spreading of the activity may have been observed.
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Figure 4.4: Llution profile of 0-0.25M NaCl gradient from DEAE-cellulose column,
Absorbance at 280nm shown in blue, activity shown in red.
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The spreading of activity may be due to the degradation of the enzyme by endogenous
proleases. since it has been reported that the &-N-I-lysine methyltransferase from N,
crassa is highly susceptible to degradation (Borum and Broquist. 1977). However,
PMSF. TPCK and T).CK were included in the [ysis buffer to prevent proteolysis. It is
also possible that more than one isozyme of the enzyme occurs, or that more than onc

nzyme is responsible for the methylation of histidine. Ishikawa and Mclville (1970)

2]

have shown that the relative substrate activities remain constant throughout the

purification, suggesting a single enzyme.

The second ion exchange column investigated was a Vydae 301VHPS75 HPLC
column, This column was chosen sinee it offers superior resolution of components
compared with the low pressure chromatography. The active fractions were pooled.
concentrated by ammonium  sulphate precipitation and dialysed overnight.
One-twentieth of the dialysed extract from the above DEAL column was loaded
onto a Vydac 301 VHP575 ion exchange column. The enzyme was eluted with a salt
gradient from 0 1o 0.25M NaCl and the activity of the gradient fractions are shown

in Figure 4.3.
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Figure 4.5: Elution profile of 0-0.25M NaCl gradient from Vydac HPLC column.
Relative Intensity at 280nm shown in blue and activity shown in red.
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Since Ishikawa & Melville (1970) used native PAGE as the criterion of purity. this
method was compared to SDS PAGE for the purification performed. Gradient fractions
cluted from the HLPC ion cxchange column showing maximal activity were
clectrophoresed on both native and SDS PAGE gcls (Figure 4.6).

The native PAGE gel afier these three steps revealed a single band corresponding to the
fractions with the highest activity. This is similar to the result obtained by the authors.
However. when the same fractions were separated by SDS PAGEL. several protein bunds
were visible. This suggests that the criterion of purity used by Ishikawa & Melville
(1970) was inadequate. and that thc methods used were insufficient to purify the

«-N, N, N-histidine methyltransferase.
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Figure 4.6: SDS PAGFE (left} and Native PAGE (right} electrophoresis of fractions from Vydac fon
exchange columin.




4.4. Investigation of Alternative Purification Methods
Since the purification methods previously reported failed to yield a pure enzyme, a

number of other methods were investigated.

4.4.1. Size Exclusion Chromatography

Ishikawa and Melville (1970) utilized Bio-Gel A-0.5m, which has an exclusion limit of
500 000, for size exclusion chromatography. However, since this resin is no longer
available, resins with similar fractionation ranges were investigated. Sephacryl S200,
S300 and S400, which have fractionation ranges of 5x10° — 2.5x10°, 1x10* — 1.5x10°
and 2x10* — 8x10° respectively, were evaluated on their ability to separate Blue Dextran
(2 000 000 Da) and acyl CoA dehydrogenase (172 000 Da). None of these resins were
able to separate these two standards. They were therefore not considered useful for the
purification of the methyltransferase, which has an apparent molecular weight of
between 270 000 and 300 000 Da (Ishikawa & Melville, 1970).

4.4.2. Cation Exchange Chromatography

Given that the enzyme binds to anion exchange resins, it was predicted that it would not
bind tightly to cation exchange resins such as CM-Sephadex. Cation exchange
chromatography was however investigated for its ability to bind contaminating proteins,
and thereby improve the purity of the enzyme. Although the resin did not retain the
enzyme as expected, it also did not significantly retain contaminating proteins and

therefore was not useful (data not shown).

4.4.3. pH Precipitation and Hydroxyapatite Chromatography

Ishikawa and Melville (1970) reported that the enzyme has a pl of between 4.9 and 5.0,
as determined by isoelectric focussing. This property was utilized by performing a pH
precipitation at pH 6.0 on an ammonium sulphate fraction. Although this method was
able to increase the specific activity from 1.22 to 1.93 x 107 pmoles.min™.mg™, it was
not significant enough to be useful. This result did demonstrate that the
methyltransferase was stable at low pH. The resulting fraction was then used to

investigate hydroxyapatite chromatography.

56



After dialysis against HEPES buffer. the resulting preparation was applied to a

hydroxyapatite column. Unbound protein was removed by washing with 200ml of

ITEPLES buffer. A gradient to 300mM potassium phosphate was then applied resulting in

most of the protein eluting in a single peak. which corresponded to the enzyme activity

(Figure 4.7). Again, this method did not prove useful as it was unable to separate the

enzyme activity from contaminating proteins.
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Figure 4.7: Elution profile from hydroxvapatile columm. Column was washed with approximately
200ml of 25mM HEPES buffer, ImM DTT, pH 8.0 and then eluted with a linear gradient to 300mM

KPiin 400ml Absorbance is shown in blue and activity in red.



4.4.4.

Metal lon Affinity Chromatography:

Three immobilized metals ions. nickel, zine and cobalt, were investigated for their

ability to bind the enzyme and remove contaminating proteins. Ammonium sulphate

tractions were dialysed against 25mM HEPES pH 8.0, 0.5M NaCl and applied to IDA

resin loaded with one of the three metals, F'nzyme assays of the low-through revealed

that cobalt was unable to bind the enzyme, while nickel and zine retained it. The nickel

and zinc columns were eluted with a linear gradient of (-25mM imidazole in 200 ml,

which caused the bound protein to elute as a single peak.
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The affinity of these ions for proteins decreases as follows: Ni** > Zn*™ > Co*". This
trend could clearly be seen. and zine was seleeted for future purification as it was able
to cffect a better scparation of the enzyme from contaminants than nickel. It has
previously  been shown that nickel. cobalt and zinc are able to inhibit the
a-N. N, N-histidine methyltransferase. with zine causing a decrease in activity by 74 %
(Ishikawa & Melville, 1970). These authors suggest that zin¢ interacts with the active
site of this enzyme. However., the results for IMAC with zinc do not show significantly
tighter binding of this enzyme when compared with other retained proteins, as they

elute in a single peak.

4.5. Small-scale Purification of a-N, N, N-Histidine Methyltransferase

Approximately 90g of frozen mycehium was used to prepare an ammonium sulphate
fraction and ion exchange chromatography on DEAE cellulose was performed as

previously described. The activity of the gradient fractions is shown in Figure 4.9.

& Abs., ™
06 - g o
] . ¥
'3 .
v %
o5 ' .
: | %
3 & .
Q
A |
L)
=

0.0 + ' : . o
Q t0n 2n0 a0 400

Volume (i)
Figure 4.9: Elution profile of 0-0.25M NaCl gradient from DEAE-cellulose column.
Absorbanee at 280nm shown in blue, activity shown in red,
The active fractions were pooled, concentrated by ultrafiltration and dialysed overnight
against Buffer B (50mM HEPES pH 8.0, 0.5M NaCl, ImM imidazole). The extract was
applied to an IDA agarose column loaded with zinc. A lincar gradient of 1-20mM
imidazole in buffer B was used to elute the enzyme (Figurce 4.10). Table 4.1 indicates

the purification obtained with these steps.
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Figure 4.10: Elution profile Zn™' IMAC of DEAT cellutose fraction, Absorbance shown in hlue and

activity in red.

Table 4.1: Purification Table for Histidine Methyltransferase from N crassa

" Purification  Total Protein  yopme Total Specific
Step (mg) {ml} Activity Activity
inmole.min'; (wmmlg eninn | g )
0-60% AmSO, 206 24 0.050 0.248X103 |
|
DEAE cellulose 18.8 418 0,012 0.648X103
Ultra-filtration |
(UM2) |
Zn?* IMAC 0,139 1.0 0.004 28.78X103

The combination of DEAE cellulose and Zinc IMAC chromatography resulted in almost
a 100-fold increase in specific activity after ammonium sulphate fractionation. The
fractions from the zinc IMAC coiumn with the highest activity were pooled.
concentrated and dialysed overnight against 0.1M NHCl pH 85, ImM DTT. lon
exchange chromatography was performed using a Vvdac 301VHPS75 column on this

fraction. The elution profile of the NaCl gradient is shown in Figure 4.11, with the

activity indicated in red.
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280nm is shown in blue and activity in red

The fractions exhibiting the highest activity were separated by SDS PAGE and

visualized by silver staining (Figure 4.12).
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Figure 4.12: SDS PAGE electrophoresis of most active fractions from Vydac ion exchange
chromatography.

61

NaCl concentration (M)



Since the prominent band at 66 kDa appeared to correspond to the activity it was
excized. digested with trypsin and submitted for LLC-MSMS analysis. The fragment ion

spectra obtained were analysed using MASCOT (www.matrixscience.com) MS/MS lon

Scarch program (Matrix Science. London). The protein was identified to be a probable

sulphate adenyltranslerase from N. crassa (Figure 4.13), which has a predicted mass of

64 421 Da

1 MEZNPPHEGGVI, KOLLARDLPR HAELFAEAET LPALLLSERQ LCDLELILNG
51 GFSPLEGIMN QEJYNOVVKE  NRLASGLLFS MPTTLDVSEE TISKELGLEAG
101 ARITLRDIRD DRENLALLTVD DVYKPDRALR AKEVEGODEER  HPAVEPLYRT
151 AKRYYVGGKL FRAVNKLOHYD FVLDLEYSPAR LRTHFDKLGW  SRVVAFQTRN
201 PMHRAHRFLT VRAARSHHEAN VLIHPVVGLT KPGDIDHFTR  VRVYKALLER
251 YPNGMAVLGL  LPLAMRMGGP REAIWHAIIR  KNAGATHETYV  GRDHAGDGEN
301 SKGVOFYGPY DAQYAVFKYR DELGIEVVPF OMMTYLPUOSD EYAPVDQIPK
351 GVRTLNLSGT FRLRABLRSGR EIPEWESYPE  VVEVLRESHP  PREQOGFTVI
401 FTGYPNEGKD QIARARLOVTL NQQGGRSVSL  FLGRNIRHE SEELGYNRED
451 RDKNIARIAF VASELTRSGA AVIARPIAPF EXARQNAREL VEKYGDEYLY
501 HVATPLFEYCF  KTDKRGIYAK ARAGEIENFT GVNDPYETPA KPDLVVDCEK
551 QBVRSIVHQL LLLLF3QGLL DRF

Figure 4.13 Probable sulphate adenyltransferase from . crassa identified by MASCOT MS/MS lon
search. Identificd peptide fragments indicated in red.

The probability of this being an incorrect match is low, firstly since MASCOT matched
7 peptides as opposed to 1 peptide in the next best candidate. Sccondly, the probability
score of 153 was the only score that was significant {above 32, p<0.05). It therefore
appears that the methyltransferase enzyme is present in very low abundance and could
not be visualized on this gel. Since the small-scale purification performed did not
identify the «-N, N. N-histidine methyltransferase, additional purification steps were

investigated.



4.6. Chromatofocusing

Ishikawa and Melville (1970) determined by isoelectric focussing that the pl of the

-N, N. N-histidine methyltransferase was between 4.9 and 5.0. The investigation of

precipitation by lowering pH as a purification method revealed that the enzyme was

stable at fow pH. Chromatofocusing was therefore investigated lor its punfication

potential. The active fractions from a Zinc IMAC column were pooled and applied to

PE94 resin which had been equilibrated at pH7. The column was eluted by washing

with diluted Polybuffer 74, pll 4. The clution profile 1s shown below, with the pH of the

fractions indicated in black. The activity was detected over a broad pH range between

200 and 300ml (indicated by red arrow). Since this method was able to remove a large

amount of proteins which were not retained by the column, it was included in the

subsequent large-scale purification.
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Figure 4.14 Elution profile of chromatofocusing column. Absorbance shown in blue, pH in bluck and

the region in which activiry was present is indicated by red arrow



4.7. Affinity Chromatography:
Affinity Chromatography was investigated using both the substrate dimethylhistidine

and the product S-adenosylhomocysteine of the methylation reaction.

4.7.1. Dimethylhistidine Affinity Chromatography

Immobilised histidine has been tested as an affinity ligand for a number of proteins
(Kanoun et al., 1986). Since the histidine methyltransferase was shown to methylate
dimethylhistidine (DMH) faster than histidine, DMH was chosen as an affinity ligand.
Dimethylhisitidine (DMH) was coupled to w-aminopentyl agarose and the coupling
efficiency was monitored by HPLC. The area of the DMH peak decreased from
91 588 536 to 81 313 584, which indicates that 11% of the DMH was coupled. Given
that a total of 300 umoles of DMH was present, in the reaction this is equivalent to
33 umoles of DMH. The resin was estimated to have a total of 50 pmoles of

aminopentyl coupling groups, and therefore the coupling efficiency was 66%.

N N
LD
~
H,Cc™ \ N
* CH, H
Figure 4.15: Schematic of the DMH-agarose resin which was synthesized

The binding conditions selected for affinity chromatography were similar in salt and pH
to those used in the assay.An ammonium sulphate fraction was dialysed against Buffer
A (50mM NH4Cl, 1mM DTT, pH8.5) and then applied to the DMH-agarose resin. The
protein was eluted stepwise with Buffer A containing 100mM, 500mM NaCl and 50mM
histidine + 500mM NaCl. The protein for each step was pooled and assayed for activity.
Under these conditions the histidine methyltransferase bound to the DMH-agarose, and
was eluted with 100mM NaCl along with a number of contaminating proteins. Ninety-
three percent of the activity was recovered after this chromatography step and the
Specific Activity increased approximately 10-fold from 0.097 x 107 to 1.037 x 107

pmoles.min™ .mg™.
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Figure 4.16: DMH Affinity Chromatography of ammonium sulphate fraction. Activity was
detected in peak eluted with Buffer A containing 100mM NaCl

Elution of the enzyme by salt rather than its substrate suggests that it is not binding to
DMH-agarose by biospecific interactions, but by more general interactions. Kanoun et
al. (1986) suggest that histidine binds proteins by hydrophobic interactions with the
imidazole ring and ionic interactions with the carboxyl group. They also suggest that the
zwitterionic nature of histidine may result in dipole-induced interactions with proteins.
It is possible that the coupling of DMH via its carboxyl group removes an important
ionic interaction with the enzyme. This is supported by the fact that the enzyme is not
inhibited by imidazole, histamine, histidine methyl ester and dimethylhistidine methyl
ester (Ishikawa & Melville, 1970), in which the carboxyl is either missing or masked.
The weakening of this interaction between the enzyme and its substrate may explain the
premature elution of the enzyme by salt rather than its substrate. Affinity
chromatography is a powerful method, which can achieve a high degree of purification
in a single step. An example of this is the 296-fold purification achieved using
adenosine-agarose in the purification of narigenin 7-O-methyltransferase (Rakwal ef al.,
2000). Since a similar purification factor could not be achieved here, the method was
excluded in favour of chromatography steps utilising resins which were cheaper and
readily available. This was a consideration because of the large scale-up which was

required for this enzyme.
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4.7.2. S-Adenosylhomocysteine (SAH) Affinity Chromatography

" S-adenosylhomocysteine (SAH) is a known inhibitor of methyltransferase enzymes, and
more specifically has been shown to inhibit this enzyme (Ishikawa & Melville, 1970).
SAH was therefore investigated as an affinity ligand.Activated CH-Sepharose 4B was
used to couple S-adenosylhomocysteine (SAH) via its amino groups. The pre-activation
of CH-Sepharose 4B is achieved by the esterification of its carboxyl group with N-
hydroxysuccinimide (NHS), which facilitates the spontaneous coupling of ligands
containing amino groups. This is important since addition of NHS to the coupling buffer
would result in the amino and carboxyl groups of SAH coupling to each other. The wide
pH range at which coupling to activated CH-Sepharose 4B occurs (5-10) allows the
coupling of SAH to be directed to either of its amino groups by choosing an appropriate
pH. At pH 9.0, coupling occurs preferentially at the a-amino group since it is more

reactive. Lowering the pH of the coupling reaction facilitates coupling at the Ng

position.
NH,
N \N
1)
N™ >N
_S—CH,
2
‘CH, 0
O oo
HO OH
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O
NH
N = N
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S
N N
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CH ~
o 2 CH,
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Figure 4.17: Schematic of the SAH-agarose resins which were synthesized. In the top figure SAH is
coupled via the a-amino group and in the bottom figure it is linked via the N position
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4.7.2.1. Coupling via a-amino Group

The coupling efficiency was determined by HPLC using a C;3 column and detecting the
reaction components at 260nm. The area of the SAH peak decreased from 10 625 177 to
6 985 481, which indicated that approximately 7.7 umoles of SAH had been coupled.
The resin is estimated to contain between 10 and 14 umoles of coupling groups, and

therefore the coupling efficiency was between 55 and 77 %.

An ammonium sulphate fraction was dialysed against 100mM phosphate buffer and
then applied to the SAH (o)-agarose resin. The protein was eluted stepwise with
phosphate buffer containing 100mM and 500mM NaCl. The enzyme did not bind to the
resin and the total activity recovered was 130%, suggesting that an inhibitor of the
activity had been removed. Since the resin was unable to bind the enzyme or a

significant percentage of the contaminating proteins, it was not utilized further.
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Figure 4.18: SAH (a-amino) Affinity Chromatography of ammonium sulphate
fraction. Activity was detected in flow-through
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4.7.2.2. Coupling via the Ng amino Group

The efficiency of coupling was determined by HPLC as previously described. A
reduction from 201 949 888 to 158 052 192 in the area of the SAH peak indicated that
approximately 8.1 umoles of SAH had been coupled. The resin is estimated to contain
between 10 and 14 umoles of coupling groups, and therefore the coupling efficiency is

between 58 and 81 %.

An ammonium sulphate fraction was dialysed against Buffer A (50mM NH4Cl, ImM
DTT, pHS.5, 10% glycerol) and then applied to the SAH-agarose resin. The protein was
eluted stepwise with Buffer A containing 100mM, 500mM NaCl and 5mM SAM +
500mM NaCl. The enzyme activity was detected in the flow-through, however only
72 % of the enzyme activity could be recovered. No activity was detected in any of the
subsequent fractions, suggesting that a portion of the enzyme was either irreversibly

bound or was inactivated during the chromatography.
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Figure 4.19: SAH (N¢) Affinity Chromatography of ammonium sulphate fraction.
Activity was detected in flow-through

68



Mack & Slaytor (1978) indicate that the requirement for the two amino groups of SAH
for binding to SAM-dependent enzymes is variable. They suggest that the preferred
linking position is the carboxyl group. The inhibition data obtained by Ishikawa and
Melville (1970) for the methylation of hercynine implies that dimethylhistidine is the
first substrate to bind and hercynine is the last product to leave. It is therefore possible
that the binding of dimethylhistidine is required for the binding of S-
adenosylmethionine and the formation of S-adenosylhomocysteine. This could explain
the inability of the free enzyme to bind the SAH affinity resin. S-adenosylmethionine

was not investigated as a ligand due to its chemical and enzymatic instability.

4.7.3. Dye-ligand Chromatography

One of the first dyes used in dye-ligand chromatography, Cibacron Blue, has been
shown to act as an analogue for ADP-ribose and has the ability to bind enzymes with
AMP, IMP, ATP, NAD, NADP and CTP binding sites (Scopes, 1994). Since S-
adenosylmethionine contains adenosine, it is conceivable that the histidine
methyltransferase may bind Cibacron Blue or a related dye. A screening kit containing 9
different dyes was therefore investigated for its ability to bind the enzyme.
Chromatography was performed using an ammonium sulphate fraction and the results
are shown in Figure 4.20. The fractions with the highest absorbance for each elution
step were assayed for activity. The dyes were able to bind certain proteins, which were
eluted by increasing the NaCl concentration to 0.5 M. However none of the dyes were
able to bind the histidine methyltransferase. The inability of the dyes to bind the enzyme
may be due to the absence of important interactions with the amino, carboxyl and
sulphur groups on the methionine. In structurally defined methyltransferases, the
conserved glycine residues in Motif 1 have been found to hydrogen bond with the
amino and carboxyl groups of SAM and SAH (Kagan & Clarke, 1994). The need for the
protein to first bind its substrate may also play a role. Given that the proportion of
protein that did bind the column was small and did not improve the purity significantly,

these columns were not utilized further.
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Figure 4.20A:  Dye-ligand
Chromatography of ammonium
sulphate fraction using Yellow 3,
Blue 4 and Green 19

Figure 4.20B8:  Dye-ligand
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Figure 4.20C:  Dye-ligand
Chromatography  of  ammonium
sulphate fraction using Cibacron,
Green 5 and Yellow 86
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4.8. Large Scale Purification of a-N, N, N-Histidine Methyltransferase

Since the histidine methyltransferase was not visible on SDS PAGE after the small
scale purification performed, a 10-fold scale-up was performed. In order for a large-
scale purification to be performed, the purification methods developed had to be
modified to handle the increased volumes within a reasonable timeframe. For this
reason, a streptomycin sulphate precipitation was included to allow clarification of the
extract at a lower speed by centrifugation. Effectively, this allowed the clarification of
1.5 1 of extract, by centrifuging at 14 000 rpm in a JA14 rotor for 10 min, as opposed
to 320 ml by centrifuging at 22 000 rpm using a JA 30.50 Ti rotor. After ammonium
sulphate fractionation, desalting was performed using Sephadex G25 rather than
dialysis. Ion exchange chromatography and Zinc IMAC chromatography were both
modified from gradient elution to step-wise elution. Since the enzyme activity was
spread over a large volume of the gradient for both these methods, the use of step-
wise elution did not drastically reduce the purification obtained. The storage of the
protein as an ammonium sulphate pellet was found to be most effective in retaining
the activity and was therefore used between purification steps.

The Purification Table for three successive DEAE columns is shown below. The

enzyme activity eluted in the 150mM NacCl step.

Table 4.2 Purification Table for three DEAE cellulose columns

Purification Step Total Protein (g) | Volume Total Activity Specific Activity
(ml) (nmol.min-) (umole.min-'.mg )
AmSQO,/G-25 2.0 260 0.150 0.070 x10°
DEAE 0.598 580 0.298 0.498 x10°
AmS0,/G-25 13 230 0.214 0.165 x10”
DEAE 0.236 310 0.272 1153 10~
AmSO,/G-25 1.89 200 0.123 0.065 x10”
DEAE 0.358 291 0.171 0.479 x10”

The protein from three successive DEAE columns was pooled, precipitated and
divided into four aliquots. Zinc IMAC Chromatography was performed on each

aliquot and the results are shown below.
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Table 4.3 Purification Table for four Zinc IMAC columns

| Purification Step Total Protein | Volume | Total Activity ~ Specific Activity
L (mg) (ml} (Lmol.min ') (umole min” mg ')
Zn IMAC 1 69.3 102 071 240 x10°
"ZnIMAC 2 109 72 | 0.285 l TSRk
' ZnIMAC3 103 70 0222 Il 216 x10
| Zn IMAC 4 706 74 0.208 | S 204107
|

lhe results from successive DEAE and zinc IMAC columns showed that the
purification using these methods was consistent and the yield of activity was

excellent.

4.8.1. Chromatotocusing 1

The active fractions from four zine IMAC columas were pooled and concentrated by
ammonium sulphate precipitation (0-80%). The protein was divided in hall’ and used
to run two chromatofocusing columns. In the first chromatofocusing column, a large
percentage of the protein eluted in the flow through, while the enzyme activity eluted
in a very broud peak between pH 5 and pH 4. SDS PAGL was performed on the
active fractions from the first chromatofocusing column {Figure 4.21). Since a single
band corresponding to the activity could not be identified. all the active fractions were

pooled and concentrated by ultrafiltration.

rH 5.20 5.16 4.55 478 472 4,29 4,30

1w

662

45

184
I4.4

Figure 4.21: SDS PAGE of every third fraction in the region of activity from Chromatofocusing
calumn, The pH of fractions is shown above and MW is indicated in kDa.
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The fraction had a total activity of 0.072 umoles.min™ and given that the total activity
loaded on the chromatofocusing column was approximately 0.4 pmoles.min'E. only
18% of the activity was recovered. Due to this massive loss of activity. the Specific
Activity only increased slightly o 4.0 x 107 umoles.min’.mg”'. Ishikawa and
Melville (1970) reported that “some precipitation of the activity™ had occurred during
isoelectric focussing. It is therefore possible that a percentage of the enzyme is
denatured during the chromatofocusing step and may remain bound to the column or
elute as inactive enzyme. In hindsight it may have heen more useful to use the DMH-
agarosc step rather than chromatofocusing, since the recovery of the enzyme is much
better, However, the DMH-agarose step was only investigated using an ammonium
sulphate fraction and therefore its effectiveness at a later stage in the purification

would have to be determined.

4.8.2. DEAF. Vydac Ion Exchange 1

The pooled fraction from Chromatofocusing 1 was dialysed against 10 mM Tris-Cl
pH 8.5 and one-fifth was applied to a Vydac HPLC lon Exchange column, Unbound
protein was removed by washing the ¢column with 10mM Tris buffer and this fraction
was found to contain a small amount of activity. The column was then cluted with a
linear gradient of 0-0.25M NaCl over 30min. The elution profile and the activity of

fractions 43min to 63min are shown in Figure 4.22.
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Figure 4.22: Elution profile of Vydac HPLC ion exchange column. Relative Intensity at 280nm
shown in blue, NaCl concentration in black and Activity in red.
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The assayed fractions had a combined activity of approximately 0.007 pmoles.min™.
Since the total activity loaded on the chromatofocusing column  was
0.014 moles.min” (1/5" of 0.072), approximately 50% of the activity was recovered.
In order to obtain sufficient protein for LC-MSMS. 600ul of fractions 47 and 79 were
separated and visualized by SDS PAGE (Figure 4.23). The proteins that were most
intense in the most active fraction were sclected and designated samples A-E. These

bands were excised. processed and submitted for LC-MSMS.

43 45 47 49 51 53 55 57 5S¢
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Figure 4.23: SDS PAGE of Vydac jon exchange colummn fractions surrounding
highest activity, The bands destgnated A-E in red were submitted for LC-MSMS

The fragment ion spectra obtained for samples A-E were analysed using MASCOT
MS/MS lon Scarch program {Matrix Science, London). The proteins identified as

being significant matches for each sample are indicated in Table 4.4,
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Table 4.4: Neurospora crassa protein candidates obtained for samples A-E using MASCOT MS/MS Ton Search

Sample MASCOT Matched | Molecular weight Annotation & Accession no. Conserved Domains
score  peptides | Observed Nominal o L
A 20 3 49 700 a7 842 | Probahble glucokinase gi| 385687331 Hexokinase, MNag C
110 1 74 328 | Hypothetical protein gi| 25080705 WD 40 domainfrepeals
79 1 66 985 ' Mypothetical profemn gi|B5 118357 Proteasome subuonit
49 1 130 623 Frobable alpha-aminoadipate redugtase | AMP-binding. CaiC, EntE, EntF,
large subunit gi|S$367 276 Arvs FAAT COG3320, Weals. 3Beta HSD,
Rfbl. Epimerase, COG108BE
B 404 22 45 000 74 328 | Hypothetical protein gi| 32403350 WD40 domain
169 5 232145 Hypothetical protein gi|22405530 Eukaryatic SMC protein, Cromasome
segregating ATFase, HOOK protein
C Tich i 40 000 61024  Hypothetical protein gi|85113050 Glucose-1-phosphate urnaylyltransferase
4z 1 42 485 | Hypotheticzl protein gi|85111594 Mucleatide hydrolase
i
8] 146 2 35000 38 174 ° Thiamine hiosynthesis protein NMT 1 ABC transporter
| ¢il 15822513
58 1 26033 l Hypothetical protein gi85076244 Aldof/ketn reductase familyd Predicted
pxidoreduciase
35 1 95 287  Hypothetical protein g 850739300 ' Domain of unknown function
Uncharacterised conserved protein
E 166 3 30 000 26 881 . Prabable 20s proteasame subunit Y7 alpha-protessome subunit
; [ 18376026 :
85 3 {
i Glucose-1-phasphate uridylyltransferase

&1 024

Hypothetical protein 985113050




4.8.3 LC-MSMS Analysis and Identification of Candidate Proteins from DEAE
Vydac 1
A MASCOT MS/MS Ion search performed on samples A-E from the first Vydac
column revealed 12 candidate proteins from N. crassa that were significant (score >
37, p< 0.05). Of these proteins, 1 had a definitive annotation, 3 contained the word
“probable” in their annotation and the remaining 8 were annotated as “hypothetical
proteins”. None of the candidate proteins were annotated as methyltransferases. A
BLASTp search revealed conserved domains for all 12 proteins, but again no
similarity with methyltransferases were observed. One of the hypothetical proteins,
which has a glucose-1-phosphate uridylyltransferase conserved domain, was matched
to the protein bands observed at 40 000 Da and 30 000 Da. A similar discrepancy in
observed and predicted mass was observed for most of the candidate proteins. Taken
with the fact that the protein has a predicted mass of 61 024 Da, this could indicate

that proteolysis had occurred.
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4.8.4. Chromatotocusing 2

The second half of the Zine IMAC [raction was used to run a second
chromatofocusing column. The second chromatofocusing column yielded better
resolution and the activity appeared to be in two distinct peaks (Figure 4.24). This
could indicate the presence of more than one enzyme or multiple tsoforms of the same
enzyme. Since the first peak corresponded to the pl previously reported by Ishikawa
and Melville (1970), these fractions were pooled and taken to the next step of
purification. These pooled fractions had a combined activity of approximately

0.013 pmole.min”. which is a recovery of only 3 % of the activity loaded.
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Figure 4.24: Elution profile of second chromatofocusing column. Absorbance shown in blue,
pH in black and Total Activity in red.

4.8.5. DEAE Vydac lon Exchange 2

The DEAE Vydac method was modified by the addition of 1 mM CHAPS 1o all the
buffers. The position at which enzyme activity eluted from the Vydac 301 VHP575
column was similar for the protein from chromatofocusing columns 1 and 2. The
addition of 1mM CHAPS to the buffers used for the second Vydac 301VHP575
column did not significantly reduce the spreading of the enzyme activity, but it did
result in the appearance of a minor peak of activity which eluted later. The inclusion
of only the first peak of activity in the chromatofocusing column 2 resulted in less
protein eluting with the activity, and this could clearly be seen when the active

fractions were visualized on SDS PAGE {(Figure 4.26).
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Figure 4.25: Clution profile of second Vydac ion exchange column. Relative Intensity al 280nm is
shown mn blue, NaC’l concentration in black and activity in red.
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Figure 4.26: SDS PAGE of Vyduc ion exchange column fractions containing highess activity.
A TCA precipitation was performed 1o concentrate 600 ul of each fraction between 47 and 37 min.
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The activity during the purification of the second half of the zinc IMAC fraction was
significantly lower and this was due to storage of the protein for 6 weeks before the
last two steps were performed. Although storage of the protein as an ammonium
sulphate pellet at 4 °C was found to be the best method, it was not able to prevent a
decrease in activity. Time constraints are therefore a limiting factor when considering
the feasibility of the scale-up required to obtain sufficient material for identification of

the enzyme.

The two protein bands (~ 30 000 Da) from lane 49 (Figure 4.26) were excised,
processed and submitted for LC-MSMS. The upper band was designated A, and the
lower band B. The fragment ion spectra obtained were analysed using MASCOT
MS/MS Ion Search program (Matrix Science, London). The proteins identified as

being significant matches for each band are indicated in Table 4.5.
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Table 4.5: Neurospora crassg protein candidates obtained for samples A and B using MASCOT MS/MS lon Search

Sample | MASCOT | Matched | Molecular weight Annotation ' Conserved Domains
score | peptides . Observed Nominal

A 141 B ' 30 000 £1 024 Hypothetical protein qiss11ansn Glucose-1-phosphate uridylyltransferase

B 2410 3 30000 25 732 Vacular ATP synthase subunit E - ATP synthase subunit

giiB5 114075

118 6 61024 Hypothetical protein gi|gs113050 Glucose-1-phasphate uridylylitiansferase

a7 1 23 340 Hypothetical protein gi|85089552 Proteosome_beta

Min hydrolase




4.8.6. LC-MSMS Analysis and Identification of Candidate Proteins from DEAE
Vydac 2

The most active fractions for the second Vydac column revealed only two bands,
designated A and B. Sample A revealed only one significant match when a MASCOT
MS/MS Ion search was performed, namely the hypothetical protein containing the
glucose-1-phosphate uridylyltransferase conserved domain. This hypothetical protein
was also a significant match for Sample B. Since bands A and B were very close
together, this could be due to inaccurate separation of the bands during excision.
MASCOT analysis of Sample B also revealed two candidate proteins, which were not
seen previously in samples A-E. This may indicate the need for the removal of more
abundant proteins by purification before those which occur in very low abundance can
be detected. The importance of fractionation of complex protein samples was
demonstrated in a study involving the detection of human growth hormone (hGH) in
plasma (Wu et al., 2002). Pre-fractionation by reverse-phase HPLC or separation of
complex mixtures by 1D and 2D gel electrophoresis was shown to increase the
sequence coverage and detection of hGH by LC-MS/MS. McCormack et al. (1997)
were able to demonstrate using simple mixtures of proteins that proteins within a 30-
fold difference in molar quantities could be reproducibly detected in the femtomole
range. This detection however is dependent on the complexity of the protein sample
being analysed and the resolving power of the HPLC step prior to mass spectrometry.
Therefore, purification steps which reduce the complexity of protein mixtures prior to

LC-MS/MS facilitate the detection of proteins of low abundance.

One of the requirements for identification of candidate proteins by MASCOT is that the
gene of interest has been correctly predicted. Since errors are prevalent, especially in
eukaryotes, a de novo peptide identification method was employed for Samples A and B
to evaluate the MASCOT results. The programme used was an online version of
PEAKS (available at www.bioinformaticsolutions.com) and the N. crassa proteins
which were identified are listed in Table 4.6. While MASCOT searches databases with
un-interpreted MS/MS data, PEAKS uses a computational algorithm to determine all
possible sequences for the peptides, scores the peptides to determine the best sequence
and then uses these peptides to search the selected database (Ma et al, 2003). The
analysis of Samples A and B by PEAKS de novo and database method selected the
same five candidate proteins as MASCOT.
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Table 4.6: Neurospora crassa protein candidates obtained using the PEAKS de nove and database method for
samples A and B

| Sample | PEAKS Matched Annotation Conserved Domains
_Score ]-..Elﬂi.deﬁ I . . B
A 79.3 % | 6 Hypothetical protein gi|32419014 Glucose-1-phosphate uridylyliransferase
-
244% | 2 probable iscamyl alcohol oxidase FAD binding domain
gi|21622328 FAD/FMN-comtaining dehydrogenase
o 3 i
23% 2 Hypathetical protein gi|32417282 Serine/Threcnine protein kinases, catalytic domain
B 97 64 % | 3 Vacuolar ATP synthase subunit E | ATP synthase subunit
gi|24931 34
j 93.31 5% B Hypothetical protein gi32419014 Glucose-1-phosphate uridylyltiransferase
768.21 % 1 Hypothetical protain qi|32414343 Proteosome beta
i Nin_hydrolase
7.08 % 1 Hypothetical protein gi[32417214 REC signal receiver domain
Response regulator cantaining CheY-like receiver
domain
3.88 % 1 Hypothetical protein gi|32407655 Glycosyl hydrolase farmily 10
Fungal-type cellulose-binding domain




In addition. the PEAKS analysis also identified four new protein candidates. The
PEAKS score of these candidates were all below 10 and therefore could be chance
events. One of the weaknesses of this identification method is that no signilicance cut-

off is indicated, as is the case with MASCOT.

For both the MASCOT and PEAKS searches, the hypothetical protein with a
uridylyltransferase conserved domain was the only candidate protein for band A. The
predicted mass of this protein however is 61 924 Da, while it appears at approximately
30 000 Da on the SDS PAGE gel. To explore this discrepancy. the matched peptides for
the MASCOT and PEAKS were examined. Interestingly, the peptides matched in the
hypothetical protein containing a gliucose-1-phosphate uridylyltransterase conserved
domain by the MASCOT and PEAKS methods were identical (Figure 4.27} This
indicates the power of the MASCOT search, despite the fact that it relies on un-

interpreted LC-MS/MS spectra.
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Figure 4,27; Protein sequence of Hypothetical protein 0185113050 The peptide [ragments
matched by the MASCOT MS/MS [on search and PEAKS de nove and databuase methods are

Hedicated inred,

—

The peptides matched all occurred between residues 185 and 390 and the estimated
maolecular weight of this region is approximately 24 000 Da. 11 is therefore possible that
the ends of the protein have been removed by proteolvtic degradation, resulting in a
discrepancy between the observed and expected masses. In the reported purification of
the Glucose-1-phosphate uridylyltransferase from Al crassa by Tovar & Ruiz-Herrera
(1986). the activity was found to comrespond to a single protein band after non-
denaturing disc electrophoresis. When this band was excised and subjected to

denaturing PAGE, four bands of molecular masses 63 000, 61 000, 57 000 and
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55 000 Da were visible on the gel. The authors concluded these were four polypeptides
which combined in different ratios to give an enzyme with a molecular mass of
580000 Da. A search for all the genes in the Neurospora crassa database
(www .broad.mit.edu/annotation/genome/neurospora/Home.html) containing the
“glucose-1-phosphate uridylyltransferase conserved domain” yielded two hypothetical
proteins, one annotated as a glucose-1-phosphate uridylyltransferase (NCU02797.3) and
the second annotated as a UDP-N-acetylglucosamine pyrophosphorylase
(NCUO02109.3). The first gene corresponds to the hypothetical protein gi|85113050,
which was consistently identified as a protein candidate by the MASCOT and PEAKS
programmes for sample A (Vydac 2). It is possible that the band observed by Tovar J &
Ruiz-Herrera J at 61 000 Da corresponds to this hypothetical protein and that the other

bands are proteolytic fragments or contaminating proteins.

LC-MS/MS analysis and subsequent database searching failed to identify a protein
candidate containing “methyltransferase” in its annotation. This is despite the removal
of a large number of contaminating proteins and visualisation of two protein bands
which appeared to correspond to the methyltransferase activity. There are two possible
explanations for this discrepancy. Firstly, the histidine methyltransferase may occur at
such low levels that it could not be visualized after SDS PAGE. In a purification of a
similar enzyme, namely the S-adenosylmethionine:e-N-1-Lysine Methyltransferase from
N. crassa, the purified protein only constituted 0.00001% of the initial protein (Borum
& Broquist, 1977). This purification utilized several kilograms of fungal mat to produce
122 g of protein in the crude extract. It is therefore conceivable that the scale on which
the purification was attempted was too small to obtained sufficient protein for LC-
MSMS analysis. A technique which could be used to confirm the presence of the
enzyme at levels below the sensitivity of silver staining is photoaffinity labelling with
[methyl->’H] SAM. The method was used by Mosli Waldhauser et al. (1997) to detect
low levels of N-7 methyltransferase from protein extracts of Coffea Arabica L.
Although this method would indicate the position SAM-binding proteins after SDS
PAGE, it would not necessarily allow the identification of the protein by LC-MSMS
because of the low protein concentration. Another concern regarding the applicability of
this method is the order of substrate binding to the histidine methyltransferase. The
kinetic data reported previously and the difficulties experienced in this work with SAH
affinity chromatography suggest the need for dimethylhistidine to bind to the enzyme
before SAM. If this is the case, SAM photoaffinity labelling may not be possible.
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Interestingly, despite the fact that a successful purification has been published for the S-
adenosylmethionine:g-N-1-Lysine Methyltransferase from N. crassa, the gene has as yet

not been identified.

The second possible explanation for none of the candidate proteins being annotated as
methyltransferase is that their annotations are incorrect. A case in point is the annotation
of CbiT and all its homologues in sequence databases as “precorrin 8w-
decarboxylases”, as a result of sequence-based reasoning. The subsequent resolution of
the crystal structure of CbiT revealed an SAM-dependent MTase-fold and an SAM
binding pocket, which suggests that it functions as a methyltransferase. The protein has
no structural similarity to proteins with decarboxylase activity and it is no longer clear if

it is a decarboxylase (Keller et al., 2002).

The hypothetical protein which contained a glucose-1-phosphate uridylyltransferase
conserved domain was consistently identified in MASCOT searches. Since it belonged
to the enzyme family of transferases, it was selected for further analysis to confirm its

annotation.
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4.9. Sequence Analysis of Hypothetical Protein Containing Glucose-1-phosphate
Uridylyltranstferase Conserved Domain from N. crassa (HP-GlePU)

The first analysis tool used was BLAST (Altschul ef ¢/ 1997), which aligns nucleotide

or protein sequences with sequences in a database and calculates the statistical

significance of the alignment. The analysis of HP-GlePU showed a high degree of

sequence conservation of the glucose-1-phosphate uridylyltransterase conserved domain

(pfam01704.12) across species. The three best alignments where with hypothetical

proteins and showed an overall sequence identity of 85.65% (Figure 4.28),
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Figure 4.28; Alignment of three best BLAST hits Tor gi|85113050] (conserved hyvpothetical
protein {Neurospora crasse OR7IA[). Blue shaded region indicates sequence identity shared
between all four sequences while the svellow shaded region shows sequence identity with
£il85113050]. The sequences share an overall identity of 85.65%,

1: @m|85113050] conserved hypothetical protein [Neurospora crassa OR74A]
2: gi|L16181760] conserved hypothetical protein [Chaetomium globosum CBS 148.51)

3: gi[39951977 hypothetical protein MGDT631.4 [ Magnaporthe grisea 70-15]
A:i[46107282! conserved hypothetical proiein [Gibberella 7eae P1-1]
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The best scoring hit, of which the function had been confirmed by enzymatic studies,
was the UDP-glucose pyrophosphorylase from Cricetulus griseus (gb|AAC53343.1]).
HP-GIcPU had a 55% identity with this protein. The high degree of sequence
conservation observed between proteins containing the pfam01704.12 domain suggests
a common function, since sequence homology generally translates into structural
homology (Clothia & Lesk, 1986). The opposite however is not necessarily true, since a
lack of sequence homology between proteins does not rule out functional similarities.
This is clearly illustrated by the family of Class 1 SAM-dependent methyltransferases.
Proteins in this class contain four conserved motifs, but have a very low overall
sequence homology. Despite their low sequence conservation, Class 1 MTases possess a
highly conserved core structure known as the SAM-dependent MTase-fold. It is
therefore not sufficient to rely solely on sequence information when investigating

function, but also to utilize structural information.

4.10. Structural Analysis of Hypothetical Protein Containing the Glucose-1-
phosphate Uridylyltransferase Conserved Domain (HP-GlcPU)

The second analysis tool used to confirm the annotation of the hypothetical protein was
GenTHREADER (Jones 1999), which uses a combination of sequence and structural
properties to predict protein structure. GenTHREADER analysis includes three steps.
Firstly, a sequence alignment profile is generated using PSI-BLAST. This profile is then
used to make alignments with each member of the fold library to generate scores
according to their structural (e.g. solvation energy sum) and sequence (e.g. sequence
length) properties. Finally, these scores are fed into a trained feed-forward neural
network which generates an output between 0 and 1 for each alignment (McGuffin &
Jones, 2003).

The structures with the three highest scores are shown in Table 2.7. and they were the
N-acetylglucosamine 1-phosphate uridyltransferase (GImU) from E.coli, the human
UDP-N-acetylglucosamine pyrophosphorylase (ADPGIcNAc PPase) and the potatoe
tuber ADP-glucose pyrophosphorylase (ADP-Glc PPase). Despite the fact that these
proteins had very low sequence identity with HP-GlcPU, (12,6 % 14,5 % and 9.1 %
respectively) the GenTHREADER scores were all above 0.9 (out of 1), indicating the
importance of structural parameters in the calculation of the overall GenTHREADER

SCOregs.
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Table 4.7: Three highest scoring structures for the GenTHREADER search of
HP-GleP

GenTHREADER score: 0,933

Description:

Crystal Siructure of -
M-acetylolucosamine 1-ghosphate
undyltransterase from £ ool
bourd to Macetyvl-Dglucosamine,
Gham: a Franment: truncated form
afler rasl.

GenTHREADER score: 0,927 %

Nescription.

LIGP-M- acetylglucosaming
pyrophosphorylase (Human
AGX1) bound 1o
MN-acetyl-C-glucosamine
(Chain: aj

GenTHREADER score: 0.910

Description:

Crystal structure of potato tuber
adp-glucose pyroghosphorylase
{Chain a)
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One limitation of this technique is its dependence on solved protein structures and
therefore improvements to these results would be expected as crystal structures of

proteins which are more closely related to HP-GlePU are solved.

All three of the matched structures contain a
fold consisting of a central mixed [3-sheet
surrounded by helices. which is similar to the
dinucleotide-binding Rossmann fold (Rossmann
et al.. 1975 in Brown ef al, 1999). In the
structures of GlmU from £ cofi and the potato
tuber ADP-Gle PPase, this fold forms the
N-domain, while the C-domain consists of a
left-handed parallel B-helix. The two domains
are linked by a long «-helical arm (Figure 4.29)
(Brown ef al., 1999; Jin ef al. 2005). In the

ADPGIcNAc PPase structure. the Rossmann-

like fold forms a core structure. with a short N-
Figure 4.29: Cartoon structure  of i . ) ) . .
GlmU from  Ecoli  showing the | and C-domain on either side of it (PenefT ef al.,
N-domain in green, the C-domain in

; ] 4 ; C . ’ P >
blue and the helix between the two 2001). Brown ef al (1 }99] showed that the
domains in red.

N-domain of the GImU is responsible for its

uridyltransferase activity, while the C-domain is responsible for its acetyltransferase
activity. In the ADP-Gle PPase the N-domain is the catalytic domain (Jin er ai., 2003).
Although the mixed B-sheet in the GimU resembles the MTases fold (seven strands.
with one strand anti-paratlel to the others). the order of the strands is different. In GImlI
the B-sheet strand order is 7-5-6-4-1-2-3 (Brown ¢t af., 1999). while in M Tases the order

is generally 6-7-5-4-1-2-3 (Cheng & Roberts, 2001).
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4.11. Comparative Modeling of Hypothetical Protein Containing Glucose-1-
phosphate Uridylyltransferase conserved domain (HP- GlePU) from
N. crassa

o)

Comparative modeling involves the generation of a 3-dimentional model of a protein
(target) from the solved 3-D structures of one or more related protein(s) (template(s)).
Modeling consists of three steps. Firstly a template is selected by searching existing
databases of solved structures and an optimal alignmem is generated. Secondly,
restrains are obtained from the template and the alignment is used 1o identify the
equivalent residues in the target. Finally, the model is generated and optimized until it
best satisties the restraints (Sanchez R & Sall A.).

A model of the HP- GlePU was generated by Mr. EK Murungi using the comparative
modeling programme MODELLER (http:/'salilab.org'modeller/ ). The target sequence
that was sclected was Human AGXI, which corresponds to the second highest
GenTHREADER match. The model is shown below in Figure 4.30A, while a close-up

of the 3-sheet organisation of the core shown in Figure 4.301.

Figure 4.30A: Model of HP-GlcPU. The structure contains a core which consists of an 8-strand.
mixed fi-sheet surrounded by helices and is similar to the Rossmann fold. The core is flanked by a
C-terminal and N-terminal domain.
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Figure 4.30B: Core structure of the HP-GlePU model, The corg structure consists of eight strand
mixed [3-sheet in the order 1-12-6-7-5-2-3-4 (trom right to left}, in which strand 7 is anti-parallel.

(1 green, B2 s B3 pink, By ¢ 20, Bs orange, By magenta, B+ black, Bz red.

Figure 4.31: Structural alignment of HP-GlcPU model and the template on which it was
modelted. The template is shown in red and the model in biue. The loop ol the model which
deviates from the template 15 shown in yveliow.
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The structural alignment of the model of HP- GlePU and the template, [Tuman AGX1,
(Figure 4.31) shows the similarity between the two structures. Both structures contain a
core resembling a Rossmann fold, flanked by a C-terminal and N-terminal domain.
Deviation from the template is present at the two termini and between amino acids 111
and 155 This region forms a large loop (shown in yellow} in the model and corresponds
to a region of very low identily between the two proteins.

Despite the low overall sequence homology between the two proteins, their structures
are similar. This demonstrates that in order to generate a similar fold only certain
critical residues need to be conserved rather than the entire sequence. Comparative
modeling s therelore  a  powerful tool  for the identification  of  possible
methyltransterases, since they possess poor overall sequence homology but a highly
conserved MTasc fold. The core of the madel possesses an eight strand mixed [-sheet
with strand 7 being anti-parallel (Figure 4.30). Interestingly strand 7 is situated between

strands 5 and 6. which is characteristic of the MTase fold.

1801 i i35 =2 4~

90 - lJ —
d |
— — =
[ N
454 ‘ - I' |
| IS
5 =
4 09 =X
£ |
45 |
. ||
.-Ql:l-.—m ¥ — —_
.
e !—I |
1I'3'\.J‘t '_ ru_lh - ? ]
b | L ] I“I F & -.4 wr 1y
". - T | ;i g
LN, T { B
1%¢  -135 S0 &= ! 45 8¢ 13 180
PE!.:(E!-EEHE‘E’S'I

Figure 4.32: Ramachandran Plot of the model of HP-GIlePU.
'he plot shows thar only three residues are present in the disallowed region.



One of the critical steps in generating a model is in choosing the correct template, which
in turn is limited by the available solved structures. Models generated from targets with
greater than 50% identity are very accurate, but this accuracy declines greatly as the
identity falls below 20% (Ginalski, 2006). Since the template used here has less than
20% identity with HP-GIcPU the accuracy of the model is expected to be poor and
therefore caution is required when deriving insights from the model. The model was
validated using PROCHECK (Laskowski et al, 1993), which checks the
stereochemistry of structures. The result is illustrated in the form of a Ramachandran
Plot, which plots the phi and psi angles for each residue in the structure. The
Ramachandran plot for the model of HP- GIcPU is shown in Figure 4.32. Despite the
poor sequence identity, the Ramachandran Plot indicates that the quality of the model is
excellent with 87.2% of the residues in the most favourably allowed regions, 10.7% in
the additionally allowed regions, 1.4% in the generously allowed region and only 0.6%
in the disallowed region. The three residues which are in the disallowed region are
located in the loop regions of the model, which due to the flexibility of these regions
may have unusual geometry. Although several proteins which have greater than 50%
identity with HP- GIcPU are known, their crystal structures have not been solved. The

improvement of this model is therefore dependent these structures being solved.

Although sequence and structural analysis can provide insights about the function of a
protein, they are limited by the amount information available for closely related
proteins. Improvements to genome annotation methods, increased experimental
knowledge and the increasing the number of solved protein structures will lead to the
exponential increase in the usefulness of these predictive techniques. The sequence and
structural analysis performed using the available data suggests that HP-GIcPU is not a
methyltransferase and therefore rules it out as the first enzyme in ergothioneine

biosynthesis.
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PART B:

Conditions Affecting Ergothioneine Levels in
Mpycobacterium smegmatis



CHAPTER 5: INTRODUCTION

The function of Crgothioneine (ESH) in mycobacteria has never been determined.
Biochemical studies have shown that ESH has antioxidant properties and is able to
scavenge hydroxyl radicals, superoxide and peroxynitrite. It is therefore postulated that
ESH plays a role in protecting mycobacteria agamst the reactive oxygen intermediates
(ROT) and reactive nitrogen intermediates (RNI).

5.1. The Generation of ROI and RNI as a Host Defense against Bacterial Pathogens

A relatively effective host-defense against bacterial pathogens is the production of
reactive oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI) by
innate immune cells. Although all eukarvotic cells produce ROI and RN at low levels,
macrophages possess two enzymes which generate reactive species in large amounts
when they are required. (NADPH)-oxidase catalyses the production of superoxide (O0;”)
which in tumn leads to the formation of hydrogen peroxide (H»03) and the hydroxyl
radical (OH*). The production of NO is catalysed by a family of enzymes called the NO
synthases (NOSs). and its formation under physiological conditions can result in the
production of other reactive species such as nitrosonium (NO7). nitroxyl anion (NO'),
and S-nitrosothiols (Stamler er al.. 1992). The reaction of superoxide with nitric oxide
leads to the formation of peroxynitrite. which is a potent biological oxidant. Therefore,
the production of superoxide and nitric oxide results in the formation, both
enzymatically and spontaneously, of a range of species which are damaging to cells.

0z Cxygen L-Arginine k
l ADPH) oxidase NO synthase
Superoxide Nitric oxide -'I| :Ir-lli.
il sulpfvaryls
l( Supornxlde d:srnuta&)/ l
H:0: Hydrogen peroxide Milrite l
‘OH Hydroxyl radical Nitrogen "NO;
dioxide l

l v Nitrate NO;
H:0 Waler

QONO Peroxynitrite

"NO: Nifrogen dioxide

‘OH Hydroxyl radical

Figure 5.1: Schematic of the ROI and RNI generation pathways, The steps catalvsed by the enzvmes
(NADPI-oxidase (phox ), Nitric oxide synthase (NOS2) and superoxide dismutase (SOD) are indicared.
(Modified from Zahrt and Deretic 2002)
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5.2. The Role of ROI and RNI in Tuberculosis

Genetic deficiencies in NADPH-oxidase (phox) in humans cause chronic
granulomatous disease (CGD), which is associated with recurrent infections. However,
the role of NADPH-oxidase in response to M. tuberculosis infection is unclear, since
tuberculosis was only shown to be a major threat to CGD patients in areas with a high
prevalence of TB (Lau et al., 1998). The importance of NADPH-oxidase as part of the
innate immune response to TB infection may be undermined by the bacteria’s ability to
counter the oxidative burst. This hypothesis is supported by the finding in mice, that the
MTB KatG catalase-peroxidase has a major role in the pathogenesis of TB only in hosts
capable of generating an oxidative burst (Ng et al., 2004).

In the host defense against intracellular microorganisms such as M. tuberculosis, the
high out-put production of nitric oxide (NO) plays an important role. Although the
mechanism(s) by which RNIs kill M. tuberculosis is not fully understood, it is thought
to be the modification of bacterial DNA, proteins and lipids both on the microbial
surface and intracellularly. Rhee et al. (2005) showed that RNIs could act to inactivate
enzymes through the S-nitrosylation of their active sites. The induction of macrophage
apoptosis by NO, may also initiate mycobacterial killing by facilitating the fusion of

mycobacterial-containing vacuoles to lysosomes.

In the mouse model of TB, the disruption of NOS2 (NOS2 -/-) is associated with a
significantly higher risk of disseminated disease and mortality after infection with
M. tuberculosis as compared with wild type mice (MacMicking et al., 1997). When
activated macrophages from wild-type, phox-deficient and NOS2-deficient mice were
infected with M. tuberculosis, the wild-type and phox-deficient macrophages were able
to control bacterial growth while NOS2-deficent macrophages were not. This
correlation however was not as clearly seen in infected mice, since the susceptibility to
M. tuberculosis was tissue-dependant. Although mice deficient in either RNI or ROI
both showed elevated growth of bacilli in their lungs compared to wild-type mice, this
increase was delayed in NOS2 KO mice. The inability of mice to produce RNI also
resulted in elevated growth of M. ruberculosis in the spleen, which was not observed for
the mice deficient in ROI (Adams ef al., 1997). The production of gp917"*"/NOS2™
double knock-out mice revealed that phox and NOS2 can compensate for each other’s
deficiency in the prevention of spontaneous infections (Shiloh et al., 1999). Activation
of M. tuberculosis-infected wild-type macrophages with IFN-y resulted in the
differential expression of 68 M. tuberculosis genes, however this expression pattern was

obliterated when NOS2”" macrophages were used (Schnappinger et al., 2003). Most of
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these genes were also induced after exposure to NO in liquid culture, suggesting that the
change in the M. tuberculosis transcriptome after IFN-y activation is directly caused by
NO. Since there is no known correlate to the NOS2 KO in humans, the role of RNI in
M. tuberculosis infection remains controversial. Collectively studies suggest that NO is
likely to play a contributory role in the defense against M. tuberculosis. Macrophages
from the lungs of TB patients have been shown to express NOS2 in potentially
mycobacteriocidal amounts, and could use it to kill M. tuberculosis in vitro (Nathan and
Shiloh, 2000).

5.3. Resistance Mechanisms of M. tuberculosis to ROI and RNI

The genetically regulated response of bacteria to ROI and RNI has been extensively
studied in the enteric bacteria Escherichia coli (E. coli) and Salmonella typhimurium. In
these organisms two response systems, namely the OxyR and the SoxRS systems, have
been identified (Reviewed in Demple, 1999; Pomposiello & Demple, 2001; Zahrt and
Deretic, 2002). The OxyR protein is a transcription factor which responds to hydrogen
peroxide stress and nitrosothiols. OxyR activated genes include katG catalase-
peroxidase which removes hydrogen peroxide from the cell and gord (Glutathione
reductase), which functions to maintain the redox balance within cells. The SoxRS
system responds to superoxide and nitric oxide stress, and the induced genes act
collectively to prevent or repair oxidative damage by a number of mechanisms. These
include scavenging of oxidants, repairing DNA damage and altering permeability of the

bacterial cell.

The study of the genetically regulated response of mycobacteria to ROI has revealed
some surprising results. In enteric bacteria, the OxyR response facilitates the
development of resistance to lethal doses of hydrogen peroxide as a result of pre-
treatment with sub-lethal doses. When similar experiments were performed with
mycobacterial species only M. smegmatis showed comparable results, while M. bovis
and M. avium did not develop resistance (Sherman et al., 1995). Furthermore, sequence
analysis has revealed that the OxyR gene in M. tuberculosis contains a number of
mutations and is likely to be a pseudo gene. The genome sequence of M. tuberculosis
also revealed that the SoxRS regulon is absent (Cole ef al., 1998). The exposure of M.
bovis to hydrogen peroxide resulted in the induction of only a single protein (compared
to more than 10 in M. smegmatis) (Sherman et al., 1995), while in M. tuberculosis
exposure to menadione and cumene hydroperoxide resulted in the induction of only a

few peptides (Garbe et al. 1996). This may suggest that pathogenic mycobacteria do not
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require the induction of genes to combat oxidative stress or alternatively, that a different

regulation system may be present in pathogenic mycobacteria.

Genome expression profiling of M. tuberculosis exposed to hypoxic conditions revealed
in a significant change in the expression of approximately 100 genes, including the
upregulation of 47 genes (Sherman et al., 2001). The exposure of M. tuberculosis to low
doses of nitric oxide (nanomole range) was found to induce the same subset of genes,
and rt-PCR performed on RNA extracted from lung tissue of mice infected with
M. tuberculosis revealed that five sentinel genes of the group were highly expressed in
M. tuberculosis during infection (Voskuil et al., 2003). Park et al. (2003) demonstrated
that in M. tuberculosis the hypoxic response is mediated by the dosRS two-component
system. The same system exists in M. smegmatis, in which it was shown to regulate
gene expression on entry in stationary phase induced by oxygen limitation (O’Toole et
al., 2003). DosR is a transcription factor which binds to a consensus sequence present
upstream of most genes induced by hypoxia (Park et al., 2003). In response to hypoxia
the two sensor kinases, dosS and dosT, phosphorylate DosR which increases its affinity
for DNA thereby upregulating transcription (Roberts et al., 2004). Interestingly, the
M. tuberculosis dosR mutant was found to be hypervirulent in immunodeficient and
immunocompetent mice, and showed improved survival in IFN-y activated
macrophages (Parish et al., 2003). The majority of the genes induced by the DosRST
system are hypothetical proteins, which demonstrates that dormant state in

mycobacteria remains poorly understood.

Of the genes up-regulated in E. coli by the OxyR response, only two homologues have
been identified in mycobacteria, namely katG and ahpC (Sherman et al., 1995). KatG is
a catalase-peroxidase, which is required for the activation of the front-line anti-
tubercular drug isoniazid (INH) (Zhang et al., 1992). The most common mechanism of
resistance to INH in M. tuberculosis is the inactivation of katG. AhpC is an alkyl
hydroperoxide reductase, which is able to detoxify organic peroxides. Despite the loss
of OxyR, AhpC is important during infection since wild-type M. tuberculosis survives
better in un-stimulated macrophages than the AhpC-mutant. This survival advantage is
abrogated after stimulation of the macrophages with IFNy, suggesting that the role of
AhpC may be stage-specific (Master er al. 2002). INH-resistant strains of M.
tuberculosis which lack katG over-express AhpC, which appears to compensate for the
loss of KatG activity (Sherman ef al., 1996). M. tuberculosis also has two superoxide-

dismutases (SODs), sod4 and sodC, which convert superoxide to molecular oxygen and
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hydrogen peroxide. A sodC mutant of M. tuberculosis was found to have increased
sensitivity to exogenous superoxide and the oxidative burst generated by IFN-y

activated macrophages (Piddington ef al., 2004).

5.4. The Role of Thiols in Protecting M. tuberculosis against ROI and RNI

Various mycothiol-deficient mutants have been used to demonstrate the role of
mycothiol in protecting M. tuberculosis against ROl and RNI. The M. tuberculosis
Rv1170 (MshB) mutant produced approximately 20 % of wild-type levels of mycothiol
during exponential growth. This decrease in mycothiol production resulted in increased
sensitivity to the organic peroxide cumene hydroperoxide (Buchmeier et al., 2003). A
M. tuberculosis MshD mutant, which produces approximately 1% of mycothiol as
compared to the wild-type, showed a moderate increase in sensitivity to hydrogen
peroxide (Buchmeier et al., 2006). In M. tuberculosis Erdman the MshC (Sareen et al.,
2003) and MshA (Buchmeier & Fahey, 2006) were found to be essential, suggesting
that MSH is required for growth of this strain under laboratory conditions. In genome-
wide screen using transposon mutagenesis, MshD was found to be essential for survival

of M. tuberculosis within macrophages (Rengarajan et al., 2005).

5.5. Aim

Since no ergothioneine-deficient mutants have as yet been identified, its role in
protection against ROI and RNI is not known. Due to its shorter generation time and
fewer handing constraints, M. smegmatis was chosen as a model for the study of the role
of ergothioneine in mycobacteria. The aim in this study was to monitor the levels of
ergothioneine under various conditions, including exposure to exogenous ROI and RNI,

with the intention of better understanding its function.
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CHAPTER 6: MATERIALS & METHODS

6.1. Materials

Chemical/Reagent:
2,3-dimethoxy-1,4-naphthoquinone
2’-bromoacetonaphthone
H3;BO;

NH,OH

KCl1

KH,PO4

K>HPO4

NH4HCO;

NaNO3

NaOH

NaCl

Protein assay reagent
Bovine serum abumin
Ergothioneine

Formic acid
Glutathione (reduced)
Glycerol

HCl

Middlebrooks 7H9 base
Perchloric Acid

Tween 80

Solvents:
Acetonitrile (HPLC grade)
TFA (HPLC grade)

HPLC columns:
Luna C]g(z) (200 x 4.6 mm Su)

Preotein and Peptide C,3 preparative column
(250 x 21.2 mm 10p)

Phenyl hexyl column (200 x 4.6 mm 5p)

Supplier: (see Appendix C for details)

Sigma

Sigma

Merck

Riedel-de Haén
BDH

Merck

Fluka

Saarchem

Merck

Fluka

Fluka

BioRAD

Roche

Pharmatech International
Riedel-de Haén
Boeringer Ingelheim
Sigma

BDH

DIFCO

Merck

Sigma

Sigma
Sigma

Phenomenex

Vydac

Phenomenex
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6.2. Methods
6.2.1. Survival of M. smegmatis in the Presence of DMNQ

An exponential phase starter culture of M. smegmatis MC? was diluted 100-fold into six
25 ml aliquots of Middlebrooks 7H9 media containing 5 % glycerol and 0.05 % Tween
80. 2, 3-dimethoxy-1, 4-naphthoquinone (DMNQ) was added to five of the cultures to
give the final concentrations of 5, 10, 20, 50 and 100 pM. The sixth culture was used as
a control. The six cultures were incubated at 37°C with shaking (200rpm), and their
growth monitored by measuring the absorbance at 600nm after 24 and 48 hours.

6.2.2. Monitoring Thiol Levels in the Presence of DMNQ

Two 100 ml aliquots of Middlebrooks 7H9 media containing 5 % glycerol and 0.05 %
Tween 80 were inoculated from a starter culture of M. smegmatis MC?, and grown at
37°C with shaking (200 rpm). Cultures were grown to early exponential phase and
DMNQ was then added to one culture at a final concentration of 20 pM. Two Sml
aliquots were removed from each culture at 0, 1, and 3 hrs after the addition of DMNQ.
The growth of the cultures were monitored by measuring absorbance at 600nm and the
cells were pelletted and frozen for later analysis of the thiols. A standard curve was
constructed which related ODgy to colony forming units (Appendix A) and used to

determine the amount of thiols presents per 10° cells.

6.2.3. Monitoring Thiol Levels in the Presence of S-Nitrosoglutathione

The synthesis of nitrosoglutathione was performed as previously described by Vogt RN
and Steenkamp DJ. (2003). Briefly, equimolar amounts of glutathione and sodium
nitrite were dissolved in 0.1 M HCI and incubated at 23°C for 20min. The solution was
prepared on the day of use and was quantified by measuring its absorbance at 335 nm
(€335 = 920 M .cm™). Growth of M. smegmatis in the presence of S-nitrosoglutathione
was performed as previously described by Vogt er al(2003). The synthesized
nitrosoglutathione was added to an exponential phase culture of M. smegmatis MC” at a
final concentration of 250uM. Two Sml aliquots were removed from the culture at 0, 1,
3 and 10 hrs after the addition of nitrosoglutathione. The growth of the culture was
monitored by measuring total protein and the cells were pelletted and frozen for later
analysis of the thiols.

6.2.4. Synthesis of Ergothioneine Disulphide

Ergothioneine disulphide was synthesized via its S-nitroso derivative using a
modification of the method described by Amado ef al. (2001). Ergothioneine was
combined with an equimolar amount of sodium nitrite, in the presence of 0.1 M HCI.
The reaction was monitored spectrophotometrically between 220nm and 350 nm, using
an Ocean Optics USB4000 spectrophotometer. The products of the reaction were
separated by HPLC using a Luna 5p Cg (2) (250 x 4.60 mm) reverse phase column. The
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column was eluted with 0.1 % TFA and the product of the reaction was identified by
mass spectrometry.

6.2.5. Determination of the Stability of Ergothioneine Disulphide

Six micromoles of ergothioneine were reacted to form ergothioneine disulphide. The
disulphide was isolated using a preparative protein and peptide C;gs column eluted
isocratically with 0.1 % TFA, 5 % CH3CN. The pH of the solution containing the
disulphide was raised to between 8 and 9 using sodium carbonate and incubated at room
temperature for 30 min. After incubation the components of the mixture were then
separated by HPLC on a luna 5p Cis o) column (250 x 4.60 mm) column eluted with
0.1 % TFA.

6.2.6. Determination of Ergothioneine Levels in Different Phases of Growth

A starter culture of M. smegmatis MC? was used to inoculate 100 ml of Middlebrooks
7H9 media containing 0.5 % glycerol and 0.05 % Tween 80. The culture was grown at
37°C in a rotary-shaker incubator at a speed of 200rpm. At each time point, two 5ml
samples were removed from the culture and the cells were pelletted by centrifugation.
The media and cells were frozen separately at -20°C until thiol analysis was performed.
Growth was monitored by measuring the absorbance at 600nm and by determining total

protein.

6.2.7. Effect of Adding Ergothioneine to the Growth Media

A starter culture of M. smegmatis MC? was used to inoculate 100 ml of Middlebrooks
7H9 media containing 0.5 % glycerol and 0.05 % Tween 80. The culture was grown at
37°C in a rotary-shaker incubator at a speed of 200rpm. Once the culture had reached
early exponential phase, it was split into 10 ml cultures and ergothioneine added at a
range of concentrations between 2 and 100 pM. These, along with a control culture to
which no ergothioneine had been added, were incubated at 37 °C with shaking. Growth
of the cultures was monitored by measuring the absorbance at 600nm.

6.3. Quantitative Methods:

6.3.1. Monitoring of Culture Growth by Total Protein

At each sampling time point, two 1 ml aliquots of the culture was removed to determine
total protein as previously described by Meyers et al. (1998). Cells were centrifuged
twice at 7 300 rpm for 5Smin. The supernatant was removed and the cells were then
washed with 500pl of PBS (pH 7.4). The washed cells were stored at -80°C for later
analysis. The frozen cells were resuspended in 500ul of 1M NaOH, and boiled for 10
min. The cell debris was removed by centrifugation at 16 100g for 30min and 100 pl of
the supernatant was neutralized with SM HCI. The BIO-RAD protein assay (Appendix
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A) was then used to determine the protein in 50ul of the neutralized extract. A standard

curve was constructed using Bovine Serum Albumin standards (Appendix A).

6.3.2. Quantitative Analysis of Thiols in Cells

Thiols from whole-cell extracts were quantified as their 2’-bromoacetonaphthone
(BAN) derivatives. Frozen cells pellets were resuspended in a minimum volume of
extraction buffer (0.25M perchloric acid, 50% acetonitrile), and disrupted by sonication
(20s). The cellular debris was removed by centrifugation at 16 100g for 2min. The pH
of the cell-free extract was raised to between 8 and 9 with potassium carbonate, and the
resulting precipitate removed by centrifugation. BAN was added to a final concentration
of 1mM and the derivatisation reaction allowed to proceed at room temperature for
60min.

The BAN-derivatized thiols were separated by reverse-phase chromatography using a
luna 5pu phenyl-hexyl column (250 x 4.60 mm) and detected at 248nm. The column was
equilibrated with 90% A (SmM ammonium formate pH 3.0) and 10% B (acetonitrile).
After injection of 20ul of the derivatized extract, the percentage B was raised to 20 in
Smin. The column was eluted with a linear gradient from 20 to 30% acetonitrile over
20min. The acetonitrile concentration was then raised to 90% over Smin and maintained
at this concentration for a further five minutes. The solvent concentrations were then
returned to initial conditions over 5 min. A standard curve which correlates peak area to
nmoles of derivatized mycothiol was constructed (Appendix A) and used to determine

the thiol content of the samples.

6.3.3. Quantitative Analysis of Thiols in Media

The 5 ml media samples were freeze-dried and resuspended in 500ul of 50mM Clark
and Lubs buffer (pH 9.5). The acetonitrile concentration was raised to 50 % and the
resulting precipitate was removed by centrifugation. BAN was added to a final
concentration of 1mM and the reaction allowed to proceed at room temperature for 60

min. The derivatized thiols were analysed as previously described for cell extracts.
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CHAPTER 7: RESULTS & DISCUSSION

7.1. The Effect of Oxidative and Nitrosative Stress on Thiol Levels

The synthesis of ergothioneine by a number mycobacterial strains, including
M. smegmatis, has previously been shown (Genghof & van Damme, 1964; Genghof &
van Damme, 1968). Thiols are thought to be important in protecting cells against
oxidative and nitrosative stress. The levels of thiols in M. smegmatis were therefore
monitored in the presence of the superoxide generator 2, 3-dimethoxy-

1, 4-naphthoquinone (DMNQ) and the NO releaser s-nitrosoglutathione (GSNO).

7.1.1. DMNQ

DMNQ was chosen as a superoxide generator since previous work with plumbagin
showed that a reduction in thiol levels occurred as a result of a reaction with plumbagin
directly (Personal communication Prof. D. Steenkamp). Quinones generate oxidative
stress in cells by acting as subversive substrates for the flavoenzymes (Figure 7.1).
Apart from producing superoxide, these subversive substrates also increase oxidative
stress by wasting NADH reducing equivalents and inhibiting disulphide reduction
(Krauth-Siegel & Schoneck, 1995). Since superoxide dismutase converts superoxide
into hydrogen peroxide, which in turn can form hydroxyl radicals, treatment with

DMNQ should provide insight into the general oxidative stress response.

Quinone
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02 @‘ {oxidized) NADH
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Figure 7.1: Redox cycling. Mechanism by which quinones generate superoxide in cells as a result of
their reduction by flavoproteins
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In order to determine the appropriate amount of DMNQ to add to cultures, the survival
of M. smegmatis in the presence of various concentrations of DMNQ was determined.
Table 7.1 indicates the level of growth of M. smegmatis in the presence of DMNQ as

determined by absorbance at 600nm.

Table 7.1: Survival of M. smegmatis cultures grown
in various concentrations of DMNQ

Concentration (uM) Absorbance

24hrs 48hrs

0 1.392 7.5

5 0.55 5.7

10 0.324 5.8

20 0.333 3.8

S0 0.09 14

100 0.024 0.059

The growth M. smegmatis was inhibited by all concentrations of DMNQ tested. At the
concentration of 100 uM DMNQ, M. smegmatis reached an absorbance of 0.025 after
24 hrs. This is more than a fifty-fold reduction compared to the control and after 48 hrs
of growth the absorbance had only increased to 0.059 (approximately double). Although
the culture grown at 50 uM DMNQ also showed very little growth after 24 hrs (ODggo ~
0.09), it had increased more than 10-fold to 1.4 after 48 hrs. A similar trend was
observed with 20 pM DMNQ, which increased from 0.333 at 24 hrs to 3.8 after 48 hrs
of growth. This suggests that the bacteria are better able to survive in the presence of
DMNQ as time progresses. At a concentration of 20 uM DMNQ, M. smegmatis grows
to approximately 50 % of the density of the control culture. This concentration was

chosen to determine the effect of oxidative stress on ergothioneine levels.
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Thiol levels in cells exposed to 20uM DMNQ during exponential growth were
determined and compared to levels in cells which had not been exposed to DMNQ. The
results are shown in Figure 7.2 and no significant difference was observed between thiol

levels in the presence and absence of DMNQ.

40
B (igothionene control
e Mycolnial control
B ESH DMNG
. ASH DMNG
a0 4
ho
o
(5]
[~
o)
o 204
%]
2
[=]
=
=
10 4
0
o 1 3
Time (hrs)

Figure 7.2: Levels of Ergothioneine (ESH) and Mycothiol (MSH) in M. smegmatis cells in the presence
and absence of 20 UM DMNQ, The levels indicated are averages of two determinations.

In the control cultures, the levels of ergothioneine and mycothiol remain relatively
constant during exponential growth as shown at time points 0, 1 and 3 hrs. In the
experimental cultures, 10 which 20 pM of DMNQ was added. the same trend was
ohserved. In a comparison between the mycothiol-dependant response of M. smegmatis
and M. bovis BCG to treatment with diamide and hydrogen peroxide. M. smegmatis was
shown to be significantly more tolerant to oxidative stress (Ung & Av-Gay, 2006).
Exposure of M. smegmatis to diamide and hydrogen peroxide resulted in very little
change in mycothiol levels and the ratio of oxidized 1o reduced mycothiol. The authors
attributed this to the higher levels of mycothiol present in M. smegmatis as compared to
M. bovis (40 nmole per 10” cells compared to 25 nmole per 107 cells). However. since
the amount of ergothioneine in the present study was found to be 3-fold lower than
mycothiol, the stability of the ergothioncine level cannot simply be due to its absolute
amount, It is not clear how ergothioneine levels vary between mycobacterial species,

since the values reported by Genghot & van Damme (1964) are highly variable. The
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two M. smegmatis strains tested had 12 and 100 mg of ergothioneine per 100g of cells.
lFor the M. bovis strains tested, the levels varied between 5 and 75 mg/100g, while for

M. tuberculosis the range was between 0 and 50 mg/100g.

7.1.2. S-Nitrosoglutathione (GSNQ)

The effect of nitrosative stress on ergothioneine levels was investigated using the nitric
oxide donor S-nitrosoglutathione (GSNO). Vogt er af (2003} have shown that
M. smegmatis has the ability to metabolize S-nitrosoglutathione to glutathione and
nitrate. In an in vitro study Misiti et a/ (2001) demonstrated that ergothioneine
increases the rate of GSNO decomposition. The effect of exposure of M. smegmatis to
GSNQ on ergothioneine levels was therefore determined. Figure 7.3 shows the growth
of M. smegmatis in the presence and absence of GSNO as determined by absorbance at
600nm. The growth of cells is inhibited most significantly within the first hour of

adding GSNO.
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Figure 7.3: Growth of M. smegmatis cultures in the presence {biack) and
absence (blucy of 250 uh GSNO
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Figure 7.4 A and B show that after exposure o GSNO, the level of ergothioneine and
mycothiol in cells decrease. After Thr of exposure to GSNO the levels of ergothioneine

and mycothiol had decreased to approximately 30 % of the time zevo level.
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Figure 7.4: Levels of Ergothioneine (A) and Mycothiol (B) in M. smegmatis 1, 3 and 10 hrs afier
exposure to GSNO. The levels indicated are averages of two determinations.
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The reaction of NO with thiols

results in the formation of '
S-nitrosothiols. Vogt et al. (2003)
demonstrated that in vitro the MSNO

reductase from M. smegmatis

Concentration {mM}
’
|
e
!
I
>

converts S-nitrosomycothiol 0.10 /‘

(MSNO) to mycothiol | 9% / N
N-hydroxysulphenamide, which 0-00:/4/ P . o
decomposes to form MSH sulphinic Time (h)

Figure 7.5: Metabolism of GSNO by M. smegmatis.
GSNO is indicated by circles, nitrate by squares and

metabolises GSNO to form oxidized | GSSG by triangles. (from Vogt et al. 2003)
glutathione and nitrate (Figure 7.5), and MSH sulphinic acid could not be detected in
[3 H] Inositol labelled cells (Vogter al.2003). The authors suggested that MSNO

acid. However, M. smegmatis

reductase and HbN interact to form nitrate, however this was not conclusively shown
due to the limitations of the in vitro system being used. The formation of MSNO could
account for the decline in mycothiol levels observed after 1 and 3 hrs of exposure to
GSNO. Assuming that MSNO and HbN interact in vivo, the mycothiol levels would
increase as MSNO is recycled to MSH and nitrate.

7.2. Determination of the Stability of Ergothioneine Disulphide

Misiti et al. (2001) reported that the reaction between GSNO and ergothioneine
produces glutathione disulphide (GSSG), ergothioneine disulphide (ESSE) and a mixed
disulphide (GSSE). If this reaction was occurring in vivo, it is possible that the
ergothioneine levels indicated in Figure 7.4 are an underestimation. However, Heath
and Toennies (1958) reported that ESSE and GSSE are unstable. Therefore the stability
of the ergothioneine disulphide was determined under the assay conditions.
Ergothioneine disulphide was synthesized, isolated by HPLC (Figure 7.6) and
confirmed by mass spectrometry (Figure 7.7). After exposure to alkaline pH (8-9) for
30 min, the disulphide was chromatographed on HPLC to determine its stability
(Figure 7.8). After 30 min at alkaline pH the disulphide had almost completely degraded
and an ergothioneine peak had appeared. Since the derivatisation reaction with
bromoacetonaphthone is performed at a similar pH for an hour, it is reasonable to
assume that the ergothioneine determined in Figure 7.4 would include any

ergothioneine present in an oxidized form.
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Figure 7.0: Isolation of ergothioncine disulphide by reverse phase HPLC. The
disulphide clutes at approximately |2 min,
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Figure 7.7: Confirmation of the isolated peak as ergothianeine disulphide by mass
spectrometry.
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Figure 7.8: The stability of ergothioneine disulphide at alkali pli was determined after 30 min by
reverse phase [PLC, Ergothioneine elutes just after 5 min, while the disulphide clutes at approximately
12 .

it 1s unclear what drives the decomposition of ESSE. or whether this would occur under
physiological conditions. Heath and Toennies {1958) found that only 60-70% of the
expected amount ot ESH could be recovered trom the decomposition of the disulphide.
suggesting that it is not a simple reduction. Since ESH has such a high electric potential
(F, = 0.06 V). it is likely that ESSE would be reduced in the presence of thiols such as
mycothiol and glutathione. Given the instability of ESSE and GSSE, it is difficult to
determine whether ESH drives the decomposition of GSNO in vivo. However, the
finding by Vogt er ai. (2003) that GSNO could be accounted for by the formation of
equivalent amounts of GSSG and nitrate. suggests that this does not oceur.

Genome expression profiling and quantitative rt-PCR have demonstrated that exposure
of M. tuberculosis to NO induces the DosRS two-compaonent system ( Voskuil er af.,
2003, Kendall er al.2004). It is hypothesized that since M tbercilosis would be
exposed to hypoxia and NO in granulomas, that it uses these two signals to induce
genes which facilitate the survival in the host (Ohno ef af., 2003). Given that mycothiol
mutants have an increased sensitivity to oxidative stress (Buchmeier er al, 2003,
Buchmeier ¢r al. 2006) and that MshD was predicted to be essential for survival within
macrophages, it is interesting that none of the mycothiol biosynthetic genes are induced
by DosRS (Kendall e a/, 2004; Ohno et af, 2003). This however supports the finding
in this study that the biosvnthesis of neither ergothioneine nor mycothiol is induced in

response to ROI and RNI. as their levels do not increase.

112



7.3. Effect of Growth Phase on Ergothioneine Levels

Ergothioneine levels were determined over a complete growth cycle of M. smegmatis
and compared to the levels of mycothiol present in the organism. The level of both
thiols was also determined in the media. Figure 7.9A shows the level of growth over
time, which indicates exponential growth between 20 and 40 hours after which the
culture enters stationary phase. The level of ESH and MSH at different phases of
growth are shown in Figure 7.9B. Thiol levels were expressed relative to protein duc to

the inaccuracy of absorbance as a measure of growth in staticnary phase.
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Figure 7.9A: Growth of M smegmatis cullure was monitored by Absorbance at 600mm and tolal
protein. B: Ergothioneing and mycolhio! levels over a complete growth cycle of M. smegmatis. Values
are an average of two determinations.
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MSH was observed to increase from approximately 40 nmole.mg™” protein to
100 nmole.mg™ protein. This is similar to the findings of Buchmeier et al. (2003), that
MSH in M. smegmatis increased 1.6-fold in stationary phase. ESH was detected in both
cells and media and was found to increase more dramatically than MSH. ESH in cells
increase from approximately 10 nmole.mg'lprotein to 40 nmole.mg'1 protein, which is a
4-fold increase. In the media ESH increased 19-fold from 0.3 nmole.ml” to
5.7 nmole.ml”’. Buchmeier et al. (2003) showed that MSH production in
M. tuberculosis is also elevated in stationary phase, and that the increase was greater
than for M. smegmatis. 1t is possible that ESH production follows a similar trend in
M. tuberculosis, but this is yet to be determined. M. smegmatis was shown to develop
resistance to oxidative stress before entering stationary phase (Smeulders ef al., 1999).
The increase in MSH and ESH observed as M. smegmatis enters stationary phase may
contribute to the development of an oxidative stress-resistant phenotype. Buchmeier et
al. (2003) propose that the elevated levels of MSH in M. tuberculosis during stationary
phase provide increase protection against stress when growth is slow. This however
appears to be contradicted by the finding that M. smegmatis is more sensitive to GSNO
in stationary phase than exponential phase (Smeulders e al., 2004). The reason for this
increased sensitivity is not clear, but the authors suggest it may be due to the increased
efficiency of transport of GSNO into cells.

Two models of dormancy, namely stationary phase and oxygen limitation, were studied
using genome expression profiling in M. tuberculosis (Voskuil et al., 2004). Results
showed that a number of the genes regulated by the DosRS system were highly induced
under oxygen limiting conditions, while only partial induction of the most highly
expressed genes in the DosRS regulon occurred during stationary phase. Interestingly,
none of the mycothiol biosynthetic enzymes were induced with either models of
dormancy. This suggests that regulation of mycothiol biosynthesis does not occur at the
gene expression level, but occurs by another mechanism. While gene expression
profiling provides us with vital information about the adaptation of M. tuberculosis to
various stress conditions, it is clear from this finding that it does not give the complete

picture.
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7.4. Effect of Adding Ergothioncine to Growth Medium

Quorum sensing is used by bacteria to alter genc expression in response to changes in
population density. It involves the production, release and detection of molecules
known as autoinducers (Camilli & Bassler. 2006). Two classes of autoinducers have
been identified. namely acyl homoserine lactones which are used by Gram-negative
bacteria and modified oligopeptides used by Gram-positive bacteria. These groups are
however not comprehensive as other molecules have also been identified. Since ESH
was found to accumulate in media as the population density in M. smegmatis cultures
increased. it was investigated as an autoinducer. During stationary phase approximately
6 nmoles.ml™ of ESH was detected in the media. ESH was therefore added to the media
at various concentrations during early exponential phase to determine if it would affect
bacterial growth. ESI was found to have no effect on growth rate or on the level 1o
which the M. smegmatis cultures grew (Figure 7.10). We can therefore conclude that it

is not an autoinducer.
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Figure 7.10: Growth of M. smegmatis cultures in the presence of various concentrations of
ergothioneine.
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It is not clear why M. smegmatis would release ESH into the media. Since MSH is not
released, it would appear to be a specialized function of ESH. The unique chemistry of
ESH prevents it auto-oxidising at physiological pH. This may be significant for its role
outside of cells, since other thiols require enzymes to maintain them in the reduced
form. The export of ESH from M. smegmatis is likely to be active process, since human
cells which do not express the ESH transporter are impermeable to ESH (Griindermann
et al., 2005). It has been reported that pre-treatment of alveolar epithelial cells with ESH
inhibits H,O, and TNF-a mediated activation of NF-x (Rahman et al., 2003). NF-xf is
activates the transcription of IL-8, which is a cytokine involved in the recruitment and
activation of immune cells. Pre-treatment of the cells with ESH also inhibited the
increased release of IL-8 in the presence of H,O; and TNF-a. Therefore, the secretion of
ESH by M. tuberculosis in the host may have an anti-inflammatory function. This is
supported by the association which been found between polymorphisms in the ESH
transporter and chronic inflammatory diseases (Tokuhiro et al., 2003).
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CHAPTER 8: GENERAL DiscUSSION & FUTURE WORK

The recent emergence of drug-resistant strains of tuberculosis which are virtually
untreatable has again highlighted the dire need for new anti-tubercular drugs. The two
major thiols synthesized by M. tuberculosis, mycothiol and ergothioneine, are not
synthesized by the human host and consequently their biosynthetic enzymes are
attractive drug targets. However, the function of ergothioneine in mycobacteria is
unknown and this remains a critical step in validating its biosynthetic enzymes as
drug targets. The work in this thesis was aimed at better understanding the function of
ergothioneine in mycobacteria by studying its biosynthesis and the conditions

affecting its production.

In Part A an attempt was made to purify the a-N, N, N-histidine methyltransferase,
the first enzyme in ergothioneine biosynthesis, from N. crassa. This would allow the
identification of the equivalent gene in mycobacteria, and ultimately facilitate the
generation of mutants defective in ergothioneine biosynthesis. However, the
purification of the enzyme presented a number of challenges which prevented its
purification. Firstly, the number of useful purification methods was limited which
made it difficult to remove all other proteins. Secondly, the enzyme was present at
very low levels and despite a scaled-up purification which utilized approximately 1kg
of frozen mycelium, it could not be visualized at the end of the purification. The
further scaling up of the purification presents a number of difficulties including the
ability to process a large amount of material in the shortest possible time. Time
constraints are therefore a limiting factor when considering the feasibility of the scale-

up required to obtain sufficient material for identification of the enzyme.

In Part B M. smegmatis was used as a model organism to identify conditions which
affect ergothioneine production in mycobacteria. Oxidative and nitrosative stress did
not result in the induction of ergothioneine or mycothiol in M. smegmatis. For
mycothiol this is supported by the finding that its biosynthetic enzymes are not
induced in the presence of oxidative and nitrosative stress (Kendall et. al., 2004; Ohno
et. al, 2003). Ergothioneine levels were shown to increase dramatically as
M. smegmatis entered stationary phase and also accumulated in the media. This is

similar to the increase observed in mycothiol levels when M. smegmatis and
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M. tuberculosis enter stationary phase (Buchmeier et. al., 2003). This increase in
MSH and ESH may contribute to the development of an oxidative and nitrosative
stress-resistant phenotype. Due to its accumulation in the media ergothioneine was
investigated as an autoinducer, but was found to have no effect on growth of
M. smegmatis. 1t is not understood why M. smegmatis releases ergothioneine into the

media, but in a pathogen like M. tuberculosis it could play an anti-inflammatory role.

Future Work

Synthesis of Improved Affinity Resins

One avenue which could be explored further is the improvement of the DMH-agarose
that was synthesized. Changing the resin by altering the spacer length or position of
attachment and modifying chromatography conditions may result in a significant
improvement in its purification potential. Secondly, the coupling of ergothioneine to
alanine via a disulphide linkage (Figure 8.1) could be used to generate a ligand which
mimics hercynine. Since the biochemical data suggests that hercynine is the last
product to leave the enzyme, this ligand may overcome the problems that were

encountered with the other affinity resins.
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Figure 8.1: Ergothionine coupled to alanine via a disulphide bond

Generation of Ergothioneine Deficient Mutants

An alternate strategy for the identification of the enzymes in the ergothioneine
biosynthetic pathway is the generation of ergothioneine deficient mutants using
transposon mutagenesis. The presence of the transposon would facilitate the
identification of the disrupted gene using PCR or a hybridisation probe. The difficulty
associated with this strategy however is the screening for ergothioneine-deficient

mutants. Since M. smegmatis releases ergothioneine into the media during stationary

118



‘phase, the development of a plate-based colorimetric screen to identify ergothioneine-

deficient colonies would make this a more feasible approach.

Screening for a-N,N,N-Histidine Methyltransferase Activity

The availability of the annotated genome sequence of M. tuberculosis would facilitate
the use of a recombinant DNA strategy to identify the gene for the a-N,N,N-histidine
methyltransferase. This would involve the expression of potential methyltransferases
in an appropriate expression system and assaying for o-N,N,N-histidine
methyltransferase activity. Since expression of mycobacterial proteins can be
problematic, this approach would rely on the development of a system which is able
to over-express a range of functional mycobacterial proteins.

Due to the limitations associated with correctly annotating methyltransferases, it may
be necessary to screen a larger number of genes in order to identify the o-N,N,N-
histidine methyltransferase. This could be achieved through the generation and
screening of an expression library from M. tuberculosis. The development of new
technologies such as the GATEWAY system (Life Technologies) has made this a
more feasible approach by simplifying the cloning process. The major advantage of
this system is that once resource clones have been generated by GATEWAY cloning
of amplified open reading frames into entry vectors, the genes can easily be
transferred into a number of expression systems for functional studies (Rual et al.

2004).

The challenge currently facing scientists is the analysis of the large volume of
genome-data which has been generated. Traditionally the elucidation of gene or
protein function has employed techniques such as the isolation and phenotypic
analysis of mutants, in vitro analysis of protein function and the generation of mutants
by recombinant genetics. In order to meet the challenge of the “post-genomic” era we
require the development of high-throughput methods to facilitate the study of several
proteins simultaneously. The datasets generated from this high-throughput approach
in turn requires bioinformatics tools which will allow the integration of information
obtain from various experiments. Although the accurate assignment of gene function
remains a daunting task, the promise of the genomic era will not be fully realised

without it.
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Appendix A: Standard Curves

Part A:
Area vs. Total S-adenosyl-L-methioneine

= Various amounts of [SH'.l-S-adenusyl-L-melhioneine (SAM) were chromatographed on
HLPC using the method for separating assay components (Section 3.2.2.) and the
radioactivity of the eluent measured using a ff-ram flow-thru scintillation counter
([nsus Systems Inc.).

= The area of the resultant *H peak was then related to Total SAM by means of its
Speeific Activily in the assay and a standard curve constructed.
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Equation: Area = 375.5 (nmoles of SAM/product)
cpm vs. Total S-adenosyl-t.-methioneine

*  Various amounts of [3H]-S-adenosyl-L-methi(meine were counted using a liquid
scintillation counter {Packard) with the counting window sct between 0 and 18,6 keV.

*  The cpm of each standard was then related to Total SAM by means of its Specific
Activity in the assay and a standard curve constructed.,
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Equation: epm = 3094.7 (nmoles of SAM/product)



Part B: .
Colony Forming Units vs. Absorbance @ 60{am

= 10-told dilution was performed for absorbance measurements above 1.
" M. smegmatis was cultured on Middlebrooks 7HY plates containing 5% glycerol, and
incubated ay 37'C for 3 days.

8
~ 6 —
@
=
=
= 4
kb
&) *

L 2 |
2
0 02 04 06 08 1 1.2

Abs [600nm)

Equation: CFU = (Absgq) x 6.045x10

Peak Area vs. nmoles of ESH-BAN

= Various amounts of ESH-BAN were chromatographed on HPLC using the protocol for
the separation thiols in cell extracts (Section 6.8.2.).

= The area of the Absorbance (248nm) peak was determined for each standard using the
Delta for Windows 5.0 sofiware.
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Equation: Area = (nmoles of ESH-BAN) x 1.458x10°



Absorbance @ 595nm vs. Amount of Protein (BSA)
Standard curve for BIORAID protein assay
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Lquation: Absorbancesss = BSA (ug) x 0.0662



Appendix B:

Complex media for Neurospora agar plates:

Yeast extract 0.5%

Malt Extract 0.5%

Casein hydrolysed  0.5%

Agar 2.0%

Fries Medium:

Per 1L:

Ammonium tartrate 5S¢
Ammonium nitrate g
KH,PO,4 1g
MgS0,.7H,0 0.5g
CaCl, 0.1g
NaCl 0.1g
Biotin (5% w/v) 0.1ml
Trace element solution 0.1ml
Sucrose 20g

Trace element solution: (mg/L. medium) Zn: 2.0, Fe: 0.2, Cu: 0.1, Mn: 0.02, B: 0.01 Mo: 0.02

Clark and Lubs Buffers:
= Prepare 50ml solution containing 0.1 M KClI and 0.1 M H3BO3
* Add appropriate volume of 0.1 M NaOH:

pH 8.0 3.9ml
pH 9.0 20.8 ml
pH 9.5 34.6 ml

= Make up to 100 ml
Protein determination using BIO-RAD protein assay

» Sample diluted appropriately in 800ul of water

Assay blank was prepared with 800 pl of either water or buffer

Added 200 pl of Dye Reagent Concentrate to each sample

Incubation at room temperature for Smin

Absorbance measured for samples and blank at 595nm

Protein concentration was determined by the equation: [protein] = Abssgs x C
C is determined experimentally using a Bovine Serum albumin standard curve
(Appendix A)



Trichloroacetic acid Precipitation of proteins:

10ug of Insulin added as a carrier protein to each sample

TCA added to a final concentration of 10%

Incubate on ice for 1hr

Centrifuge at 16 000g for 4min at 4°C

Wash pellets with 300 pl of cold acetone (-20°C)

Air dry pellets

» Re-suspend in 80 ul of Sample Treatment buffer for SDS PAGE

Protein Molecular Weight Markers:
The Electrophoresis Calibration Kit (Pharmacia) used contained the following protein
standards:

Phosphorylase b 94 000 Da
Bovine Serum Albumin 67 000
Ovalbumin 43 000
Carbonic Anhydrase 30 000
Soybean Trypsin Inhibitor 20 100
a-Lactalbumin 14 400

The Protein Molecular weight Marker (Fermentas) contains the following protein
standards

fB-galactosidase 116 000 Da
Bovine Serum Albumin 66 200
Ovalbumin 45 000
Lactate dehydrogenase 35000
Restriction Endonuclease Bsp981 25 000
B-lactoglobulin 18 400

lysozyme 14 400



Appendix C:

Beckman Coulter Inc,

4300 N. Harbor Boulevard

P.O. Box 3100

Fullerton, CA 92834-3100 USA
www.beckmancoulter.com

BDH Laboratory Suppliers
Poole. Dorset
Fngland BIL13 1TD

BioRAD Laboratorics
1000 Alfred Nobel Drive
Hercules, CA 94547

www, bio-tad.com

Biospec Products
OB 788
Bartlesville

OK 74005

www.bhiospec.com

BioTechnology Institute
University ol Minnesota
1479 Gortner Avenue

St. Paul, MNSS108
hup:/‘cbs,.umn.cdu bti/

Boehringer Ingelheim

Dept. Fine Chemicals

Binger Strafie 173

D-55216 Ingelheim

Germany
www.bochringer-ingetheim.com/linechem

Fermentas International Inc.
830 Harrington Court
Burlington

Ontario 7N 3N4

www lermantas.com

Grace Vvdace
17434 Mojave Street
Hesperia, CA 92345 USA

www.vydac.com

Invitrogen Litd.

3 Fountain Drive
Inchinnan Business Park
Paisley. UK

PA4 9RF
WWW.Invitrogen.com

KIMIX

P.O. Box 93

7475 Eppindust

South Africa

www . chemicalsupplier.co.za

Merck
Frankfurter StraBe 250
D-6100 Darmstadt |

www. merck.co.za

Oxoid Limited

Wade Road. Basingstoke
Hampshire RG24 8PW
United Kingdom

www_oxond.com

Perkin-Elmer

940 Winter Street
Waltham

Massachusetts 02451 UISA
www.nerkinelmer.com

PhamaTech International
21 Just Rd. Fairfield
New Jersey 07004 TISA

www.oriondevel.com/phammatech/index.aspy

Phenomenex

2320 W. 205" Street
Torrance

California 90501 USA
WWW .]3]1(.‘11L'IH'IL‘T'IL‘X.L’HI"I\

Research Organics Inc.
4353 East 49th Street
Cleveland, OH. 44125

http: /resorg.com‘body ¢fm




Roche Ltd.

Group Headquarters
Grenzacherstrasse 124
CH-4070 Basel
Switzerland
www.roche.com

Sigma-Aldrich / Fluka / Riedel-de Haén
Box 14508, St. Louis
Missouri 63178, USA

www sigma-aldrich.com

The Nest Group Inc.
45 Valley Road
Southborough

MA 01772-1323

WAWW nestgrp.coim

Waters Corporation
34 Maple Street
Milford Massachusells
01757 USA

S W owalters.com

Whatman
info’awhatman.com
www,whatman.com





